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Abstract 

Arctic tundra vegetation structure profoundly affects ecosystem processes and 

climatic regulation. Therefore, there is a growing urgency for more accurate 

biogeochemical models to better understand how tundra vegetation will respond 

to ongoing major environmental changes, including rising temperatures, 

enhanced soil nutrient availability, and increased snowfall. The stoichiometric 

homeostasis model (the H model) - which quantifies the ability of an organism to 

maintain its internal elemental concentrations despite variation in the availabilities 

of these elements as resources - may provide valuable insights into vegetation-

environment feedbacks, but its application in the Arctic has not previously been 

investigated. In this thesis, I used a two-step approach to first evaluate and then 

improve the H model for understanding the structure and functioning of a low 

Arctic plant community. First, I tested the applicability of the H model in the 

tundra context. Second, I improved the accuracy for determining the homeostatic 

H values by comparing two methods for estimating soil nutrient availabilities (ion 

exchange membrane (IEM) incubation versus soil sample extraction methods). 

Third, I examined the applicability of the H model in predicting key aspects of 

species’ ecological performances under various experimental manipulation 

conditions over two successive 6-year periods at both the individual species and 

community levels. The IEM method was superior to the extraction method in 

providing biologically meaningful soil nutrient data for modeling the H values. The 

H indicator based on nitrogen (N):phosphorus (P) ratio (HN:P) was a more robust 

homeostatic indicator than those based on either single element (HN or HP). 
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Furthermore, variation in plant P rather than N stoichiometry drove much of the 

differences in HN:P. In terms of functioning, tundra species with relatively high HN:P 

values were more dominant, more temporally stable, and less responsive to the 

effects of environmental change on soil available P. Finally, communities with 

higher HN:P values also had more aboveground biomass. Together, these results 

highlight the value of using the combination of both N and P for a more complete 

understanding of homeostatic regulation, and validate the potential of using H 

values to predict tundra plant community structure and functioning in a rapidly 

changing environment. 
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Chapter 1  

General Introduction 

In this thesis, I present data from experimental field work carried out in a mesic 

birch hummock tundra ecosystem near the Tundra Ecosystem Research Station 

(TERS) at Daring Lake, Northwest Territories, Canada (64° 52' N, 111° 33' W) 

(Appendix A, Figures A.1 and A.2). Here, I provide a general introduction to Arctic 

vegetation responses to climate change, explain the ecological stoichiometry 

framework and the stoichiometric homeostasis concept, and outline the 

overarching research questions of the thesis. Each of the next five chapters 

(Chapter 2 to Chapter 5) constitutes an original research manuscript based on 

experimental field and laboratory work. Lastly, I conclude the thesis in Chapter 6 

by synthesizing the major results presented in the original research chapters, 

discussing the most novel findings, and making recommendations for future 

research. Please note that in addition to these studies mentioned above, I also 

conducted another independent study which is not directly related to the main 

topic of this thesis, investigating the decadal versus annual responses of soil 

microbes and plant communities to single carbon and nitrogen additions in the 

same landscape, and I present this work in Appendix E. 
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 1.1 Background 

1.1.1 Climate change in the Arctic 

Human-induced net releases of greenhouse gases have been progressively 

raising global surface air temperatures over the last three decades and affecting 

ecosystems tremendously (Hartmann et al. 2013, Stocker et al. 2013). Compared 

with any other region of the world, the Arctic is warming 2-3 times faster with a 

magnitude of approximately ~0.60 ± 0.07°C average per decade (Comiso and 

Hall 2014, IPCC 2013), owing to feedbacks and interactions between greenhouse 

gases (i.e. carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O)) and 

sea ice and snow cover, as well as a positive lapse rate feedback caused by 

stable stratification conditions that trap heat near the ground surface (the “Arctic 

amplification”) (Graversen et al. 2014, Serreze and Francis 2006, Serreze et al. 

2009). This rate of atmospheric heating has triggered significant changes across 

the Arctic, including warming of soils and altered hydrological patterns (Hinzman 

et al. 2005).  

Increased soil temperatures may lead to enhanced soil fertility by accelerating 

microbial activities which are responsible for soil organic matter decomposition 

(Brzostek et al. 2012, Hagerty et al. 2014). However, the extent to which soil 

available nutrients, especially nitrogen (N) and phosphorus (P), are enhanced by 

warmer temperatures vary among independent warming studies (e.g. Hobbie et 

al. 2002, Giesler et al. 2012), partly due to considerable variation in summer 
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temperature, soil moisture, soil pH, and organic matter content among study 

locations (Epstein et al. 2004a) 

The rapid Arctic warming is also linked to increases in snowfall (Bintanja and 

Selten 2014, Blanc�Betes et al. 2016). Higher annual air temperatures decrease 

Arctic sea ice cover during winter and therefore enhance surface evaporation 

from seawater. Consequently, larger amounts of water vapour are transported 

from sea to land by wind and may drive increased snowfall across many Arctic 

areas (Callaghan et al. 2011), with climate models consistently predicting 25-50% 

more annual precipitation in Arctic areas by the end of the 21st century (Bintanja 

and Selten 2014, Blanc�Betes et al. 2016).  

 

1.1.2 Arctic vegetation responses to climate change 

Plant growth in Arctic ecosystems is nutrient-limited due to slow decomposition 

rates caused mainly by low temperature, therefore, primary production is very 

sensitive to alterations in surface temperatures and snow dynamics (Jia et al. 

2009). These alterations are therefore widely hypothesised to be the main cause 

of the dramatic shifts in vegetation biomass, composition and distribution across 

the Arctic (Shaver et al. 2006, Tape et al. 2006, Brzostek et al. 2012, Elmendorf 

et al. 2012b, Bintanja and Selten 2014). Plants respond to these climate changes 

by metabolic and physiological shifts that alter their capacity to take up, allocate, 

and store nutrients. Consequently, shifts in the elemental composition of plants 

are a direct reflection of climate change impacts on the availabilities of nutritional 
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elements, especially N and P, in Arctic ecosystems (Sardans and Peñuelas 

2012). 

 

1.1.3 Ecological stoichiometry 

Ecological stoichiometry (ES) is the study of the balance of chemical elements in 

ecological interactions and processes (Sterner and Elser 2002). It adopts the 

concepts and principles of mass conservation and energy balance from chemical 

stoichiometry, and applies them in the ecological context. As an example, Figure 

1.1 illustrates the situation involving carbon (C) and N in a caribou and its birch 

food. The caribou has five atoms of C for every atom of N, whereas its food - the 

birch - has 33 atoms of C for every atom of N. The C in its food is greatly in 

excess relative to N compared to its elemental requirements. However, the 

caribou has evolved to use large amounts of C to generate energy through 

respiration and excrete a less amount of C as faeces so that the C:N ratio within 

its body narrows down to around five. 

One fundamental principle of the ES theory is that the elemental contents of all 

living organisms are constrained by their requirements for the ~20 elements. ES 

highlights the importance of stoichiometric constraints between an organism’s 

internal elemental needs and its external resource elemental availabilities. 

Ultimately, through its focus on elemental requirements relative to availabilities, 

ES connects the genetic potential and evolutionary history of an organism to its 

fitness in contemporary ecological conditions. The ES framework has provided 

crucial mechanistic insights into our understanding of ecological patterns and 
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processes. For example, it advances our understanding of how the elemental 

contents of resources limit growth in aquatic herbivores (Elser et al. 2001) and 

detritivores (Frost et al. 2002), and how host-pathogen interactions are affected 

by the stoichiometry of the host (Smith et al. 2005, Aalto et al. 2015). ES has 

therefore proven to be a highly valuable conceptual framework in ecological 

studies of trophic interactions (Sterner and Elser 2002, Elser and Hamilton 2007, 

Elser et al. 2010, Hessen et al. 2013, Bracken et al. 2015, Cherif et al. 2017). 

The application of the ES theory in terrestrial plants can be largely studied 

through ES traits, i.e., traits that are related to resource acquisition, storage, and 

excretion (Meunier et al. 2017), which are also the major determinants of the 

growth, maintenance, and survival of individual species (Lemmen et al. 2020). 

Although these ES-related traits are not necessarily under direct natural 

selection, they are mechanistically correlated with functional traits that have direct 

and clear fitness implications (Lemmen et al. 2020). For example, compared with 

other growth forms (e.g. phytoplankton and herbaceous plants), woody trees 

have much higher C:N ratios as a result of natural selection for height, which 

gives them a competitive advantage for acquiring energy (carbon) by 

photosynthesis.  

The ES theory originates from the observations that zooplankton N and P 

composition could affect the growth rate of phytoplankton through differential 

recycling of these limiting nutrients (Sterner 1986, Elser et al. 1988, Sterner 1990, 

Sterner et al. 1992). Core concepts of ES were then assembled and articulated 

by Sterner and Elser in their book published two decades ago (Sterner and Elser 

2002). Since then, the depth and breadth of ES expanded widely through the 
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integration of results from increasingly diverse ecosystems and trophic 

interactions. This is manifested in citation statistics. As of 4 March 2020, Sterner 

and Elser (2002) has been cited a total of 4410 times, including an average of 

~400 citations annually since 2015 (Google Scholar). This ES theory thus shows 

the greatest potential among contemporary ecological theories to unify ecology 

across all biological scales from single molecule and cell to the whole biosphere 

(Sterner and Elser 2002, Hessen et al. 2013, Cherif et al. 2017). 

 

1.1.4 Stoichiometric homeostasis  

A central concept in the ES framework is stoichiometric homeostasis, which is 

defined as the ability of an organism to maintain relatively constant 

concentrations or ratios of elements within its body despite variation in the 

relative availabilities of these elements as resources (Sterner and Elser 2002). 

Homeostatic regulation allows for highly regulated relative proportions of 

elements in organisms compared to their environments, and is the fulcrum for the 

ES framework (Hessen et al. 2013, Jeyasingh et al. 2017). In practice, this 

homeostatic capability is a quantifiable parameter. But before describing the 

quantification, it may be helpful to first consider the two extremes in terms of 

homeostatic regulation between an organism’s stoichiometry and its resource 

stoichiometry. One situation would be like the horizontal line illustrated in Figure 

1.2, where the organism has strict homeostasis, meaning that internal elemental 

concentrations are independent of external availabilities; the other situation would 

be like the straight diagonal line illustrated in Figure 1.2, where the organism is 
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completely non-homeostatic and its internal elemental concentrations mirror the 

resource supply from the environment. In the early forms of the stoichiometric 

homeostasis theory, heterotrophs were assumed to be strictly homeostatic, and 

autotrophs completely non-homeostatic. 

However, as more empirical data has become available, it is clear that the 

stoichiometric relationships for most heterotrophs and autotrophs can be best 

represented by distinct curves with differing degrees of flattening (Figure 1.2). 

Based on these observations, Sterner and Elser in 2002 proposed a continuously 

variable regulation parameter “H” to quantify the “flattening” of a slope of y versus 

x relative to the null expectation of a slope = y/x. The H value for an organism is a 

quantifiable parameter defined as H = (dx/x)/(dy/y), where x = a stoichiometric 

property of the external resources available to an organism (e.g. concentration of 

N or P, or N:P ratio), and y = that same stoichiometric property within the 

organism itself. The integral form of the above equation is y = cx1/H, and the 

linearized equation, log (y) = log (c) + (1/H) log (x), is most commonly used in H 

quantification studies. H can range from 1 (no homeostasis) toward infinity (strict 

homeostasis), and therefore species with higher H values are more homeostatic 

(i.e. they tend to maintain relatively constant tissue nutrient concentrations across 

a wide range in soil nutrient availabilities).  

Mechanistically, homeostatic regulation is the overall outcome of the underlying 

physiological and biochemical processes in organisms as they respond to their 

environments (Sterner and Elser 2002). Thus, there is a strong theoretical basis 

for predicting that the H values based on the growth-limiting element(s) should be 

relevant to fitness and to a species’ ecological strategies (Sterner and Elser 
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2002, Hessen et al. 2013), especially strategies for resource use, which linking 

the functioning of individual species (e.g. dominance and temporal stability) to 

major environmental factors.  

 

1.2 Research questions and thesis outline 

In this thesis, I investigated the applicability of the H model for an Arctic tundra 

ecosystem using a two-step approach. Since ES theory had not been previously 

tested in Arctic tundra, as a first step, I used data from an earlier PhD student (T. 

Zamin) in the Grogan lab to evaluate the applicability of the H model and to relate 

it to species and community dynamics in response to experimentally altered 

environmental conditions. Promising results from this study (Chapter 2) indicated 

the potential power of the H model in understanding tundra plant community 

dynamics in a changing environment. However, the available datasets for that 

preliminary study were limited in that soil nutrient availability was only measured 

at one time point over the growing season, and only as the instantaneous 

extractable pool sizes. Therefore, I conducted a more comprehensive follow-up 

study to estimate the H values using two different soil nutrient data collection 

methods and to investigate the applications of the H model on a broader temporal 

scale. More specifically, first, I conducted a three-round soil nutrient data 

collection experiment using the ion exchange membrane (IEM) incubation 

method and the traditional soil sample direct extraction method to estimate soil 

nutrient availabilities for calculating the plant species’ H values that were based 

on nitrogen (HN), phosphorus (HP), and nitrogen:phosphorus ratio (HN:P) 



 9	

respectively, and then determined the most robust H indicator among them. 

Second, I conducted a landscape-scale aboveground vegetation biomass 

investigation under various experimental manipulations using the non-destructive 

point-framing method, and also quantified vegetation temporal stability and 

responsiveness to experimental manipulations by comparing these biomass 

datasets with corresponding data from the same plots that were collected six and 

12 years earlier. Correlation analyses were then used to examine the 

relationships between the vegetation data and the pre-determined robust H 

indicators at both the species and community levels. I tested many specific 

hypotheses (see each of the data chapters from Chapter 2 to Chapter 5 for the 

respective hypotheses/research questions), but here they can be combined into 

four main research questions:  

Question 1: Can the H model be successfully applied to the principal low Arctic 

tundra vascular species? 

• Chapter 2 investigates the relative applicability of the H model compared 

to the null linear model of ES to seven tundra vascular species belonging 

to three growth forms (i.e. deciduous shrubs, evergreen shrubs, and 

herbaceous species) at the tissue-specific, and the whole shoot levels, 

and also examines the correlations of the HN values based on three 

different soil N chemical forms.  

Question 2: Which of the two soil nutrient data collection methods - the IEM 

incubation nutrient flux method or the soil sample direct extraction method - will 

produce the more biologically meaningful data for quantifying H values? 
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• Chapter 3 compares the in situ IEM incubation and the soil sample direct 

water-extraction methods in informing the aboveground vegetation 

responses to various long-term experimental manipulations, and in 

assessing the seasonal availabilities of soil ammonium, nitrate, and 

phosphate; and also investigates the sensitivity of the IEM incubation 

method in informing aboveground biomass responses to summer 

greenhouse warming and to experimentally deepened snow cover.  

Question 3: What impacts have various long-term experimental manipulations 

had on the principal low Arctic tundra vascular plant species? 

• Chapter 4 investigates changes in plant species’ aboveground biomass 

under a series of manipulative experiments (i.e. greenhouse warming, 

levels of N and P fertilization, snowfence, and exclosure) over one, six, 

and 12 years, and also examines species’ biomass changes in the 

ambient environment over these periods and their correlations to changes 

in air temperature. 

Question 4: Can the H model be used as a robust tool to predict tundra 

vegetation responses to environmental change?  

• Chapter 5 first determines the most robust H indicator and then explores 

the possible relationships between the H indicator and important 

vegetation properties (dominance, stability, and responsiveness) at the 

species and community levels.  
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Figure 1.1 Example of application of the ecological stoichiometry theory in 
understanding plant - herbivore feeding interactions. The caribou has five atoms 
of C for every atom of N, whereas the birch has 33 atoms of C for every atom of 
N. To deal with the excess C in its food, the caribou has evolved physiological 
pathways to excrete or respire the excess C so that the C:N ratio within its body 
narrows down to some value around five.  

Copyright © https://www.resourceworks.com/caribou

Birch
33C:1N

Caribou
5C:1N
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Figure 1.2 Conceptual diagram illustrating various potential patterns of organism 
homeostatic regulation of internal elemental content in response to varying 
external resource availability of that element, modified from (Sterner and Elser 
2002). Elemental data underlying these patterns can be in the form of 
concentrations (e.g. mg N per g dry weight of tissue or soil), or as ratios between 
elements (e.g. N:P of tissue or soil). Each line represents one stoichiometric 
homeostasis pattern, characterized by its H value: “H = 1.0” represents no 
homeostatic regulation; increasing values of H (from the line marked “H = 2.0” to 
the line marked “H = 5.0”) represent increased capacities for homeostatic 
regulation. 
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Chapter 2 

Stoichiometric homeostasis: a test to predict tundra 

vascular plant species and community-level responses to 

climate change 

 

2.1 Abstract 

Climate change is having profound influences on Arctic tundra plant composition, 

community dynamics, and ecosystem processes. Stoichiometric homeostasis 

(H), the degree to which a plant maintains its internal nutrient concentrations 

independent of nutrient variations in its environment, may be a useful approach to 

predict the impacts of these influences. In this case study, we used long-term 

experimental fertilization manipulation data to calculate homeostasis indices 

based on nitrogen (HN), phosphorus (HP), and nitrogen (N):phosphorus (P) ratios 

(HN:P) of various aboveground tissues for seven common tundra vascular species 

belonging to three growth forms. We then analyzed relationships between 

species H rankings and relative dominance, spatial stability, and responsiveness 

to various experimental manipulations. Each of the H indices (HN, HP, HN:P) was 

correlated amongst tissue-types within each species. Furthermore, H indices 

were generally highest in ericoid mycorrhizal host species and lowest in the 

ectomycorrhizal birch. Species HP and HN:P were consistently positively 
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correlated with their aboveground biomass within the controls, and across all 

manipulations. Furthermore, these same species were spatially stable across 

experimentally warmed field plots. Stoichiometric homeostasis theory has been 

successful in studies predicting grassland community dynamics. This first test of 

its applicability across a variety of Arctic plant growth forms highlights its 

considerable potential in predicting tundra plant community structure and 

responses to environmental change. 

 

2.2 Introduction 

Ecosystems across the globe are undergoing stresses in recent decades due to 

climate change, atmospheric nitrogen deposition, invasive species, and land use 

change (Elser et al. 2010). To make useful predictions of future ecosystem 

responses, it is critical to understand the mechanisms that underpin ecosystem 

structure, functioning, and stability. Plant communities and their functional 

characteristics are key components of terrestrial ecosystems. Among various 

plant traits, strategies for resource use link the functioning of individual species to 

major environmental factors, making them increasingly useful to ecosystem 

ecologists (Elser et al. 2010). A new concept - ecological stoichiometry - has 

been developing in recent years to explicitly and mechanistically characterize that 

link (Sterner and Elser 2002, Elser et al. 2010). 

Ecological stoichiometry is a conceptual framework that considers how the 

balance of energy (carbon (C)) and elements (particularly N and P) affects and is 

affected by organisms in the environment. Stoichiometric homeostasis is the 
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degree to which an organism maintains relatively constant concentrations or 

ratios of elements within its tissues despite variation in the relative availabilities of 

these elements in its environment or food supply (Sterner and Elser 2002, Elser 

et al. 2010, Yu et al. 2010, Yu et al. 2015). Stoichiometric homeostasis theory 

has been investigated and validated primarily in marine and freshwater 

ecosystems (Frost et al. 2002, Frost et al. 2005, Demars and Edwards 2007). 

However, our understanding of its regulation and role in affecting organismal and 

ecosystem processes in terrestrial ecosystems is very limited. Only three studies 

have attempted to relate stoichiometric homeostasis with vascular species and/or 

terrestrial ecosystem stability, dominance, and production, and all of those were 

conducted in temperate grasslands (Yu et al. 2010, Dijkstra et al. 2012, Yu et al. 

2015). For example, species HN and HN:P were positively correlated with species 

dominance, and with temporal stability (i.e. biomass consistency over a specified 

time period (Lehman and Tilman 2000) - see “Materials and methods” section for 

calculation) on both short-term and long-term temporal scales, and across a large 

spatial scale in Inner Mongolian grasslands (Yu et al. 2010). Furthermore, 

community HN was also positively correlated with community production and 

stability in most instances (Yu et al. 2010). The most dominant species in a C3 

grassland in Wyoming, USA, had the highest HN:P, but in that case there was no 

general correlation between species HN:P and species dominance (Dijkstra et al. 

2012). However, consistent with the Inner Mongolia study (Yu et al. 2010), 

species HN was positively correlated with species dominance and with stability on 

a long-term (25-year) temporal scale in a central US grassland (Yu et al. 2015). 

Moreover, species HN was also predictive of species responsiveness to 
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experimental changes in soil water availability, with higher HN species being less 

responsive (i.e. more resilient) to extreme drought, increased rainfall variability 

and chronic increases in rainfall (Yu et al. 2015). These studies indicate that 

stoichiometric homeostasis can be usefully applied to predicting herbaceous 

species dynamics in grassland ecosystems to varying degrees. However, 

whether these capacities of stoichiometric homeostasis apply to other growth 

forms or ecosystem-types remains unknown. 

Arctic tundra terrestrial ecosystems are globally important because they occupy a 

large area (Walker et al. 2005), their structure and functioning are sensitive to 

subtle changes in climate (Arctic Climate Impact Assessment 2005), and many of 

the impacts of rising temperatures such as shrub and tree expansion, soil 

warming, and permafrost thaw could have large effects on atmospheric 

greenhouse gas concentrations (Chapin et al. 2000). Climate change due to 

anthropogenic fossil fuel emissions has resulted in rising Arctic air temperatures 

over the past 30 years (Serreze and Francis 2006), and since models 

consistently predict that temperatures will continue to rise most rapidly in high 

latitudes (Johannessen et al. 2004), there is a growing urgency to better 

understand how and why tundra vegetation will respond to warming. To the best 

of our knowledge, no studies have as yet quantified stoichiometric homeostasis 

values for Arctic vascular plant species, let alone investigated if stoichiometric 

homeostasis could be useful in predicting tundra species and community 

responses to environmental change. 

According to Sterner and Elser (2002), the stoichiometric homeostatic regulation 

coefficient (termed as “H” hereafter) can be calculated through the following 
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equation: y = c x1/H, where y is the plant N or P concentration or N:P ratio, x is the 

concentration of available N or P or N:P ratio in the soil and c is a constant. The 

“H” value is calculated as the reciprocal of the exponent value of the exponential 

function (H can range from 1 (no homeostasis) toward infinity (high 

homeostasis)). Species with higher H values are more homeostatic (i.e. they tend 

to maintain relatively constant tissue nutrient concentrations across a wide range 

in soil nutrient availability). 

Challenges of applying this equation (termed as “H model” hereafter) in tundra 

ecosystems are: (i) for y, which part of plant tissue is most representative of 

overall homeostasis for a given species; and (ii) for x, how to comprehensively 

assess the nutrients that are biologically available to plants from tundra soils. 

Although previous studies have verified the applicability of the H model in US and 

Asian temperate grasslands using concentrations of leaf nutrients to represent “y” 

and concentrations of soil inorganic N or phosphate (PO4-P) to represent “x” (Yu 

et al. 2010, Yu et al. 2015), these variables may not be as appropriate for tundra 

ecosystems. Unlike temperate grasslands where the dominant plants are all 

herbaceous species whose biomass is strongly dominated by leaves and where 

soil available N and P pools are dominated by inorganic compounds (e.g. 

ammonium (NH4-N) and nitrate (NO3-N) for N, PO4-P for P) (Yu et al. 2010, 

Dijkstra et al. 2012, Yu et al. 2015), tundra ecosystems contain a wide range of 

plant growth forms, and various chemical forms of critical soil nutrients can be 

taken up by Arctic plants (McKane et al. 2002, Turner 2008). For example, the N 

that is available to tundra vegetation is dominated by organic N (various amino 

acids) in some Arctic sites, but there are also NH4-N and NO3-N forms, and 
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individual plant species have accordingly diversified to favor these different 

chemical forms (McKane et al. 2002). For P, there are likewise various organic 

and inorganic forms in tundra soils (Turner 2008), but nevertheless, plant P 

accumulation for a wide range of tundra species is closely correlated with soil 

PO4-P (Kielland and Chapin 1994). 

The vegetation of low Arctic tundra includes evergreen shrubs, deciduous shrubs, 

graminoids, and forbs (Chapin et al. 1980) that all differ in their growth rate, 

stature, storage capacity, organ longevity, and nutrient allocation patterns among 

tissues (Chapin and Shaver 1988, 1989). These differences may lead to growth-

form-specific H values across different plant species, and age- and tissue-specific 

H values for a given species. For herbaceous tundra species, leaves are the 

dominant aboveground tissue, and therefore, just as for grassland species (Yu et 

al. 2010), foliar nutrient concentrations may be appropriate for calculating plant 

species H. However, shrub species have considerable woody tissue as well as 

leaves, and a substantial proportion of the wood and leaves may have been 

formed in previous years, altogether resulting in more complex plant internal 

nutrient allocation patterns. Therefore, H values based on leaf nutrient 

concentrations may be less appropriate and other aboveground tissues may 

produce a better estimation of overall aboveground plant H (Elser et al. 2010).  

This case study is the first to investigate the applicability of stoichiometric 

homeostasis to Arctic tundra vascular plant species and to link it with species and 

community dynamics in response to altered environmental conditions. We used 

plant shoot biomass and nutrient pool data from a set of long-term experimental 

manipulations in low Arctic tundra to address the following three questions: 
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1. What are the age-specific, tissue-specific, and total aboveground shoot H 

(termed as “shoot H” hereafter) values for a given species and do they correlate 

with each other? 

2. Are species’ H values predictive of species biomass dominance, biomass 

spatial stability, and biomass responsiveness to experimentally induced changes 

in climate and soil nutrient availability? 

3. Is community H predictive of community biomass? 

 

2.3 Materials and methods 

2.3.1 Field sampling 

Our study used field data from experimental treatment plots that had been 

running for eight years (greenhouse warming, low-level N addition, high-level N 

addition, and high-level P addition; n = 5 of each) in a mesic birch hummock 

tundra ecosystem near the Tundra Ecosystem Research Station (TERS) at 

Daring Lake, Northwest Territories (NWT), Canada (64° 52' N, 111° 33' W) 

(Appendix A, Figures A.1 and A.2). Average annual air temperature in this area is 

-9°C, with mean diel (i.e. 24 h period) temperatures ranging from -40°C in 

January to 20°C in July. Annual precipitation ranges from 200 to 300 mm, with 

~140 mm falling as rain in the summer and ~30-40 cm of snow accumulating 

during the winter in low-lying flat areas (all data are 1996-2013 averages; Bob 

Reid and Shawne Kokelj, unpublished). 

We focused on the seven major vascular plant species in this ecosystem. These 

species belong to three growth forms: deciduous shrubs (Betula glandulosa 
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Michx. and Vaccinium uliginosum L.), evergreen shrubs (Rhododendron 

subarcticum Harmaja (formerly Ledum decumbens (Aiton) Lodd. Ex Steud.), 

Vaccinium vitis-idaea L., and Andromeda polifolia L.), and herbaceous species 

(Eriophorum vaginatum L. and Rubus chamaemorus L.). Besides vascular 

species, there is also a well-developed moss and lichen layer, which constituted 

~44% of the aboveground live plant biomass (see Nobrega and Grogan (2008), 

and Zamin et al (2014) for more details). 

In the N addition experiments, regular agricultural grade granular ammonium 

nitrate (NH4NO3) was added at three levels (0, 1, and 10 g N m-2 year-1; n=5), 

while in the P addition treatment, P was added (as triple superphosphate (45% 

P2O5)) at two levels (0 and 5 g P m-2 year-1; n=5). Fertilizers were applied once 

yearly, generally in late August, since 2004. The experimental warming was 

achieved with A-frame greenhouses (1.8 m x 4.7 m; n = 5) covered with heavy 

polyethylene film (150 µm) that was generally put on by late June and taken off 

by late August each year since 2004 (Zamin et al. 2014). Aboveground plants 

from one 40 cm x 40 cm quadrat from each plot were harvested by cutting 

horizontally just below the green-brown moss transition in mid-August 2011 

(Zamin et al. 2014). Briefly, all living vascular plants were first sorted to species 

and then sorted to age- and tissue-specific levels. For the deciduous shrubs, 

these age- and tissue-level differentiations included leaves, new stems, and old 

stems, for the evergreens, these included new leaves, old leaves, new stems, 

and old stems, for the graminoid (E. vaginatum), these included leaf sheaths and 

leaf blades, and for the forb (R. chamaemorus), all aboveground biomass was 
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classified as “shoot”. Sorted samples were oven-dried at 40°C, weighed and then 

ground for analysis of total N and total P. Surface organic soil samples (5 cm x 5 

cm to 10 cm depth) were collected from the same plots during mid-growing 

season (12-13 July 2011). See Zamin et al (2014) for full details about the plant 

and soil sampling procedures.   

 

2.3.2 Chemical analyses of elements 

N and P concentrations (% of dry mass) of plant samples were analyzed on the 

age- and tissue- differentiated tissue components by combustion and gaseous N 

detection (Elementar, Hanau, Germany) and inductively coupled plasma-atomic 

P spectrometry (ICP-AES) (Varian Vista AX, Palo Alto, California), respectively. 

Soil NH4-N, NO3-N, total dissolved N (TDN), and PO4-P were measured by 

extracting soil samples (10 g fresh weight) in either 0.5 M potassium sulfate 

(K2SO4) (for NH4-N and TDN analysis); Type I H2O (NCCLS Type I resistivity: 10-

18 MΩ-cm; for NO3-N analysis); or 0.5 M sodium bicarbonate (NaHCO3) (pH 8.5; 

for PO4-P analysis). NH4-N, NO3-N, and PO4-P concentrations in the extracts 

were determined colourimetrically using automated flow analysis (Bran-Leubbe 

Autoanalyzer III, Norderstadt, Germany) and the indophenol, sulphanilamide 

(Mulvaney et al. 1996), and molybdate-ascrobic acid methods (Kuo 1996), 

respectively. TDN concentrations in the extracts were determined by 

chemiluminescence (TOC-TN autoanalyzer, Shimadzu, Kyoto, Japan). N and P 

concentrations in the extracts were corrected for dilution associated with initial 

soil moisture in each individual sample and then calculated on dry soil weight 
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basis (µg N or P g-1 dry weight soil). Soil water contents were determined by 

oven-drying soil samples at 65°C to constant weight. 

 

2.3.3 Statistical analyses 

We addressed our first question (i.e. the applicability of the H model) on the 

seven vascular species and on the separate organs of these species, using plant 

and soil samples from the control and N and P fertilization plots. We addressed 

our second and third questions using plant and soil samples from control plots 

and all four sets of experimental treatment plots. To investigate the applicability of 

the H model to the tundra species, we tested both the H model (power 

regression) and a linear regression model (y = ax + b) on plant nutrient 

concentrations/ratios and corresponding soil nutrient concentrations/ratios data.  

Species dominance was assessed as the percent aboveground biomass for each 

species and community biomass was summed as the total vascular plant species 

aboveground biomass. Species spatial stability was defined in an analogous way 

to Lehman and Tilman’s (2000) definition of temporal stability (i.e. the mean 

abundance divided by the standard deviation of that abundance data over time). 

Consequently, a variable with relatively low variation over time (or across space) 

would have a higher level of temporal (or spatial) stability. Specifically, in this 

study, species spatial stability (SS) equals species mean aboveground biomass 

(µ) divided by its standard deviation (σ) across the replicate plots in each 

treatment (n = 5): SS = μ/σ. Species responsiveness to warming and fertilization 

manipulations was expressed as response ratio (RR), which was calculated by 
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the equation of RR = |ln(xm/xc)|, where xm was the mean biomass for a species 

under a given treatment and xc was the mean biomass for the species in the 

control plots (Yu et al. 2015). Community H for N, P, or N:P ratio was estimated 

as the sum of each species’ percent aboveground biomass multiplied by its foliar 

H value for N, P, or N : P ratio, respectively (i.e. community H = 

dominance of species i x Hii=7
i=1 ) (Yu et al. 2010). 

After calculating these indicators, their relationships with the corresponding H 

values were tested by Pearson’s correlation when the assumptions of constant 

variance and normality were met, otherwise Spearman’s rank correlation was 

used. All statistical analyses were performed using R software (version 3.2.3) (R 

Development Core Team 2015). 

 

2.4 Results 

2.4.1 Applicability of H model to tundra species and to different soil 

nutrient forms 

The H model was very effective in describing the relationships between plant 

shoot nutrient concentrations and soil nutrient pools across most of our tundra 

dataset (Table 2.1; Appendix A, Tables A.1-A.5). For example, the H model fit for 

two species, B. glandulosa, the dominant deciduous shrub, and R. subarcticum, 

the dominant evergreen shrub described 75-94% of the variation between foliar 

N, P or N:P and soil N, P, or N:P, respectively (Figure 2.1). The only exception 

was HN for the forb (R. chamaemorus), where the variability in its shoot N 

concentration in relation to soil available N concentration was not well described 
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by the H model (r2 = 0.23) (Table 2.1) because its shoot N concentrations 

decreased rather than increased in the high-level N addition treatment. However, 

the associations of its shoot P concentration and N:P ratio with soil PO4-P 

concentration and N:P ratio were well described by the H model (Appendix A, 

Table A.1). In terms of testing the mathematical nature of the stoichiometric 

linkages across the entire dataset, relationships between plant species N or P 

concentration or N:P ratio and soil N or P concentration or N:P ratio were much 

better described by the H model (power regression) than by the linear regression 

model (Appendix A, Table A.6). 

Since tundra species are known to differ in their preferences for the various forms 

of N in Arctic soils (McKane et al. 2002), we used soil NH4-N, NO3-N, and TDN to 

separately represent soil available N and accordingly calculated three H indices 

to represent species’ ability to exhibit stoichiometric homeostasis for N (H(NH4-N), 

H(NO3-N), and H(TDN)) and for N:P ratio (H(NH4-N/PO4-P), H(NO3-N/ PO4-P) and H(TDN/ PO4-P)). 

For a given species, HN values calculated from the three soil N chemical forms 

differed substantially from each other. However, these differences were 

consistent among species (i.e. species with high H(TDN) also had high H(NH4-N) and 

H(NO3-N)) and likewise for HN:P (Appendix A, Tables A.1-A.5). Furthermore, the 

correlative associations of plant N concentration and N:P ratio with soil N 

concentration and N:P ratio were best described (i.e. had generally higher and 

more consistent r2 coefficients) by H(TDN) and H(TDN/ PO4-P) than H(NH4-N) or H(NO3-N) 

and H(NH4-N/PO4-P) or H(NO3-N/ PO4-P), respectively (Appendix A, Tables A.1-A.5). 

Accordingly, H(TDN) and H(TDN/ PO4-P) are used to represent HN and HN:P, 

respectively, from here on in this study (Tables 2.1 and 2.2).  
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2.4.2 H index patterns across species and among tissues for a given 

species 

Species foliar HP and HN:P values were positively correlated with each other (r2 = 

0.66, P = 0.03), whereas no significant relationships were observed between 

foliar HN and HP or between HN and HN:P. Furthermore, the four ericaceous 

species (V. uliginosum, R. subarcticum, V. vitis-idaea, and A. polifolia) that form 

ericoid mycorrhizal associations (the “ErM species”) generally had higher H 

values than B. glandulosa, the only species that forms ectomycorrhizal fungal 

associations (the “EcM species”) (Tables 2.1 and 2.2). For the two herbaceous 

species, the graminoid E. vaginatum had higher HP and HN:P than the forb R. 

chamaemorus (Table 2.1). Similar rankings of species H values were observed 

for current year’s leaves, for old growth tissues, and for whole shoots (Table 2.2; 

Appendix A, Tables A.1-A.5), and therefore, we used foliar H to represent 

species H from here on.  

 

2.4.3 Relationships between species H indices and species 

dominance, spatial stability, and responsiveness to environmental 

change 

Species HP and HN:P were both positively correlated with species dominance 

across the control plots and within each of the experimental treatments 

(greenhouse warming, low-level N addition, high-level N addition (HP only), and 

high-level P addition) (Table 2.3; Figures 2.2a and 2.2b), indicating that species 

with high P-based stoichiometric homeostasis consistently tended to be the most 
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abundant. Likewise, HP and HN:P were both also positively correlated with species 

stability - but only in the greenhouse warming and low-level N addition treatments 

(Table 2.3; Figures 2.2c and 2.2d), suggesting that stoichiometric homeostasis 

traits that conferred spatial consistency in relative abundance across replicate 

plots were only manifested in the more moderate experimental manipulations that 

are nevertheless probably most realistic of future tundra environmental 

conditions. Species responsiveness to the experimental manipulations was 

significantly negatively correlated with species HP and HN:P in the low-level N 

addition treatment only (Table 2.3), indicating that those species with high P-

based stoichiometric homeostasis tended to be relatively unresponsive to the 

low-level N addition. In contrast to HP and HN:P, species HN was negatively 

correlated with species dominance across the control plots and within each of the 

experimental treatments (Table 2.3), and there were no significant correlations 

between species HN and species stability or responsiveness. 

 

2.4.4 Relationships between community H indices and community 

biomass 

Consistent with the species level results, community HP and HN:P were positively 

related to each other (r2 = 0.99, P < 0.01), but not to community HN. Furthermore, 

aboveground biomass of the whole community was positively correlated with HP 

and HN:P across the different experimental manipulations (Figure 2.3).  

 

2.5 Discussion  
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2.5.1 Stoichiometric homeostasis model is applicable to tundra 

vegetation 

In this case study, we successfully applied the stoichiometric H model (Sterner 

and Elser 2002) to seven major tundra vascular species belonging to three 

growth forms using data obtained from eight-year field N and P addition 

experiments. Comparison of the goodness of fit of the plant and soil data 

between the H and linear regression models verified that tundra plant nutrient 

concentrations are not simply a direct reflection of soil nutrients supply (i.e. plants 

are not “simply what they root in” (Elser et al. 2010)). Instead, species clearly 

differ in the extent to which they control their tissue nutrient concentrations in 

response to changes in soil nutrient availability, and this regulation is the 

outcome of complex interactions among environments, genetics, and physiology 

(Elser et al. 2010). This is an important insight because plant growth is generally 

more strongly limited by soil nutrient availability in tundra than in the temperate 

grassland ecosystems (Schimel and Bennett 2004) where homoeostasis has 

been previously studied (Yu et al. 2010, Dijkstra et al. 2012, Yu et al. 2015). 

Therefore, our study demonstrating that Arctic plant species significantly differ in 

the extent of their stoichiometric control provides a new potential mechanism that 

may contribute to understanding current patterns in tundra species distribution 

and abundance, as well as their potential responses to environmental changes.  

 

2.5.2 Stoichiometric homeostasis N indices differ among soil 

chemical forms of N 
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In our study, species HN obtained with the different chemical forms of N varied 

substantially with each other, indicating that great caution is necessary when 

comparing H values between studies, as they may use different soil available 

nutrient chemical forms for the calculation of H. However, the consistency in 

species rankings among these indicators (i.e. species with high H(TDN) also had 

high H(NH4-N) and H(NO3-N)) suggests that HN obtained from a particular N chemical 

form is a reasonable index of the relative strength of N homoeostasis when 

comparing among species at a particular site, even though they differ in their 

relative uptake of different soil N chemical forms (McKane et al. 2002). Whether 

such consistency also occurs for P is unknown, as we assessed HP using soil 

extractable PO4-P only. Like soil N, there is a wide range of chemical forms of soil 

P (especially as moderately labile polyphosphates and organically-bound 

orthophosphate diesters) that are available to tundra plants (Turner et al. 2004, 

Turner 2008, Weintraub 2011). Unfortunately, only inorganic phosphate data 

were available for this study’s preliminary test of the applicability of the 

stoichiometric homeostasis concept. Clearly, further studies are needed to 

quantify the principal P forms other than simple phosphate, as well as their 

bioavailability, around individual target plants of each species so as to compare 

correlations among indices of HP determined with different soil P forms and 

therefore to more comprehensively evaluate the potential influence of P-based 

stoichiometric homeostasis on plant community composition. 
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2.5.3 Patterns in whole shoot and tissue-specific H indices among 

species 

Consistent with the view that ErM species are more efficient at accessing soil 

organic N and soil P than EcM species (Read et al. 2004, Turner 2008, Iversen et 

al. 2015), we found that the ErM species generally had higher HN and HP than the 

only EcM species, B. glandulosa. This result suggests that ericoid mycorrhizal 

fungi may be more efficient than ectomycorrhizal fungi in buffering their host 

plants’ metabolism against variabilities in soil nutrient resources in low fertility 

environments. Similar values of H among different tissues for a given species 

suggest considerable integration among plant tissues for nutrient homoeostasis, 

which is consistent with a previous study showing that plant nutrient contents and 

N:P ratios were highly correlated across organs for both woody and herbaceous 

plants on a global scale (Kerkhoff et al. 2006, Elser et al. 2010). Our results 

indicate that although tundra species differ in woodiness, phenology, storage 

capacity and many other life strategies (Chapin and Shaver 1988), foliar H is 

representative of the overall plant species homoeostasis. Lastly, for the forb 

species R. chamaemorus, the unsuitability of the H model to its shoot N 

concentration perhaps reflects the fact that its growth in this ecosystem is 

primarily limited by soil P availability and does not respond to the N addition 

(Zamin et al. 2014). 

 

2.5.4 P may be a more important stoichiometric element than N in 

tundra ecosystems 
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In our study, HP and HN:P - rather than HN - were linked with species and 

community properties and responses to environmental changes, whereas 

previous studies in temperate grasslands found that HN was the most powerful 

indicator (Yu et al. 2010, Yu et al. 2011, Yu et al. 2015). This difference may 

reflect the fact that growth of several of the most common species (i.e. B. 

glandulosa and E. vaginatum) at our tundra ecosystem study site were co-limited 

by N and P (Zamin and Grogan 2012, Zamin et al. 2014), while growth of most 

species in grassland ecosystems is primarily limited by N (Bai et al. 2010, Avolio 

et al. 2014). Additionally, different experimental durations between studies may 

also contribute to this inconsistency, as HP also became important in predicting 

species dominance and stability at longer temporal scales (i.e. 27 years) in the 

grasslands (Yu et al. 2010).  

 

2.5.5 The influence of species root to shoot ratio on stoichiometric 

homeostasis 

Plant traits, such as root to shoot ratio and foliar nutrient concentrations, have 

been frequently associated with species performances in changing environments. 

Species with higher root mass may have a competitive advantage in responding 

to environmental variation (Tilman et al. 2006), and species with higher root to 

shoot ratios are reported as always having higher H values (Yu et al. 2010, Yu et 

al. 2015). Our study results challenge these conclusions. We previously collected 

both plant aboveground and belowground biomass in the greenhouse warming 

and the corresponding control plots, and estimated the root to shoot ratio for each 
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species based on the living shoots and roots that could be identified to species 

(~23% and ~14% of the total root biomass was unidentifiable in control and 

greenhouse warming plots, respectively) (Zamin et al. 2014). The most 

stoichiometrically homoeostatic species (R. subarcticum) had the lowest root to 

shoot ratio, while the least homoeostatic species (B. glandulosa) had the highest 

root to shoot ratio among woody species in the control plots. Interestingly, after 

eight years of experimental warming, the root to shoot ratio of B. glandulosa 

decreased considerably, while the root to shoot ratio of R. subarcticum was 

unchanged (Zamin et al. 2014). Meanwhile, the greenhouse warming treatment 

increased the relative aboveground dominance of R. subarcticum, while B. 

glandulosa shoot biomass also increased by a similar proportion, but the absolute 

magnitude of the latter’s increase was much less because of its relatively low 

biomass (Zamin et al. 2014). These results suggest that tundra species with high 

stoichiometric homeostasis do not necessarily have high root to shoot ratios, but 

have strong capability to maintain a stable root to shoot ratio under changing 

environments. Besides the high root to shoot ratio, low foliar N and P 

concentrations were also suggested as a characteristic of high-H plants (Yu et al. 

2010, Yu et al. 2011). In our study, however, although foliar P concentrations 

were significantly lower in high HP species (e.g. R. subarcticum) than low HP 

species (e.g. B. glandulosa) (Appendix A, Figure A.3a), foliar N concentrations 

were similar (Appendix A, Figure A.3b). These results indicate that high-H 

species have more constrained concentrations of P compared to N and provide 

further support for the fundamental role of P in determining critical stoichiometric 

homeostasis effects in our tundra site at least.  
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2.5.6 Future directions 

Our preliminary study indicates that stoichiometric homoeostasis theory may 

provide a useful tool to describe the structure of mesic birch hummock tundra 

plant communities and to predict their responses to changing environmental 

conditions. Further research is now required to address the more general 

question of whether or to what extent H values obtained from a particular tundra 

ecosystem can be used to describe the species performances and community 

structure and functioning in other tundra ecosystems and/or under different 

temporal scales. In grasslands, these kinds of larger scale temporal and spatial 

extrapolations were supported when relating H indices with dominance and 

temporal stability at the species level, but not at the community level (Yu et al. 

2010). In contrast with herbaceous grassland communities, tundra species differ 

strongly in growth forms and life history strategies (Chapin et al. 1980, Chapin 

and Shaver 1988). Therefore, our study here should be interpreted as a starting 

point, and further extensive research may be required using longer-term nutrient 

addition experiments, natural environmental gradients of soil nutrient availability, 

multiple samplings throughout the growing season, and better indicators of soil 

nutrient supply to determine more robust H indices for relating stoichiometric 

homeostasis to species/community performances at extended temporal and 

spatial scales. Nevertheless, our preliminary study has successfully expanded 

stoichiometric homoeostasis theory to a tundra ecosystem, and our results 

strongly suggest that stoichiometric homoeostasis represents an innovative way 
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to bridge fine-scale knowledge about plant traits with broader-scale community 

composition, structure, and functioning in a changing environment. 
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Table 2.1 Foliar H (HN represents H(TDN), HP represents H(PO4-P), and HN:P represents H(TDN)/(PO4-P), respectively) and 

associated r2
 and P values for the seven principal vascular species in mesic birch hummock tundra at Daring Lake, NWT.  

Species Growth Form HN r2
 P HP r2

 P HN:P r2
 P 

B. glandulosa Deciduous shrub 2.7 0.94 <0.001 1.6 0.94 <0.001 2.3 0.80 <0.001 

V. uliginosum Deciduous shrub 5.6 0.83 <0.001 1.6 0.91 <0.001 2.3 0.77 <0.001 

V. vitis-idaea Evergreen shrub 4.8 0.77 <0.001 2.5 0.96 <0.001 4.1 0.72 <0.001 

R. subarcticum Evergreen shrub 5.4 0.83 <0.001 2.9 0.93 <0.001 5.4 0.75 <0.001 

A. polifolia Evergreen Shrub 7.1 0.54 0.002 2.3 0.95 <0.001 3.1 0.83 <0.001 

E. vaginatum Graminoid 7.1 0.59 0.001 3.0 0.80 0.001 3.5 0.71 <0.001 

R. chamaemorus Forb N.S.
*
 0.23 0.069 2.0 0.95 <0.001 3.4 0.69 <0.001 

Note: The calculation of HN used 15 data points (three treatments (control, low-level N addition, and high-level N addition) 

with five replicates for each), the calculation of HP used 10 data points (two treatments (control and high-level P addition) 

with five replicates for each), and the calculation of HN:P used 20 data points (four treatments (control, low-level N addition, 

high-level N addition, and high-level P addition) with five replicates for each).  
*
No HN value has been included for R. chamaemorus because the stoichiometric model explained very little of the 

variability in the data.  
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Table 2.2 HN, HP, and HN:P values for new growth and old growth stems of the five woody species, for old growth leaves of 

the three evergreen shrubs and sheaths of the graminoids, and for whole shoots of all seven vascular species in the mesic 

birch hummock tundra.  

Species New growth stem Old growth stem Old growth leaves and sheaths Total shoot 
 HN HP HN:P HN HP HN:P HN HP HN:P HN HP HN:P 

B. glandulosa 4.5 2.7 4.4 3.9 3.3 5.2    3.4 2.0 3.2 

V. uliginosum 10.2 4.7 6.5 6.2 7.7 7.4    7.5 2.6 3.7 

V. vitis-idaea 4.6 3.8 4.5 4.0 3.5 4.7 3.6 2.0 3.1 3.8 2.5 3.7 

R. subarcticum 6.6 3.8 8.5 6.3 4.1 7.3 4.2 2.4 4.8 5.6 2.9 6.1 

A. polifolia 7.8 N.A. N.A. 3.9 3.2 3.9 5.4 1.7 2.4 5.1 2.3 3.1 

E. vaginatum       3.5 3.3 3.4 5.2 3.0 3.4 

R. chamaemorus          N.S. 2.0 3.4 

Note: See Table 2.1 legend for details of the experimental treatments used in the data sets, and Tables A.1-A.5 in 

Appendix A for the associated r2
 and P values for each H value. N.A. data not available.  
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Table 2.3 Relationships between species H (HN, HP and HN:P) and species dominance in control, greenhouse warming, 

low-level N addition, high-level N addition, and high-level P addition treatments; between species HP and HN:P and species 

spatial stability (shoot biomass consistency across replicate plots) in greenhouse warming and low-level N addition 

treatments (relationships in controls and the other treatments were not significant; data not shown); and between species 

HP and HN:P and species responsiveness in low-level N addition treatment (relationships in the controls and the other 

treatments were not significant; data not shown).  

 Treatments rs  P 
HN – Dominance Control -0.41 0.023 

Greenhouse warming -0.50 0.005 

Low-level N addition -0.41 0.025 

High-level N addition -0.43 0.016 

High-level P addition -0.54 0.002 

HP - Dominance Control 0.51 0.002 

Greenhouse warming 0.53 0.001 

Low-level N addition 0.48 0.004 

High-level N addition 0.39 0.021 

High-level P addition 0.39 0.021 

HN:P - Dominance Control 0.56 0.001 

Greenhouse warming 0.55 0.001 

Low-level N addition 0.53 0.001 

High-level N addition 0.13 0.456 

High-level P addition 0.35 0.042 

HP – Stability Greenhouse warming 0.83 0.020 

Low-level N addition 0.90 0.006 

HN:P - Stability Greenhouse warming 0.82 0.025 

Low-level N addition 0.85 0.015 

HP - Responsiveness Low-level N addition -0.83 0.021 

HN:P - Responsiveness Low-level N addition -0.79 0.036 

Note: Spearman’s rank correlation tests were used to calculate the correlation coefficients (rs) and corresponding P values 

for the dominance data as the assumptions of constant variance and normality were not met.
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Figure 2.1 Relationships between concentrations of (a and b) foliar N and soil 
TDN, (c, d) foliar P and soil PO4-P, and (e, f) foliar N:P and soil TDN:PO4-P for B. 
glandulosa and R. subarcticum, respectively, across control and N- and P-
fertilized plots (see Table 2.1 legend for details). The “H” value is calculated as 
the reciprocal of the exponent value of the exponential function for each graph (H 
can range from 1 (no homeostasis) toward infinity (high homeostasis)).  
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Figure 2.2 Relationships between (a and b) species HP and species dominance 
(% total aboveground biomass); and (c and d) species HP and species spatial 
stability for the seven principal species in the greenhouse warming plots and low-
level N addition plots (n = 5). The sequence of species along the x axes (i.e. 
increasing HP) is as follows: V. uliginosum, B. glandulosa, R. chamaemorus, A. 
polifolia, V. vitis-idaea, R. subarcticum, and E. vaginatum. See Table 2.3 for the 
full dataset across all experimental manipulations. Pearson’s correlation (r2) was 
used when the assumptions of constant variance and normality were met; 
otherwise, Spearman’s rank correlation (rs) was used. 
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Figure 2.3 Relationships between (a) community HP and community biomass 
and (b) community HN:P and community biomass across the five sets of 
experimental plots (sequence along x axes: high-level N addition, high-level P 
addition, low-level N addition, greenhouse warming, and control). Spearman’s 
rank correlation (rs) was used as the assumptions of constant variance and 
normality were not met. 
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Chapter 3  

Soil nutrient availability measurement techniques in Arctic 

tundra:  in situ ion exchange membranes compared to direct 

extraction 

 

3.1 Abstract 

The use of ion exchange membranes (IEMs) as an innovative alternative to direct 

chemical extractions for measurement of soil nutrient availability has many 

theoretical advantages but its application in Arctic ecosystems has not been well-

investigated. We compared in situ IEM incubation and soil sample direct water-

extraction methods to assess the seasonal availabilities of three critical soil 

nutrient elements (ammonium (NH4-N), nitrate (NO3-N) and phosphate (PO4-P)) 

in tundra soils from a set of long-term experimental fertilization treatments 

(control, and separate low-level nitrogen (N) and phosphorus (P) additions, as 

well as separate high-level N and P additions). We also conducted a full-year IEM 

incubation experiment (multiple incubations within a growing season, and one 

incubation over the non-growing season) on tundra soils in summer greenhouse 

warming and snowfence treatment plots. Nutrient accumulations on the IEMs 

across the various fertilization treatments were closely correlated to the nutrient 

pools obtained by conventional soil extraction, and closely matched 

corresponding variation in plant species’ nutrient concentrations. Furthermore, 
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the IEMs had significantly higher sensitivities and so were able to detect 

significant effects of low-level fertilization, and also indicated a different seasonal 

pattern in nutrient availability compared to the soil extraction measurements. 

Contrary to our expectation, the greenhouse warming treatment enhanced PO4-P 

but not NH4-N fluxes, even though plant community biomass had been increased, 

suggesting other soil nitrogen forms may have been enhanced. Furthermore, the 

overwinter nutrient fluxes were extremely low, with no snowfence treatment 

effect, suggesting a lack of stimulating effects on soil nutrient availability. We 

conclude that the IEM method is a relatively sensitive, simple, and more effective 

method than direct extraction for measuring nutrient availability in tundra soils. 

  

3.2 Introduction 

Soil nutrient availability to plants is a fundamental determinant of terrestrial 

ecosystem structure and functioning (Chapin et al. 2011), and therefore, 

choosing a suitable sampling method for its measurement is very important. Two 

major factors govern the availability of nutrient ions to plant root systems: (1) the 

concentrations of ions in the soil solution surrounding the plant rhizosphere (i.e. 

the pool of ions immediately accessible by plants); and (2) diffusion of additional 

ions from outside the rhizosphere to the root surface (i.e. the flux of ions from the 

bulk soil to replenish the rhizosphere pool), which is affected by soil moisture, soil 

pH, temperature, etc. (Barber 1962, Chapin 1980, Yang et al. 1991, Abrams and 

Jarrell 1992). A good sampling method should reflect those key factors 

influencing nutrient availability to plants, and be relatively easy to apply (Schinner 
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et al. 2012). Additional methodological issues that need to be considered include 

disturbance and degradation of the habitat caused by sampling, the labor 

involved in sampling and processing, and other logistical issues such as 

transportation and sample storage (Giblin et al. 1994, Weih 1998).  

 

3.2.1 Direct extraction compared to ion exchange as methods to 

determine soil nutrient availability 

The direct chemical extraction method has been the most commonly used 

method for estimating soil nutrient availability (Kuo 1996, Mulvaney et al. 1996, 

Gregorich and Carter 2007). For this method, a representative number of soil 

samples to a certain depth are taken from an area under investigation. These 

samples are combined and homogenized to a bulk sample after removing the 

coarse materials (rocks, roots, etc.). Soil nutrient pools in that bulk sample are 

determined by extraction with one of a variety of chemical solutions depending on 

the ion of interest (Gregorich and Carter 2007). Although it has been widely used, 

there are several problems associated with this method. The first major concern 

is the interpretation of the results, because data based on this method are 

operationally defined by the chemical extractant used rather than by nutrient 

availability to plants. Second, these data reflect static nutrient pools and 

accordingly can only provide an instantaneous “snapshot” of soil available 

nutrient status (Curtin et al. 1987, Abrams and Jarrell 1992). Since soil nutrient 

availability can vary substantially over time scales of days or even hours 

(Vandecar et al. 2009, Buckeridge and Grogan 2010, Pedersen et al. 2015), it is 
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often inappropriate to extrapolate these data across time periods. Third, for 

repeated (i.e. time series) measurements, this method introduces the potential 

error associated with spatial variation among successive samples from the same 

plot. This error due to spatial heterogeneity can be very significant as soil 

biogeochemical variables (especially those associated with instantaneous 

nutrient availability) can vary substantially over distances of only a few 

centimeters (Snaydon 1962, Frankland et al. 1963, Lechowicz and Bell 1991, 

Wijesinghe and Hutchings 1997, Pedersen et al. 2015). Fourth, direct soil 

extraction is a destructive data collection method that removes soil and inevitably 

causes disturbances to the field sampling area that may be scientifically 

undesirable (Raison et al. 1987, Schmidt et al. 2002, Ehrenfeld et al. 2005, 

Schinner et al. 2012, Iversen et al. 2015). Lastly, this method is time-restricted in 

terms of sample processing because soil biochemical characteristics can 

significantly change over time scales of hours to days (Pedersen et al. 2015), and 

such changes may be exacerbated by physical differences once the sample is 

removed from its in situ field environment. Accordingly, soil samples need to be 

transported and stored at a constant cool temperature (e.g. 4°C) and processed 

and extracted as soon as possible (normally within one to two days after being 

collected) (Gregorich and Carter 2007). However, these requirements may be 

difficult to achieve routinely when sampling in remote field areas such as tundra. 

Despite these drawbacks, the direct extraction method is still very widely used, 

mainly because it has been well established (Bremner and Keeney 1966, 

Gregorich and Carter 2007).  
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The ion exchange resin bag (IEB) and the ion exchange membrane (IEM) 

methods as an alternative for measuring soil nutrient availability have been 

developed in recent decades (Abrams and Jarrell 1992, Giblin et al. 1994, 

Skogley and Dobermann 1996, Qian and Schoenau 2002, Gregorich and Carter 

2007). Most synthetic ion exchange resin bags (IEBs) and ion exchange 

membranes (IEMs) have similar chemical properties (solid organic polymers of 

hydrocarbon or fluorocarbon) and operation principles, despite their different 

physical forms (Skogley and Dobermann 1996, Luqman 2012). These ion 

exchange materials contain a polymer backbone to which fixed charge chemical 

groups (i.e. the “functional groups”) are covalently bound. Mobile ions (i.e. the 

“counterions”) are electrostatically bound to these functional groups, and can be 

exchanged for an equivalent number of target nutrient ions of similar charge from 

the surrounding medium if the electrostatic and concentration gradients favor 

counterion displacement (Skogley and Dobermann 1996; See Figure B.1 in 

Appendix B for the IEM operation scheme). Hence, the IEBs and IEMs function in 

a manner analogous to charged soil colloids (Skogley and Dobermann 1996, 

Gregorich and Carter 2007, Luqman 2012).  

Operationally, the IEB or IEM method differs from the direct extraction method in 

that charged resin beads of a quantified volume contained in porous nylon fabric 

bags (for the IEB method), or charged membranes of specified surface area (for 

the IEM method), are incubated in the field for a pre-determined amount of time. 

During incubation, the target nutrient ions in the soil replace some of the initial 

counterions on the resin beads or membranes. At the end of the incubation, the 

resin bags or membranes are retrieved from the field and processed by 
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separating the resin beads or membranes from trapped soil particles, eluting the 

nutrient ions accumulated on the resin beads or membranes using chemical 

solutions, and quantifying their amounts (Giblin et al. 1994, Skogley and 

Dobermann 1996). The IEB or IEM method provides a novel way to estimate soil 

nutrient availability compared to the conventional soil extraction method, and has 

thus expanded our understanding of soil nutrient dynamics. Most importantly, the 

IEB or IEM method is sensitive to many critical in situ factors (such as soil water 

content, soil pH, and soil temperature) that concurrently and dynamically affect 

soil nutrient availability during the period of incubation (Weih 1998, Gregorich and 

Carter 2007). The derived nutrient flux results reflect in situ real dynamic soil 

differences in initial soil solution nutrient ion concentrations, nutrient release rates 

from soil particles and active microbes, and movement of ions toward the resin 

beads via diffusion and mass flow (Skogley and Dobermann 1996, Gregorich and 

Carter 2007). The IEB or IEM method also avoids the error of spatial variation for 

repeated measurements, because the same incubation spot can be used 

repeatedly. In addition, this method causes minimal soil disturbance since no soil 

needs to be removed from the sampling area. Lastly, it is much more logistically 

feasible as the resin bags or membranes are very easy to carry and can be 

stored indefinitely after removal from the incubation location, prior to chemical 

analysis.  

Compared with the IEB method, the IEM method provides additional advantages 

associated with the physical shape differences between the membranes and the 

resin bags. Specifically, compared with the three dimensional resin bags, the two 

dimensional membranes: (1) cause even less soil disturbance during incubation 
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deployment (Raison et al. 1987, Schmidt et al. 2002, Duran et al. 2008); (2) have 

higher effective surface area contact with the soil solution and plant roots 

(Schmidt et al. 2002, Johnson et al. 2005, Castillo-Monroy et al. 2010); (3) can be 

processed more easily as they eliminate the task of separating the resin beads 

and soil particles; and (4) have an easily defined and stable surface area, a 

feature that is critical to precision and comparison of values among and between 

samples (Qian and Schoenau 2002). Overall, compared with the direct soil 

extraction and the IEB methods, the IEM method is the most sensitive to factors 

that regulate plant available elements, has the fewest potentially confounding 

effects, is least destructive to the sampling areas, and is simplest to chemically 

process.  

 

3.2.2 Distinctive features of the use of IEMs to measure nutrient 

availability in tundra 

Despite all the theoretical benefits of the IEM method outlined above, a direct 

comparison between it and the soil extraction method at the local scale using 

experimental nutrient additions is necessary to demonstrate to what extent these 

two methods provide comparable results in terms of response linearity and 

sensitivity along a wide soil nutrient gradient. It is important to note that the IEM 

data and the soil extraction data use different units and are not directly 

comparable. The IEM nutrient flux data are expressed as μg per cm2 of 

membrane surface (computed based on the area of one side only) per burial day 

(i.e. μg/cm2/day), whereas the soil extraction nutrient pool data are expressed as 
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μg/g dry weight soil. The IEM data indicate the mass of nutrient ions that in the 

soil solution that have been adsorbed to the surface of the membrane during a 

specified incubation period. The mass or volume of soil that actually contributed 

to delivering those ions to the membrane, however, is not known (Subler et al. 

1995, Skogley and Dobermann 1996, Ziadi et al. 2006, Gregorich and Carter 

2007). In contrast, the mass or volume of soil that contributed to the nutrient pool 

is clearly defined for the soil extraction data. As far as we know, only one study 

has specifically tested the correlation between these two methods, and only for 

soil NO3-N in a temperate ecosystem (Ziadi et al. 2006). Soil NO3-N 

concentrations as extracted by water and by KCl solution were positively related 

to soil NO3-N fluxes based on the anion exchange membrane (AEM) incubation 

method (slope = 14.2 with r2 = 0.95, and slope = 2.6 with r2 = 0.66, respectively) 

along a gradient of fertilization plots subjecting to forage or corn production (Ziadi 

et al. 2006). Comparisons for other important soil nutrient elements (e.g. NH4-N 

and PO4-P) in tundra or other ecosystem-types, however, have yet to be 

investigated.  

Besides the importance for methodological comparisons in the context of Arctic 

tundra ecosystems, it is also meaningful to test whether the IEM method is 

sufficiently sensitive to detect effects of changes in one of the most important 

environmental factors - temperature - on soil nutrient availabilities. Rates of soil 

nutrient mineralization, availability, and associated plant growth are exceptionally 

low in the Arctic compared to other regions, mainly due to low soil temperatures 

both within the short growing season and during the long non-growing season 

(Shaver and Chapin 1980, Giblin et al. 1994, Weintraub 2011, Semenchuk et al. 
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2015). However, these processes are changing in recent decades because of 

global climate warming (Stocker et al. 2013). Warmer Arctic air temperatures are 

raising summer soil temperatures and increasing winter precipitation - and 

therefore enhancing snowpack and insulation of the underlying soil (Mörsdorf et 

al. 2019). Both the summer and winter effects are projected to change soil 

nutrient availabilities, mainly by accelerating the activities of soil microbes which 

strongly regulate plant productivity through the mineralization of, and competition 

for, nutrients that sustain plant growth (Chapin et al. 1995, Weih 1998, Schimel 

and Bennett 2004, Schmidt and Lipson 2004, Van Der Heijden et al. 2008, 

Buckeridge and Grogan 2010, Edwards and Jefferies 2010, Schinner et al. 2012, 

Semenchuk et al. 2015, Mörsdorf et al. 2019). Besides the growing season, 

changes in soil nutrient fluxes during the long non-growing season caused by 

these effects may also significantly affect aboveground plant growth due to the 

predominant role of winter in the Arctic (Shaver and Chapin 1980, Weintraub 

2011). In sum, changes in both the magnitudes and the temporal patterns of soil 

fertility in Arctic tundra due to a warmer environment may profoundly affect 

ecosystem structure, processes, services and climatic regulation (Chapin and 

Shaver 1989, Schimel et al. 2004, Elmendorf et al. 2012a, Zamin et al. 2014, 

Mörsdorf et al. 2019), yet they are not precisely investigated so far.  

 

3.2.3 Research objectives and scientific questions 

The general objective of this study was to evaluate the potential of IEMs as an 

alternative and more effective method to direct soil extraction for determining soil 
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nutrient availability and dynamics in Arctic tundra. Our research addressed the 

following specific research questions:  

(1) Are soil nutrient availabilities based on the IEM and the soil extraction 

methods positively correlated, and do they reveal the same intra-seasonal 

patterns?  

(2) Do increases in soil nutrient availability determined by the two methods 

correlate well with increases in plant species’ nutrient concentrations?  

(3) Do changed soil conditions caused by experimentally manipulated summer 

warming and deepened snow treatments result in changed intra- and inter-

seasonal soil nutrient availabilities, and if so, what is the effect on aboveground 

plant biomass? 

 

3.3 Materials and methods 

3.3.1 Study site and experimental manipulations 

This study was conducted in mesic birch hummock tundra vegetation near the 

Tundra Ecosystem Research Station (TERS) at Daring Lake, Northwest 

Territories (NWT), Canada (64° 52' N, 111° 33' W) (Appendix A, Figures A.1 and 

A.2). This ecosystem is characterized by hummocks 10-30 cm high and 

deciduous dwarf birch (Betula glandulosa Michx.) shrubs that are 10-40 cm tall 

and make up ~14% community aboveground biomass (Chapter 4). The 

remaining cover is a mixture of mostly ericaceous shrubs (Vaccinium uliginosum 

L., Rhododendron subarcticum Harmaja (formerly Ledum decumbens (Aiton) 

Lodd. Ex Steud.), Vaccinium vitis-idaea L., and Andromeda polifolia L.), one 
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graminoid species (Eriophorum vaginatum L.), and one forb species (Rubus 

chamaemorus L.). Besides vascular species, there is also a well-developed moss 

and lichen layer. Data based on a one-time soil chemical extraction sampling (to 

2-5 cm depth) in this ecosystem-type indicate a soil pH of 4.6 (SD = 0.2), a total 

soil carbon content of 36.2% (SD = 5.5), a total soil nitrogen content of 1.79% 

(SD = 0.29), a dissolved organic carbon content of 789 mg kg-1 (SD = 133), and a 

dissolved organic nitrogen content of 65 mg kg-1 (SD = 11.9) (Chu and Grogan 

2010).  

All three of the different field experimental manipulations used in this study (i.e. 

the levels of fertilization, the summer greenhouse warming, and the snowfence 

treatments) were established in 2004 and have been maintained annually ever 

since (see Christiansen (2016) and Zamin (2013) for full details). The only 

exception is the low-level P addition experiment, which was established in 2012. 

For each experimental manipulation, plots of representative and fairly 

homogenous birch hummock vegetation of similar gentle slope and aspect were 

selected and then randomly assigned to control and treatment. Briefly, to 

manipulate soil nutrient availabilities, separate annual low-level N (LN) (1 g N m-2 

year-1; added as NH4NO3 from 2004 to 2015, and as urea from 2016 onwards), 

high-level N (HN) (10 g N m-2 year-1), low-level P (LP) (0.5 g P m-2 year-1; added 

as 45% P2O5), and high-level P (HP) (5 g P m-2 year-1) additions were made to 

replicate plots (5 m x 7 m each; n = 5) for each nutrient treatment. To enhance 

summer air temperatures, A-frame greenhouses (1.8 m x 4.7 m each; n = 10) 

were covered with transparent plastic during each growing season. Triangle 

vents were cut out of the tops to avoid extreme maximum temperatures within the 
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greenhouses and to reduce humidity differentials. These greenhouses warm the 

summer mean diel air and soil temperature (at 0-10 cm depth) by 2.1-2.4°C 

compared to their associated control plots (Zamin et al. 2014). To manipulate 

winter snow depth, snowfences (15 m long, 1.2 m high each; n = 5) were set up 

perpendicular to the prevailing winter wind direction which typically results in 

deepened snow patches extending out ~20 m from both sides of each fence 

(Christiansen 2016). These snowfences generally increase the ambient snow 

cover from 0.3 m in associated control plots to 1.0 m (Christiansen 2016), and 

have several environmental impacts, including warmer ground temperatures 

(mean winter soil temperature at integrated 2-5 cm is ~-10°C in the ambient plots 

and is ~-8°C in the snowfence plot) during winter (Christiansen 2016), and 

delayed snowmelt and start of the growing season by 1-2 weeks (Nobrega and 

Grogan 2008, Buckeridge and Grogan 2010).  

 

3.3.2 IEM preparation 

We cut and charged the IEMs before applying them in the field. The IEMs (SUEZ 

Water Technologies & Solutions, USA) were obtained in large sheet forms (18.25 

cm x 40.25 cm) in two different types: cation exchange membranes (CEMs, ID: 

CR67HMR) and anion exchange membranes (AEMs, ID: AR204SZRA). The 

CEMs have sulfonic acid as the exchange group and an exchange capacity of 2.1 

meq/dry g resin. The AEMs have quaternary ammonium as the exchange group 

and an exchange capacity of 2.4 meq/dry g resin. The quaternary ammonium has 

a strong ability to exclude cations and a high resistance to contamination by 
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organic materials (Ziadi et al. 2006). The CEMs and AEMs were prepared 

separately and charged using different solutions (0.5 M HCl and 0.5 M NaHCO3 

respectively). Our choices of H+ as the counterions for the CEMs and of HCO3
-  

as the counterions for the AEMs have been shown to work well (Qian and 

Schoenau 2002). The large IEM sheets were cut into 5 cm x 5 cm squares 

(Appendix B, Figure B.2a) and soaked immediately in distilled water. These IEM 

squares were then transferred to another large plastic container with sufficient 

amount of charging solution to ensure that all of the membranes were totally 

covered by the solution (Appendix B, Figure B.2b). The container was covered 

with a lid and gently shook on the lab bench for 10 min and then let sit for one 

hour. Afterwards, the IEM squares were rinsed in distilled water and then placed 

in another clean container containing fresh charging solution. This charging 

process was repeated three times using new charging solution each time and 

great caution was taken throughout the IEM preparation to avoid contamination. 

After the final rinsing in distilled water, the membrane squares were stored in 

sealed bags in the freezer.  

 

3.3.3 IEM incubation in field 

We developed a simple method for the rapid placement, retrieval, and handling of 

IEMs in the field. Prior to field deployment, we tagged one corner of each IEM 

with a plastic cloth barb (~10 cm long) using a clothes tag gun (Tech-It, USA) so 

that it could be easily located in the vegetation (Appendix B, Figure B.2c). 

Tagging of the IEMs in this way should not affect the membrane exchange 
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capacity (Cain et al. 1999, Duran et al. 2008). In the field, we cut a vertical slit 

into the soil with a serrated knife and placed the IEM square at a uniform depth 

(i.e. extending vertically from 2 cm to 7 cm underneath the soil surface measured 

relative to the green-brown transition in the moss/vegetation ground cover layer) 

at each incubation location (Figures B.1d and B.1e). Vertical deployment of the 

IEMs avoids the confounding effect of ion accumulation on the membranes via 

gravitational solution flow. Within each sampling area of the replicate treatment 

plots, CEMs and AEMs were placed in pairs about 2 cm apart in inter-tussocks 

microsite locations. The slits were then closed by gently pressing the soil surface 

to ensure good contact between the membrane and the soil (Appendix B, Figure 

B.2f). Afterwards, we tied a piece of flagging tape to the cloth barb attached to 

each membrane as markers. The membranes were left to incubate in the soil for 

a certain period (see below for specific time periods), and were then removed 

and replaced with new membranes in the same slits. One concern about using 

the same soil incubation spot is that repeated deployment of membranes may 

cause ion depletion to below ambient levels in the incubation spot over time. For 

example, NO3
- ion uptake rates by AEMs over seven days decrease significantly 

in a laboratory experiment using homogenized agricultural soil (Subler et al. 

1995). However, a field study on tundra soil indicated that the ion depletion effect 

was negligible (Giblin et al. 1994), perhaps because of ongoing in situ nutrient 

supply. After removal, membranes were immediately rinsed free of visible soil 

particles with a distilled water spray bottle (Appendix B, Figure B.2g), the cloth 

barb was cut off (Appendix B, Figure B.2h), and the membranes were then 

sealed in separate clean plastic bags (Appendix B, Figure B.2i), and transported 
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to a freezer for storage prior to elution. Blank membranes were processed in the 

same way except without being incubated in the soil.  

 

3.3.4 IEM incubation, and soil sampling and analyses from the 

experimental fertilization plots 

Each of the five large experimental fertilization plots (5 m x 7 m) was visually split 

in two to generate 10 replicate subplots. Within each subplot, the IEM incubations 

and soil collections described below were conducted at a single marked sampling 

area (~40 cm x 40 cm) that was deliberately located at least two meters apart 

from that located in the other subplot, in order to minimize the likelihood of any 

possible spatial dependency in terms of soil nutrient availability between them. 

Four replicate membranes of each type (CEM and AEM) were used for each 

incubation. Three 14-day incubations were conducted sequentially throughout the 

growing season in 2016. These individual incubation periods were: Round 1 (R1) 

from July 10/11 to July 24/25, R2 from July 24/25 to August 7/8, and R3 from 

August 7/8 to August 21/22. Soil samples were also collected three times (R1 on 

July 4, R2 on July 16, and R3 on August 1) within the same growing season. 

Three organic soil samples (0-7 cm depth; 5 cm x 5 cm in diameter) were cut out 

from inter-tussocks in each replicate sampling area and composited into a single 

sample. All aboveground plant materials were cut off, and then all coarse roots (> 

2 mm in diameter) and occasional stones were removed from each sample. The 

soil was then homogenized by hand and subsampled (10 g fresh weight each) to 

determine soil moisture and nutrient pools. Soils were kept at field moisture in 
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plastic bags at 4°C for no more than two days before processing and extraction at 

the field laboratory. 

Three soil nutrient pools (NH4-N, NO3-N, and PO4-P) were determined using the 

traditional direct extraction and chemical analyses procedure (Gregorich and 

Carter 2007). Each soil sample was placed in a specimen cup with 50 mL of 

distilled water and shaken manually every 15 minutes over the next hour, allowed 

to sit for another hour, and then filtered through glass fibre filters (Fisher G4; 1.2 

µm pore space) using a vacuum pump. All extracts were kept frozen until 

analysis. NH4-N, NO3-N, and PO4-P concentrations in the extracts were 

determined colorimetrically using automated flow analysis (Bran-Leubbe 

Autoanalyzer III, Norderstadt, Germany) and the indophenol, sulphanilamide 

(Mulvaney et al. 1996), and molybdate - ascorbic acid methods (Kuo 1996), 

respectively. Oven-dry weight conversion factors were determined by heating 10 

g of fresh soil at 60°C to a constant weight. These factors were used to correct 

the measured N and P concentrations in the extracts for dilution associated with 

initial soil moisture content in each individual sample, and to calculate the 

concentrations on a dry soil weight basis (μg N or P g−1 dry weight soil).  

 

3.3.5 IEM incubations for the summer greenhouse warming and 

snowfence experiments 

Six sequential sets of IEM incubations throughout the growing season and one 

single set during the following non-growing season were deployed in the summer 

greenhouse warming (n = 10) and associated control plots. The growing season 
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incubations were conducted in 2017, with individual incubation periods varying 

from nine to 17 days. Specifically, Round 1 (R1) was from June 25 to July 4, R2 

July 4 - July 13, R3 July 13 - July 22, R4 July 22 - July 31, R5 July 31 - August 

17, and R6 August 17 - August 26. The single long-term non-growing season 

incubation followed immediately after the R6 incubation from August 26, 2017 

until June 29, 2018 (307 days in total). Three pairs of each membrane type were 

installed within each replicate sampling area during each incubation for both 

growing season and non-growing season measurements, except for the last 

incubation round in the growing season (i.e. the R6 incubation), for which only 

two paired membranes were used due to a shortage of membranes. 

For the snowfence (n = 5) and associated control plots, we first conducted a 

single long-term non-growing season incubation from August 17, 2016 until June 

24, 2017 at which time the soil had completely thawed (311 days in total), 

followed by five sequential sets of incubations throughout the growing season in 

2017. Dates of these five sequential sets correspond to the first five incubations 

in the greenhouse warming treatments as described above. Six paired 

membranes were installed in each replicate plot for the non-growing season 

incubation, whereas three paired membranes were installed for each incubation 

during the growing season measurements. 

 

3.3.6 IEM elution and chemical analyses 

IEM membranes from within the same replicate sampling areas from each 

incubation round in each experimental manipulation were placed together for 
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elution and chemical analyses. Each pooled sample was placed in a single 50 mL 

petri dish (Appendix B, Figure B.2j). Membranes were then extracted with 2 M 

NaCl in 0.1 M HCl solution (Giblin et al. 1994) by shaking for 2 h on a shaker 

table (Appendix B, Figure B.2k). The specific amounts of elution solution used 

varied according to the particular replicate numbers of the membranes and the 

specific experimental treatments from which these membranes were retrieved. As 

a rule, 5 mL of elution solution were used for each replicate membrane. 

Exceptions were for membranes retrieved from the fertilization treatments (i.e. 

the low-level N, low-level P, high-level N, and high-level P treatments), for which 

more volumes (50-200 mL) of elution solution (as well as larger containers) were 

used to avoid ion exchange equilibrium (i.e. when the rate of target nutrient ions 

leaving and returning the membrane polymer becomes equal) during the 

extraction process, with specific amounts adjusted for the individual fertilization 

treatments. Moreover, for the membranes collected from the high-level 

fertilization plots (i.e. the high-level N and high-level P addition plots), we 

repeated the elution process two to three times until concentrations in the last 

elutant solutions were negligible. See Figure B.3 in Appendix B for the IEM 

elution efficiency equations for NH4-N (Appendix B, Figure B.3a), NO3-N 

(Appendix B, Figure B.3b), and PO4-P (Appendix B, Figure B.3c), respectively. 

Elutant solutions were then filtered through glass fibre filters (Fisher G4; 1.2 µm 

pore space) using a vacuum pump and subsequently stored in the freezer until 

chemical analyses. Tests of the blank membranes (i.e. those not incubated in 
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soil) showed that contaminations of PO4-P and NO3-N on AEMs, and NH4-N on 

CEMs, were below detection. 

 

3.3.7 IEM methodological sensitivity characterization 

The IEM method had only rarely been used in Arctic tundra soils where soil 

nutrient mineralization rates and dissolved soil N and P are exceptionally low 

(Chapin et al. 1978, Chapin and Shaver 1981, Giblin et al. 1991, Jonasson et al. 

1993). Therefore, we characterized their sensitivity in estimating low-level mineral 

elemental fluxes in the laboratory before applying the method in the field. Fresh 

pre-charged IEM membrane squares (n = 2 per individual solution) were 

immersed in a range of NH4-N, NO3-N or PO4-P replicate solutions (n = 6 for 

each NO3-N concentration, and n = 3 for each NH4-N concentration and each 

PO4-P concentration) of known concentrations for one hour. These membranes 

were then eluted with 2 M NaCl in 0.1 M HCl solution for two hours. Ion 

recoveries from the membranes into the eluted solutions were compared with the 

known concentrations in the initial immersion solutions. Results from this test 

showed that the membranes can detect NH4-N fluxes > 0.25 μg/cm2, and NO3-N 

and PO4-P fluxes > 0.05 μg/cm2 with an accuracy of ± 20% (see Figure B.4 in 

Appendix B for full data). These minimum detection limits were well below the 

actual amounts accumulated on the field-incubated membranes for NH4-N and 

PO4-P, but not for NO3-N. Only one-third of the membranes across all the field 

treatments, mostly from the later season incubations from the experimental 

fertilization settings, accumulated above-detection NO3-N ions. Based on the 
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data derived from the control for fertilization plots, NO3-N flux only accounted for 

5.9% -14.3% of total inorganic N measured during the growing season. This 

percentage range is similar to another soil incubation experiment in the tussock 

tundra (Nadelhoffer et al. 1991). Therefore, we excluded this variable from our 

main analysis and only reported its elution efficiency from the high-level N 

addition plots (Appendix B, Figure B.4b). On the other hand, the fact that we did 

detect reliable NO3-N fluxes from the ambient soils provides evidence that a low 

soil pH (4.6 at our study site) does not prevent nitrification by soil microbes, which 

is most effective at a higher pH of ~7.5 to 8.0 (Pietri and Brookes 2008). Overall, 

based on the above sensitivity test, we conclude that all the NH4-N, NO3-N, and 

PO4-P flux data reported in this study are robust.  

 

3.3.8 Vegetation sampling and analyses 

We determined foliar N and P concentrations for the seven principal vascular 

plant species in the experimental fertilization treatments. Healthy and mature leaf 

samples (~20 g dry mass) for each plant species were collected on July 27/28 in 

2016. These foliar samples were first air-dried, and later fully dried at 60°C in a 

fan-assisted oven for 24 hours before grinding and analyses. Samples were 

ground either using a grinder (IKA MF 10 Microfine grinder, Staufen, Germany) or 

a pestle and mortar, depending on the texture of the specific samples. Total N 

concentrations (% of dry mass) were analysed by combustion and gaseous N 

detection (Elementar, Hanau, Germany). Total P concentrations were determined 

using the sulfuric acid/hydrogen peroxide/lithium sulfate/selenium digestion 
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method (Parkinson and Allen 1975). We also measured aboveground biomass of 

all vascular plant species in the summer greenhouse warming, the snowfence, 

and their associated control plots during the growing season in 2017. We used 

the non-destructive point framing method (Jonasson 1988) for the 

measurements. This method records plant species’ hit data and we use 

previously established regressions from our site to infer shoot biomass (See 

Chapter 4 for full details of this method). It is widely applied in studying tundra 

vegetation dynamics (Walker 1996, Schuur et al. 2007, Zamin et al. 2014, Alatalo 

et al. 2015).  

 

3.3.9 Statistical analyses 

All statistical analyses were performed using R software (version 3.2.3) (R 

Development Core Team 2015). Separate one-way repeated measure ANOVAs 

were used to test for (i) overall effects of the individual fertilizer additions (low-

level N, low-level P, high-level N, and high-level P additions), of the summer 

greenhouse warming, and of the snowfence treatments, on the time series of IEM 

NH4-N and PO4-P fluxes or pools across the whole growing season; and (ii) 

differences in IEM NH4-N and PO4-P fluxes or pools (on natural log transformed 

scale) among collection times. For these ANOVA analyses, individual IEM or soil 

extraction data were used as the within-subject factor and the soil data collection 

time as the between-subjects factor. Specifically, the “lme()” function from the 

“nlme” package was used for this purpose, and the “glht()” function from the 

“multcomp” package was used to perform post-hoc pairwise tests between 
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incubation sampling periods if the one-way repeated measures ANOVA indicated 

significant differences. To address the potential for temporal autocorrelation 

within the series of incubations, we performed the ANOVA analyses both with 

and without considering the temporal autocorrelation, and compared the AICs 

and the corresponding P values between these two competing models. In most 

cases, these two models yielded AICs that were not significantly different, 

confirming that nutrient availability at a specific soil location is generally highly 

variable over time (Lee et al. 1983, Cain et al. 1999). However, in two cases (i.e. 

the snowfence effect on PO4-P flux and the greenhouse warming effect on NH4-N 

flux) the model that included temporal autocorrelation had significant lower AICs 

than the model without. Accordingly, all results reported in this study are based 

on the more conservative statistics (i.e. the model that includes consideration of 

temporal autocorrelation).  

Student’s t-tests were used to examine the impacts of the summer greenhouse 

warming and snowfence treatments on IEM nutrient fluxes for individual 

incubation periods, of individual fertilization treatments on plant species’ foliar N 

and P concentrations, and of the summer greenhouse warming and snowfence 

on community aboveground biomass. Data were natural log transformed when 

necessary to meet the assumptions of constant variance and normality, and a 

Wilcoxon rank-sum test was performed when the assumptions for the t test were 

not met even after transformation. All statistically significant results (P < 0.05) and 

trends (P < 0.10) for all analyses are reported directly in the text.  
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3.4 Results 

3.4.1 Comparison between IEM incubation and direct extraction 

nutrient measurements 

IEM nutrient fluxes and water-extractable nutrient pools across the whole growing 

season (i.e. the averages of three sampling times) were closely and positively 

correlated for both NH4-N (equation: log (extractable NH4-N) =0.68 x log (flux 

NH4-N) + 2.05) (Figure 3.1a) and PO4-P (equation: log (extractable PO4-P) =0.88 

x log (flux PO4-P) + 3.71) (Figure 3.1b). More than 80% of the variation was 

explained in each case, with the strong correlations were mainly driven by data 

from the high-level fertilization plots (Figure 3.1). When considering the low soil 

fertility data only (i.e. data from the control and the low-level fertilization plots) - 

which are expected to be more realistic of the normal natural range of nutrient 

availabilities in tundra ecosystems - there were weaker but still significant 

correlations in both NH4-N (log (extractable NH4-N) =0.46 x log (flux NH4-N) + 

1.59) (Figure 3.1a) and PO4-P (log (extractable PO4-P) =0.27 x log (flux PO4-P) + 

1.13) (Figure 3.1b), that explained ~60% and ~30% of variation respectively. 

Furthermore, very similar patterns were also observed in the individual datasets 

(only two of the three individual datasets for which were overlap in dates were 

used, see the “Materials and methods” section for specific data collection dates) 

for each sampling time (Appendix B, Figure B.5).  

Although we found close correlations between the two methods in estimating soil 

nutrient availabilities, the patterns of both fertilization effects and temporal 
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changes differed between these two methods (Figure 3.2). For the fertilization 

effects, the IEM method was able to detect both high- and low-level fertilizer 

addition effects on soil nutrient availability, whereas the soil direct extraction 

method was only able to detect the high-level addition effects. Specifically, the 

IEM data indicated that soil NH4-N fluxes were not just significantly elevated by 

the high-level N treatment (151.6-fold), but also by the low-level N (3.1-fold) and 

the high-level P (1.9-fold) treatments (Figure 3.2a; Appendix B, Table B.1). The 

IEM data also indicated that soil PO4-P fluxes were significantly or nearly 

significantly increased by the high-level P (202.4-fold), low-level P (4.2-fold), and 

high-level N (2.3-fold) treatments (Figure 3.2c; Appendix B, Table B.1). By 

comparison, the soil NH4-N extraction data also indicated a significant high-level 

N treatment effect (57.9-fold) and a statistical trend toward a positive low-level N 

effect (3.0-fold), but no significant high-level P treatment effect (Figure 3.2b; 

Appendix B, Table B.2). Furthermore, the soil PO4-P extraction data did not 

indicate a significant low-level P treatment effect (Figure 3.2d; Appendix B, Table 

B.2). For NH4-N temporal changes, both datasets indicated significant intra-

seasonal changes for the ambient soils in the control plots but not for the 

fertilized soils (Figures 3.2a and 3.2b). However, for PO4-P, the directions and 

magnitudes in changes differed between these datasets (Figures 3.2c and 3.2d). 

Specifically, for soil NH4-N, both datasets indicated a consistent decrease over 

time of similar magnitude (1.7-2.2 fold for the IEM dataset, whereas a constant 

1.5-fold decrease for the soil extraction dataset) (Figures 3.2a and 3.2b; Tables 

B.1 and B.2). For soil PO4-P, the IEM PO4-P data indicated a significant decrease 

over time (2.8-6.9 fold), whereas the soil extraction data indicated that soil PO4-P 
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pools increased over time (1.2-2.3 fold) (Figures 3.2c and 3.2d; Tables B.1 and 

B.2). 

 

3.4.2 Correlations between changes in soil nutrient availability based 

on the two methods and plant species’ nutrient concentrations  

The responses of plant species’ foliar nutrient concentrations to the different 

levels of fertilization were more closely related to the soil IEM data than to the soil 

extraction data. As expected, plant foliar nutrient concentrations dramatically 

increased under the high-level fertilization treatments (i.e. the high-level N and 

high-level P addition plots) (Table 3.1), confirmed by soil nutrient data based on 

both methods (Figure 3.2). By contrast, the low-level fertilization effects (i.e. the 

low-level N and low-level P treatments) on foliar nutrient concentrations were 

better correlated with the IEM data than with the soil extraction data. Foliar N 

concentrations for all three evergreen shrubs (R. subarcticum, V. vitis-idaea, and 

A. polifolia) were significantly increased (1.1- to 1.4-fold) by the low-level N 

treatment (Table 3.1). These increases indicated enhanced available soil N in 

these low-level N addition plots that was confirmed by the IEM data (a 3.1-fold 

statistically significant increase) and supported by the soil extraction data (a 3.0-

fold statistical trend increase) (Figures 3.2a and 3.2b). Foliar P concentrations for 

all but the graminoid plant species were significantly increased (1.3- to 2-fold) by 

the low-level P treatment (Table 3.1). These increases indicated enhanced 

available soil P that was confirmed by the IEM data (a 4.2-fold increase) (Figure 
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3.2c; Appendix B, Table B.1), but not by the soil extraction data (Figure 3.2d; 

Appendix B, Table B.2).  

 

3.4.3 Effects of the summer greenhouse warming and snowfence 

treatments on seasonal soil nutrient availability, and on aboveground 

vascular plant community biomass 

Effects of the summer greenhouse warming treatment on soil intra-seasonal NH4-

N fluxes versus PO4-P fluxes differed. Perhaps surprisingly, long-term summer 

greenhouse warming did not change soil NH4-N fluxes for any individual 

incubations, either within the growing season (Figure 3.3a), or during the non-

growing season (Table 3.2). Since there was no treatment effect, we used the 

pooled data (i.e. data from the greenhouse warming and their control plots) to 

further examine the intra-seasonal patterns. Soil NH4-N fluxes increased steadily 

(although not statistically significantly) for the first four incubations from late June 

to the end of July (from 0.12 to 0.17 μg/cm2/day), and then declined significantly 

(3.8-fold) for the following incubation and remained low into late August (Figure 

3.3a). In contrast, the greenhouse warming treatment increased the average 

growing season soil PO4-P flux by 4.0-fold, and the individual incubations by 1.3- 

to 7.6-fold (Table 3.2, Figure 3.3b). In addition, intra-seasonal changes in PO4-P 

flux were slightly different between control and greenhouse warming treatment 

plots. Specifically, the PO4-P fluxes in the control plots remained unchanged for 

the first three incubations, then decreased slightly for the fourth incubation, and 

gradually recovered afterwards (R5 to R6) (Figure 3.3b). The PO4-P fluxes in the 
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greenhouse warming plots showed a generally similar intra-seasonal pattern as 

those in the control plots, although there were much larger variabilities among 

replicate plots, especially for the first incubation period from late June to early 

July (Figure 3.3b). The PO4-P fluxes (unfortunately the corresponding NH4-N 

samples were lost due to lab equipment malfunction) during the non-growing 

season were not significantly affected by the summer greenhouse warming 

treatment (Table 3.2). Furthermore, these PO4-P fluxes were extremely low 

compared with those for the summer season (Table 3.2). 

Contrary to the summer greenhouse warming effects, no snowfence treatment 

effects on either intra-seasonal soil NH4-N fluxes or PO4-P fluxes were observed 

(Table 3.2, Figures 3.3c and 3.3d). When using the pooled data to examine the 

intra-seasonal patterns for the growing season, we found that soil NH4-N fluxes 

first increased from R1 to R3 (from 0.14 to 0.16 μg/cm2/day), and then decreased 

during the R4 incubation (Table 3.2, Figure 3.3c). By contrast, soil PO4-P fluxes 

first increased from R1 to R2, and then decreased for the following two 

incubations (R2 to R4), followed by a small increase (Table 3.2, Figure 3.3d). 

Similarly, the snowfence treatment also did not affect either the NH4-N flux or the 

PO4-P flux for the non-growing season, with both fluxes very low compared with 

those for the summer season (Table 3.2).  

The summer greenhouse warming treatment tended to increase aboveground 

vascular plant community biomass after 12 years (by ~1.6 fold; t = 1.8, P = 0.09) 

(Figure 3.4), consistent with significantly enhanced soil fertility as confirmed by 

the IEM soil PO4-P flux data (although not the soil NH4-N fluxes which were 

unaffected) (Figures 3.3a and 3.3b). By contrast, the snowfence treatment did not 
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significantly affect the aboveground vascular plant community biomass (Figure 

3.4), indicating a lack of effect on soil fertility, which was also consistent with the 

IEM data (Figures 3.3c and 3.3d). 

 

3.5 Discussion 

3.5.1 Relationships between IEM fluxes and water-extractable pools 

for NH4-N and PO4-P 

Our study showed that the correlations between IEM fluxes and water-extractable 

pools for soil nutrients depended on the specific nutrient ranges and the specific 

time periods under investigation. The weaker and more inconsistent correlations 

for the lower fertility range data than for the full dataset have important 

implications. It indicates that within the natural range of nutrient availabilities in 

tundra ecosystems, the direct comparison between soil nutrient fluxes and pools 

using these methods has to be made with caution. However, for characterising 

high chronic fertilization treatment effects on soil nutrient availabilities, either of 

these indicators is effective. Furthermore, within the lower nutrient ranges, 

correlations between the two methods for PO4-P compared to NH4-N availability 

were weaker and more inconsistent. PO4-P ions are less mobile and more readily 

adsorbed to soil particles than NH4-N ions (Chapin 1980, Jones and Jacobsen 

2005, Duran et al. 2008), and therefore may have been more strongly regulated 

by microscale soil conditions than the NH4-N ions. Finally, both fluxes and pools 

of NO3-N were mostly below our detection limits, as has often been noted in NO3-

N direct extraction data in many other tundra studies (e.g. Giblin et al. 1991, 
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Edwards et al. 2006). Our results suggest that it is not just the NO3-N pool but 

also the flux into that pool is very small in tundra soils, presumably as a result of 

low temperature, low soil NH4-N supply, rapid uptake by plants (Liu et al. 2018), 

and denitrifier activity, especially in moist and organic-rich surface horizons 

(Högberg et al. 2006). 

 

3.5.2 Soil nutrient availability based on the IEM method is more 

sensitive than the soil extraction method for predicting plant nutrient 

concentrations in response to low-levels of fertilization 

Changes in soil nutrient availability caused by fertilization are often reflected in 

plant foliar nutrient concentrations (Semenchuk et al. 2015). It is not surprising 

that both the IEM and soil extraction methods detected significant positive effects 

of high-level fertilization treatments on soil N and P availabilities, and that these 

effects were also reflected in the plants’ foliar N and P concentrations. What’s 

more interesting, however, was that the IEM method captured both the low-level 

N and low-level P fertilization effects whereas the soil extraction method did not. 

Together, these plant and soil data consistently indicate that the IEM method was 

more sensitive than the extraction method in detecting small yet biologically 

meaningful differences in soil NH4-N and PO4-P availability. Therefore, we 

conclude that the IEM method is a superior approach to measuring soil nutrient 

availability in typical ambient fertility environments in both tundra and other 

ecosystems (Ziadi et al. 2006, Duran et al. 2008).  
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3.5.3 Soil NH4-N and PO4-P fluxes changed greatly over short periods 

within the growing season, while summer greenhouse warming 

significantly increased PO4-P flux but not NH4-N flux 

Soil mineral nutrient fluxes from the summer greenhouse warming plots, the 

snowfence plots, and their associated control plots were highly variable over 

short periods within the growing season. These big fluctuations most likely 

reflected the combined consequences of changes in weather conditions 

(especially temperature and moisture) (Cassman and Munns 1980, Ellert and 

Bettany 1992, Ziadi et al. 2006), plant uptake (Chapin and Shaver 1989), and soil 

microbial immobilization or mineralization rates that are all closely interlinked.   

The significant increases in soil PO4-P fluxes (but not in NH4-N fluxes) under the 

summer greenhouse warming treatment suggest that the warmer greenhouse soil 

temperatures stimulated net P mineralization. The magnitude of increase for PO4-

P fluxes (by 3- to 7.6-fold) was well in line with extractable soil PO4-P 

concentrations (by 0.9- to 4.7-fold) six years earlier in the same experimental 

plots (Zamin et al. 2014), and very similar to another tundra study using 

exchange resin bags to estimate the effects of elevated temperature on soil 

nutrient availability (Chapin et al. 1995). Soil microbial biomass is one of the 

largest reservoirs of potentially available soil P (but not for soil N) in tundra soils 

(Giblin et al. 1991, Jonasson et al. 1996b). In addition, large amounts of 

exchangeable P are occluded in tundra soil organic matter (Walker and Syers 

1976, Chapin et al. 1978, Weintraub 2011). Accordingly, P mineralization and re-

mineralization mediated by soil microbes is responsible for replenishing most or 



 70	

all of the soil solution PO4-P (Chapin et al. 1978, Giblin et al. 1991). As a result, 

the dramatic increases in PO4-P fluxes in the greenhouse warming plots may be 

largely due to an increase in soil microbial net P mineralization in response to a 

warmer environment. Similarly, net P mineralization, but not net N mineralization, 

increased in experimentally warmed soils at a fellfield site (Schmidt et al. 1999).  

The lack of a summer greenhouse warming effect on soil NH4-N flux on the other 

hand, may indicate that the effect of warming in enhancing N mineralization had 

diminished after 13 years of experimental manipulation. Decreased temperature 

sensitivity of soil microbial nitrogen mineralization with increasing temperature 

may help explain this result (Koch et al. 2007).     

Additionally, the fact that significant NH4-N and PO4-P fluxes were detectable 

indicated significant net N and P mineralization occurring during the growing 

season, which is contrary to previous conclusions that net nutrient mineralization 

only occurs during the early snow period in tussock tundra (Schimel et al. 2004), 

and net P mineralization has even been reported as negative during the growing 

season (Giblin et al. 1991). This is an important observation because it could 

have cascading long-term effects on the feedbacks between soil nutrient 

availability, decomposition, and plant growth responses to future warming of the 

Arctic, which would strongly influence plant carbon uptake and accumulation, and 

ecosystem structure and functioning (Schimel et al. 2004, Weintraub 2011, 

Mörsdorf et al. 2019).  
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3.5.4 Plant biomass responses in the greenhouse warming and the 

snowfence plots corresponded well with soil nutrient status indicated 

by the IEM flux data 

The fact that aboveground plant community biomass tended to be 1.6-fold higher 

(P < 0.09), combined with earlier measurements indicating that plant community 

biomass N and P was 1.6-fold and 1.7-fold higher, respectively, in the 

greenhouse warming plots than in the control plots (Zamin 2013), indicates 

greenhouse-enhanced soil nutrient availabilities. Our results here confirmed an 

increase in soil PO4-P fluxes, but not in soil NH4-N fluxes. The lack of an NH4-N 

response suggests that other soil nitrogen forms, especially dissolved organic N 

which is readily taken up by a variety of tundra plant species (McKane et al. 

2002), may have been enhanced in the greenhouse treatment. By contrast, the 

lack of a snowfence effect on plant community biomass is consistent with the 

absence of an effect on the soil nutrient fluxes. Taken together, these 

observations all suggest that the IEM method provided reliable insights on the 

impacts of the various experimental treatments on soil nutrient status, which were 

biologically meaningful in predicting plant community responses.  

  

3.5.5 Low soil nutrient availability in the non-growing season 

We examined NH4-N and PO4-P flux rates during the approximately 9-month cold 

season (late August through early June), in soils subjected to either summer 

greenhouse warming or snowfence treatment. NH4-N fluxes in the deepened 

snow plots were below detection limits whereas PO4-P fluxes were extremely low 
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in both greenhouse warming and snowfence plots, and there were no significant 

effects of either treatment. Note that we were not able to differentiate whether the 

NH4-N and PO4-P accumulation process on to the IEMs were stably low or varied 

periodically throughout the entire incubation time, as we only conducted one 

single long incubation. However, it is possible that a large proportion of the total 

ion accumulation happened during the spring snowmelt period when a pulse of 

nutrients, derived from lysed microbial cells in response to the freeze-thaw effects 

(Chapin et al. 1978, Lipson et al. 1999, Buckeridge et al. 2010), were adsorbed 

by the IEMs while in competition with plant uptakes, especially with the evergreen 

shrubs (Larsen et al. 2012). Another subarctic and alpine study using the buried-

bag technique also observed very low net mineralization during winter, which was 

caused by a strong microbial immobilization and a lack of a large microbial winter 

die-back (Schmidt et al. 1999). Our study, using the two-dimensional membranes 

rather than the three-dimensional resin bags, provides important further support 

for the idea of low net microbial mineralization for the non-growing season in 

tundra soils. Lastly, the lack of fresh litter inputs, which is a major resource for 

microbial decomposition, may also contribute to low net mineralization during the 

non-growing season (Weintraub 2011).  

 

3.5.6 High temporal variation in soil NH4-N and PO4-P availability 

Our results showed that NH4-N and PO4-P were highly variable temporally: areas 

of relatively high nutrient availability did not persist over periods of weeks within a 

single growing season. Thus, the mesic birch hummock tundra ecosystem that 
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we studied contains a highly localized soil nutrient environment in which the 

duration of “hotspots” of plant available N and P were dynamically changing, and 

therefore difficult to predict. This conclusion is important in that it implies dramatic 

temporal nutritional impacts on plants’ foraging behavior (Hutchings and de 

Kroon 1994), which contribute to their overall fitness (Wijesinghe and Hutchings 

1997). 

 

3.5.7 Concerns and other promising aspects with the IEM method 

One major practical concern with the IEM method for tundra soils where soluble 

mineral nutrients are exceptionally low is its capability to accumulate sufficient 

nutrient ions during the period of incubation for laboratory analytical detection if 

researching fluxes during the non-growing season. We used and then pooled six 

membranes (total one-sided membrane area is 150 cm2) in each of the 

snowfence and their control plots, and only three membranes in the greenhouse 

warming and their control plots. Even six membranes were not sufficient to detect 

any NH4-N flux, whereas three membranes were sufficient for PO4-P flux 

detection. In addition, the growing season data imply that three membrane 

replicates are sufficient for PO4-P flux over the 18-day incubations, but are not 

enough for NH4-N flux in the snowfences and their control plots. Overall, these 

results suggest that a minimum of six membranes per replicate plot is necessary 

to determine fluxes in low fertility soils. 

Another concern is the possible underestimation of soil PO4-P flux. With the 

unique ability to simulate biological ion sinks in relatively undisturbed conditions, 
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the IEMs provide useful information on soil nutrient bioavailability, but their data 

should be interpreted with caution. For example, because of their preferential 

selectivity for various ions, it is important to know the relative affinity of the IEM 

for each target ion in the soil (Skogley and Dobermann 1996, Qian and Schoenau 

2002). The AEM does not function particularly well as a sink for PO4
- ions, as it 

exhibits the least affinity for HPO4
- among other competing soil anions (Skogley 

and Dobermann 1996). Although we overcame this problem to some degree by 

charging the AEM initially with relatively low affinity HCO3
- counterions, instead of 

with high affinity counterions such as Cl-, as adopted by some other studies (e.g. 

(Skogley and Dobermann 1996), our results may still be an underestimation of 

actual soil PO4-P flux, and further research is required. 

Lastly, although we used the IEM method for determining mineral nutrients (i.e. 

NH4-N, NO3-N, and PO4-P) in the soil environment, further studies are needed to 

explore its application in determining dissolved ionically-charged organic nutrient 

forms, such as certain amino acids (e.g. glycine, aspartic acid, and glutamic 

acid), and phosphate complexes. Dissolved organic nutrients constitute a 

significant portion of the dissolved soluble N pool that can be taken up directly by 

plants in ecosystems where mineralization rates are low, such as Arctic and 

alpine tundra (Raab et al. 1999, McKane et al. 2002, Nordin et al. 2004), boreal 

forest (Nasholm et al. 1998), and low productivity grasslands (Bardgett et al. 

2003).  

 

3.5.8 Conclusion 
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This is the first report that we know of in which IEM membranes were used to 

measure soil nutrient dynamics within the growing season, and overwinter, in a 

tundra ecosystem. Our study contributes two important conclusions to 

applications of the IEM method in low Arctic tundra ecosystems where 

information on soil nutrient flux dynamics is extremely lacking (Weintraub 2011). 

First, the results from our fertilization experiments strongly suggest that the IEM 

method provides a more sensitive and biologically meaningful approach than 

direct extraction to determining NH4-N and PO4-P availabilities in unamended 

(ambient) and low-level fertilized soils. Second, it is effective at characterizing 

changes in soil nutrient conditions due to experimental warming. The 

measurement protocol described and tested here provides a foundation for more 

realistic measurement of soil nutrient availabilities to plants, and hence should 

enable collection of more meaningful data future for biogeochemical and 

ecosystem-level studies and for modelling initiatives.
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Table 3.1 Foliar N and P concentrations, and N:P ratios for the seven principal vascular plant species in the control, low-
level nitrogen addition (LN), high-level nitrogen addition (HN), low-level phosphorus addition (LP), and high-level 
phosphorus addition (HP) plots in mesic birch hummock tundra vegetation after 12 years of experimental manipulations 
(except for the LP treatment which was established four years before the 2016 sampling). Mean values with standard 
deviations in parentheses are presented. Data were natural log transformed when necessary to meet the assumptions of 
constant variance and normality, and a Wilcoxon rank-sum test was performed when the assumptions for the t test were 
not met even after transformation. The arrows illustrate the directions of the treatment effects, and symbols following 
arrows indicate the significance levels: P > 0.1 no symbol, P £ 0.1 †, P £0.05 *, P £ 0.01 **. Means that are statistically 
significant different (P £0.05) from controls are indicated in bold type. wWilcoxon rank-sum test. 
  Nutrient concentration (%)  Fertilization effect 

  Control LN LP HN HP  LN LP HN HP 

B. glandulosa N% 2.35 
(0.18) 

2.32 
(0.26) 

2.18 
(0.17) 

5.35 
(0.41) 

2.39 
(0.31) 

 -0.33  -2.07 ¯* 23.40 ** 0.36  

 P% 0.16 
(0.04) 

0.13 
(0.02) 

0.25 
(0.07) 

0.24 
(0.11) 

1.77 
(0.31) 

 -2.07 ¯* 3.53 ** 2.00 † 14.56 ** 

 N:P 15.24  
(4.54) 

18.38 
(4.56) 

9.23 
(2.59) 

26.99 
(11.23) 

1.38 
(0.17) 

 1.50 -3.64 ¯** 3.06 ** -9.64 ¯** 

V. uliginosum N% 1.84 
(0.42) 

1.95 
(0.19) 

1.59 
(0.39) 

2.74 
(0.12) 

1.89 
(0.17) 

 0.69 -1.27  3.54 ** 0.31  

 P% 0.09 
(0.02) 

0.08 
(0.02) 

0.14 
(0.03) 

0.11 
(0.03) 

0.94 
(0.16) 

 -0.44  4.32 ** 1.31  15.54 ** 

 N:P 21.29  
(5.99) 

24.10 
(6.00) 

11.39 
(3.50) 

26.96 
(8.68) 

2.07 
(0.44) 

 0.99 -4.09 ¯** 1.29 -9.60 ¯** 

R. subarcticum N% 1.55 
(0.17) 

1.70 
(0.09) 

1.63 
(0.17) 

2.52 
(0.28) 

1.77 
(0.23) 

 w22 * 1.16  9.23 ** 2.52 * 

 P% 0.11 
(0.01) 

0.11 
(0.01) 

0.15 
(0.01) 

0.15 
(0.03) 

0.33 
(0.06) 

 1.09  7.32 **    3.90 ** 11.44 ** 

 N:P 14.26  
(2.18) 

16.10 
(1.76) 

11.20 
(1.17) 

17.31 
(1.89) 

5.52 
(0.60) 

 2.02 † -3.87 ¯** 3.26 ** -11.63 ¯** 

Table 3.1 Continued on next page 
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Table 3.1 Continued from previous page 
  Nutrient concentration (%)  Fertilization effect 
  Control LN LP HN HP  LN LP HN HP 
V. vitis-idaea N% 0.80 

(0.09) 
1.02 
(0.19) 

0.82 
(0.04) 

1.65 
(0.31) 

1.19 
(0.12) 

 3.32 ** 
w42  w0 ** 7.59 ** 

 P% 0.07 
(0.01) 

0.08 
(0.01) 

0.14 
(0.03) 

0.10 
(0.01) 

0.28 
(0.04) 

 0.81 6.33 **    3.88 ** 14.12 ** 

 N:P 10.94 
(0.93) 

13.40 
(2.69) 

6.13 
(1.14) 

16.11 
(3.90) 

4.25 
(0.65) 

 2.59 * -9.25 ¯** 2.91 * w56 ¯** 

A. polifolia N% 1.09 
(0.11) 

1.51 
(0.21) 

1.04 
(0.08) 

2.15 
(0.07) 

1.45 
(0.26) 

 5.28 ** -1.04  21.61 ** 3.58 ** 

 P% 0.08 
(0.02) 

0.09 
(0.01) 

0.14 
(0.03) 

0.11 
(0.01) 

0.55 
(0.13) 

 w18  w4 ** w4 ** w0 * 

 N:P 13.51  
(2.02) 

16.68 
(2.92) 

7.67 
(2.04) 

19.14 
(1.65) 

2.66 
(0.27) 

 2.53 * w63 ¯** 5.56 ** -14.84 ¯** 

R. chamaemorus N% 2.17 
(0.16) 

2.09 
(0.14) 

2.15 
(0.16) 

2.57 
(0.33) 

2.09 
(0.18) 

 -1.03  -0.26  3.45 ** -1.09  

 P% 0.12 
(0.02) 

0.13 
(0.03) 

0.15 
(0.02) 

0.14 
(0.04) 

1.11 
(0.36) 

 0.51  3.46 ** 1.04 8.72 ** 

 N:P 18.16  
(2.33) 

17.18 
(4.47) 

14.16 
(2.20) 

19.85 
(3.89) 

2.20 
(1.19) 

 -0.58 -3.95 ¯** 1.18 w100 ¯** 

E. vaginatum N% 1.82 
(0.13) 

1.84 
(0.12) 

1.80 
(0.11) 

2.27 
(0.20) 

1.81 
(0.15) 

 0.32 -0.30  5.55 ** -0.19  

 P% 0.14 
(0.03) 

0.14 
(0.04) 

0.14 
(0.01) 

0.14 
(0.03) 

0.47 
(0.12) 

 w59 0.33  0.18  8.61 ** 

 N:P 13.66  
(2.98) 

14.30 
(3.97) 

12.76 
(1.38) 

16.81 
(4.59) 

4.03 
(0.76) 

 0.37 -0.79 1.67 -8.91 ¯** 
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Table 3.2 Soil NH4-N and PO4-P fluxes during a single incubation during the non-growing season, and sequential 
incubations, in the greenhouse warming plots, the snowfence plots, and their corresponding control plots during the 
growing season in 2017 in mesic birch hummock tundra vegetation. A total of six incubations (R1-R6) were conducted on 
the greenhouse warming and their control plots, and a total of five incubations (R1-R5) were conducted on the snowfence 
and their control plots, with each incubation for nine to 17 days. Mean values with standard deviations in parentheses are 
presented. Degrees of freedom = 1, 18 (warming effect) and 1, 8 (snowfence effect). Symbols following F values indicate 
the significance levels: P > 0.1 no symbol, P £ 0.1 †, P £ 0.05 *.  
  Incubation 

round 
Control for 
warming 
(μg/cm2/d) 

Warming 
(μg/cm2/d) 
 

F 
(warming 
effect) 

 Control for 
snowfence 
(μg/cm2/d) 

Snowfence 
(μg/cm2/d) 

F 
(snowfence 
effect) 

NH4-N 
flux 

Growing 
season 

R 1 0.120 
(0.06) 

0.124 
(0.10) 

0.02   0.139 
(0.02) 

0.143  
(0.03) 

0.06  

R 2 0.141 
(0.07) 

0.145 
(0.07) 

0.04  0.150 
(0.03) 

0.151  
(0.02) 

0.02  

R 3 0.146 
(0.08) 

0.145 
(0.07) 

<0.01   0.163 
(0.01) 

0.163  
(0.01) 

<0.01 

R 4  0.172 
(0.05) 

0.172 
(0.05) 

<0 .01  0.141 
(0.01) 

0.152  
(0.02) 

1.16  

R 5 0.065 
(0.09) 

0.030 
(0.03) 

0.44  B.D. B.D.  

R 6 0.032 
(0.03) 

0.026 
(0.02) 

0.19   N.D. N.D.  

 Non-growing 
season 

 S.L. S.L.   B.D B.D.  

PO4-P 
flux 

Growing 
season 

R 1 0.050 
(0.07) 

0.380 
(0.89) 

1.54  0.023 
(0.01) 

0.038  
(0.01) 

10.38 * 

R 2 0.043 
(0.05) 

0.070 
(0.13) 

0.02   0.053 
(0.04) 

0.060  
(0.02) 

0.64 

Table 3.2 Continued on next page 
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Table 3.2 Continued from previous page 
  Incubation 

round 
Control for 
warming 
(μg/cm2/d) 

Warming 
(μg/cm2/d) 
 

F 
(warming 
effect) 

 Control for 
snowfence 
(μg/cm2/d) 

Snowfence 
(μg/cm2/d) 

F 
(snowfence 
effect) 

Growing 
season 

R 3 0.029 
(0.06) 

0.127 
(0.29) 

1.29   0.028 
(0.02) 

0.027  
(0.01) 

0.14 

R 4  0.007 
(0.01) 

0.035 
(0.08) 

4.81*   0.022 
(0.02) 

0.020  
(0.01) 

0.01  

R 5 0.009 
(0.003) 

0.012 
(0.01) 

1.52   0.042 
(0.05) 

0.031  
(0.02) 

0.03 

R 6 0.021 
(0.02) 

0.079 
(0.15) 

4.07  N.D. N.D.  

Non-growing 
season 

 0.003 
(0.004) 

0.007 
(0.01) 

  0.006 
(0.01) 

0.003 
(0.001) 

 

Note: S.L.: sample lost; B.D.: below detection; N.D: no data collected.
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Figure 3.1 Correlations between the IEM and direct water-extraction method 

determinations of average growing season soil (a) NH4-N and (b) PO4-P 

availability in the various experimental fertilization treatment plots (n = 4-10). 

Solid lines are regressions based on data from all the experimental plots (Control, 

low-level N (LN) addition, low-level P (LP) addition, high-level N (HN) addition, 

and high-level P (HP) addition), whereas dashed lines are regressions based on 

data from control, LN addition, and LP addition plots only. Note the natural log-

scale of the X- and Y-axes. 
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Figure 3.2 Fertilization effects on soil (a) NH4-N IEM fluxes and (b) water-

extractable NH4-N pools, and on soil (c) PO4-P IEM fluxes and (d) water-

extractable PO4-P pools during three sequential incubations over the growing 

season (R1-R3). LN represents low-level N addition, HN represents high-level N 

addition, LP represents low-level P addition, and HP represents high-level P 

addition. Symbols indicate the statistical significance levels: P > 0.1 no symbol, P 

£ 0.1 †, P £ 0.05 *, P £ 0.01 **. Different labels (a, b, and c) indicate significant 

differences among the three incubation rounds (for the IEM data) or serial 

collections (for the extraction data) at level of a = 0.05 (n = 6-10). Note the 

natural log-scale of the Y-axes.  
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Figure 3.3 Greenhouse warming and snowfence treatment effects on temporal 

soil (a and c) NH4-N fluxes and (b and d) PO4-P fluxes within the 2017 growing 

season. R1 indicates the first incubation round (June 25 – July 4), R2 (second 

incubation July 4 – July 13), R3 (third incubation July 13 – July 22), R4 (fourth 

incubation July 22 – July 31), R5 (fifth incubation July 31 – August 17), and R6 

(sixth incubation August 17 – August 26). Different labels (a, b, and c) indicate 

significant differences among incubation rounds at level of a = 0.05 (n = 20 for 

Figure 3.3a, and n = 10 for Figures 3.3b, 3.3c and 3.3d). Error bars are standard 

errors. Note the varying flux scales used for the different figures. 
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Figure 3.4 Effects of the greenhouse summer warming (n = 10) and snowfence 

treatments (n = 5), respectively, on aboveground vascular plant community 

biomass in 2017.  
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Chapter 4  

Responses of low Arctic tundra plant species to 

experimental manipulations: differences between abiotic 

and biotic factors, and between short- and long-term effects 

 

4.1 Abstract 

Climate change in Arctic tundra is projected to affect air temperature, snow 

depth, soil fertility, and caribou herbivory, which may alter plant community 

composition by shifting niche space to favor particular species’ life-history 

strategies. Here we report the impacts of a range of long-term experimental 

treatments (summer greenhouse warming, a set of fertilization treatments, 

snowfence, and caribou exclosure treatments) on a Canadian mesic birch 

hummock tundra plant community. Aboveground biomass of each plant species 

was measured in the same permanent areas using the point-framing method in 

2005, 2011, and 2017. Species’ biomass responded to high-level nitrogen (N) 

and high-level N and phosphorus (P) combined additions, with deciduous shrubs 

and graminoids increasing and evergreen shrubs decreasing. Although the 

summer greenhouse warming treatment had few effects on individual species, 

total vascular plant community biomass was enhanced between 2011 and 2017. 

By contrast, the greenhouses reduced lichen and moss biomass, whereas 

exclosure of caribou enhanced lichens (by ~50%). Vascular species’ 
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aboveground biomass was stable from 2005 – 2011 in the ambient environment, 

but increased significantly (by 32-91%) from 2011 - 2017, and late spring-early 

fall air temperatures were also warmer over 2011-2017 compared to the previous 

six years. Our study is one of the first to provide plot-based evidence of recent 

plant biomass increases in the low Arctic’s continental interior. 

  

4.2 Introduction 

Climatic changes in tundra will have effects on ecosystem processes, such as 

carbon (C) and nutrient cycling, productivity and decomposition, and on 

feedbacks to climate, such as greenhouse gas fluxes and surface albedo (Sturm 

et al. 2005, Dorrepaal 2007, Wilson and Humphreys 2010, Elmendorf et al. 

2012a). Plant community structure (i.e. species richness, composition, relative 

abundances, and interactions) in Arctic tundra is frequently thought of as being 

determined by two environmental factors - low soil nutrient availability and low air 

temperature - often based upon observations extrapolated from one or two 

dominant species (Shaver and Chapin 1980). However, according to fundamental 

niche theory, co-existing species are most likely growth-limited to differing extents 

by a range of environmental factors (Dorrepaal 2007), resulting in a unique 

multidimensional niche space for each species (Hutchinson 1957). In Arctic 

tundra, the temporal (Buckeridge et al. 2010) and spatial availability of resources 

is highly variable, creating multiple niches into which different tundra species 

have evolved and can coexist (Chapin and Shaver 1985, McKane et al. 2002). 

Determining the particular suite of environmental factors and their relative 
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importance for growth of each species is therefore critical to understanding and 

predicting the responses of tundra communities to climate change. 

Shrubs (deciduous and evergreen) are woody perennial species that can live for 

centuries, and are often the dominant vascular plant species across the low 

Arctic tundra biome (Bliss and Matveyeva 1992) (CAVM Team 2003). Shrubs 

possess multiple traits that make them the ideal functional group for quantifying 

tundra vegetation responses to long-term environmental changes (Myers-Smith 

et al. 2015). As such, their long lifespan and predominantly vegetative 

propagation means that they experience a larger amount of environmental 

change per generation (Havström et al. 1993). In addition, the tussock-forming 

graminoid species Eriophorum vaginatum L. dominates vast areas of the Arctic 

(Kummerow et al. 1988) and persists for decades to centuries, profoundly 

affecting tundra vegetation community dynamics (Wein and Bliss 1974, Mark et 

al. 1985). Therefore, the responses of individual shrub species and E. vaginatum 

to long-term environmental changes, while also facing concomitant changes in 

relative competition from co-existing neighboring plant species, will be a strong 

ultimate determinant of the future community structure of Arctic vegetation 

(Havström et al. 1993).  

The Arctic is warming two to three times more rapidly than lower latitudes owing 

to climate amplification effects (Serreze and Francis 2006, Serreze et al. 2009, 

Cohen et al. 2014), and therefore one of the major current research themes in 

Arctic tundra ecology is understanding and predicting the effects of ongoing air 

temperature rises on vegetation dynamics. The particularly high warming rate in 

the Arctic is expected to exert dramatic environmental selection pressures on its 
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biota (Post et al. 2009). Tundra plant species have been suggested as among the 

most responsive biological groupings, because they operate close to their lower 

physiological temperature tolerance limits, and thus are expected to exhibit 

significant biological responses to even relatively small temperature increases 

(Jonasson et al. 1996a, Atkin et al. 2005, Stinziano and Way 2014). 

The widespread expansion of arctic shrubs over the past 30 years based on 

remote-sensing data, repeat photography and vegetation surveys (Tape et al. 

2006, Pouliot et al. 2009, Bhatt et al. 2010, Elmendorf et al. 2012b) have been 

consistently attributed to recent Arctic air temperature increases. However, 

neither climate warming nor shrub increases have been observed at all tundra 

monitoring sites (Elmendorf et al. 2012a, Elmendorf et al. 2012b). In particular, 

the primary tundra greening trends have been reported for western Alaska, along 

the northern coast of Canada, and in northeastern Canada (Bhatt et al. 2010, Ju 

and Masek 2016, Myers-Smith et al. 2019). By contrast, there are locations in the 

central Canadian and Alaskan Arctic - the interior continental regions - where 

warming and likewise vegetation greening is either absent or patchy (Ju and 

Masek 2016, Bonney et al. 2018), including specific long-term monitoring field 

sites that have observed no consistent trends in either surface air temperature 

(Toolik field station, interior Alaska; Hobbie et al (2017)), or in plant community 

composition (Wolf Creek drainage basin, Yukon; Pieper et al (2011)). 

Factors other than direct impacts of climate warming, such as increases in soil 

nutrient availability (Shaver and Chapin 1980, Zamin et al. 2014), winter 

precipitation (Wahren et al. 2005, Björk and Molau 2007), and changes in grazing 
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intensity (Olofsson et al. 2009) are also strong drivers of tundra plant species 

composition (Elmendorf et al. 2012b). For example, soil nutrient availability, 

especially N, is widely recognized as the key factor in limiting tundra plant growth, 

and its impacts on plant community may be more immediate and dramatic 

compared to those of other environmental factors, especially when high doses of 

nutrients are added (Zamin et al. 2014). However, only a few studies have 

simultaneously investigated whether the impacts of these individual factors on 

plant species’ growth are consistent in direction and magnitude among tundra 

species over decadal time scales (Chapin and Shaver 1996, Grellmann 2002, 

Wahren et al. 2005).  

Lack of information on this question greatly limits our ability to predict future 

vegetation feedbacks. If there are significant interspecific variations among 

species’ responses to these individual environmental factors and these 

responses are time-dependent (Magnuson 1990), as opposed to a common 

uniform positive or negative response to all factors as assumed by large-scale 

vegetation models, then different patterns of change in plant community structure 

and “greening” effect would be expected (Klanderud and Totland 2005, Pearson 

et al. 2013, Myers-Smith et al. 2015). High-resolution, long-term species-

monitoring data are a great resource to examine these important questions.  

Here, we reported a time series of plant community data for a single widespread 

low Arctic tundra vegetation-type from multiple locations across the same 

landscape that provide a unique opportunity, and a necessary complement to the 

other methods (e.g. satellite remote sensing and photography), to make improved 

projections of vegetation feedbacks to future climate change. 
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In this study, we examined how a suite of experimental manipulations that 

simulate various aspects of climate change affect shoot growth of the principal 

tundra shrub species and one graminoid species over six and 12 years. We also 

measured biomass changes of lichen and moss at the functional group levels, 

and changes in lichen diversity, as a supplement to our main datasets. We 

included these non-vascular plants, because they are important C stocks in many 

tundra ecosystems and are very sensitive (especially lichens) to abiotic and biotic 

environmental changes (e.g. changes in temperature, snow depth, and herbivore 

browsing) (Heggberget et al. 2002, Joly et al. 2009). Each year over the full 12 

years of the study, we manipulated: (1) air temperature by installing plastic-

covered greenhouses each summer; (2) soil nutrient availability by treatments 

with low- and high-levels of N fertilizers, a high-level of P fertilizer, and high-levels 

of N + P fertilizers combined; (3) winter snow depth using snowfences to enhance 

snow accumulation; and (4) caribou herbivory using exclosures to prevent 

caribou foraging. Species biomass responses were measured using the non-

destructive point-framing method (Jonasson 1988). In addition, we also 

investigated the ambient growth rates of each plant species over the full 12 years 

using the pooled data from the control plots for each of the treatments (n = 25 in 

total). Our hypotheses were: 

(1) Each species would respond most strongly to the high-level N additions (with 

and without P), compared to responses to other experimental manipulations.  

(2) Each species would show significant responses to the nutrient addition 

treatments within six years, and some would be significantly affected by the other 

manipulations within 12 years. 
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(3) Each species would respond linearly to the manipulations, resulting in steady 

growth patterns over the six and 12 year periods.  

 

4.3 Materials and methods 

4.3.1 Study site and experimental manipulations 

This study was conducted in a mesic birch hummock tundra ecosystem near the 

Tundra Ecosystem Research Station (TERS) at Daring Lake, Northwest 

Territories, Canada (64° 52' N, 111° 33' W) (Appendix A, Figures A.1 and A.2). 

We focused on the most abundant six vascular plant species in this ecosystem-

type which belong to three growth forms (Chapin et al. 1996): two deciduous 

shrubs (Betula glandulosa Michx and Vaccinium uliginosum L.), three evergreen 

shrubs (Rhododendron subarcticum Harmaja (formerly Ledum decumbens 

(Aiton) Lodd. Ex Steud.), Vaccinium vitis-idaea L., and Andromeda polifolia L.), 

and one graminoid species (Eriophorum vaginatum L.). Besides vascular 

species, there is also a well-developed moss and lichen layer (see Nobrega and 

Grogan (2008) and Zamin et al (2014) for more details). 

The four different field experimental manipulations were established in 2004 and 

have been maintained ever since (see Zamin (2013) and Christiansen (2016) for 

full details). All manipulations were set up on plots of representative and fairly 

homogenous birch hummock vegetation of similar gentle slope and aspect that 

were assigned randomly to control and treatment. Briefly, to enhance summer air 

temperatures, A-frame greenhouses (1.8 m x 4.7 m each, n = 10) were covered 

with transparent plastic during each growing season. Triangle vents were cut out 
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of the tops to avoid extreme maximum temperatures and to reduce humidity 

within the greenhouses. These greenhouses warmed the summer mean diel air 

and soil temperature by 2.1-2.4°C (measured using thermocouple probes 

connected to CR10X dataloggers, Campbell Scientifc, Logan, Utah) at 0-10 cm 

depth, but did not alter soil moisture (Zamin et al. 2014), which is an important 

factor in determining species’ responses to environmental change (Walker et al. 

2006). To manipulate soil nutrient availabilities, annual low-level N (LN) (1 g N m
-

2
 year

-1
; added as NH4NO3 from 2004 to 2015, and as urea from 2016 onwards), 

high-level N (HN) (10 g N m
-2

 year
-1

), high-level P (HP) (5 g P m
-2

 year
-1

; added 

as 45% P2O5), and high-level N + high-level P (HNHP) (10 g N m
-2

 and 5 g P m
-2

 

year
-1

) were added to plots (5 m x 7 m each; n = 5) for each nutrient treatment in 

July or August during each growing season. To manipulate winter snow depth, 

snowfences (15 m long, 1.2 m high each; n = 5) were set up that reduced wind 

speeds on their lee sides, leading to deepened snow patches extending out ~20 

m from both sides of each fence (n = 5). These snowfences generally increased 

the winter peak ambient snow cover from 0.3 m to 1.0 m (Christiansen 2016), 

and complete snowmelt within the snowfences was delayed by 1-2 weeks 

(Nobrega and Grogan 2008, Buckeridge et al. 2010). To exclude caribou 

browsing, ten large patches (19.8 m x 19.8 m) that were each ~200 m apart were 

assigned alternately to control or caribou exclosure treatment (n = 5). The caribou 

exclosures (1.2 m height) were constructed of metal “range” fencing (aperture 15 

cm x 20 cm) to exclude caribou but not entry of other herbivores (e.g. hares, 

meadow voles, lemmings).  
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4.3.2 Species’ shoot biomass estimation 

Aboveground biomass of the six plant species, together with all the other co-

occurring plant species (mainly one forb species (Rubus chamaemorus L.), and 

lichens and mosses), was measured after one year (2005), seven years (2011), 

and 13 years (2017) of the experimental manipulations using the non-destructive 

point-framing method (Jonasson 1988). This method records plant species’ hit 

data and uses regressions to infer shoot biomass, and has been widely applied 

by researchers studying tundra vegetation dynamics (Walker 1996, Schuur et al. 

2007, Zamin et al. 2014, Alatalo et al. 2015). Measurement biases introduced 

using this method are considered small compared to those associated with other 

ecological techniques (Goodall 1952, Jonasson 1988). For example, in contrast 

to the harvesting method, the point-framing approach can be applied to exactly 

the same plot at multiple sampling times, therefore eliminating the confounding 

effect of spatial variation, which can be very large for the tundra plant 

communities (Chapin and Shaver 1985). Furthermore, compared with other non-

destructive approaches, such as using regressions with height, diameter, or 

percentage ground-cover to estimate biomass, point-framing is considered more 

robust and consistent, and therefore has a higher predictive power (Goodall 

1952).  

For the point-framing method, a randomly selected area (1.0 m x 1.0 m) was 

marked out within each replicate experimental manipulation plot in 2005. Total 

number of hits for each species was recorded at each of 100 evenly spaced grid 

point intercepts in each of these permanent areas (referred as subplots hereafter) 
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during the growing seasons (between early July and late August) of 2005, 2011, 

and 2017. Note that the subplots were measured in a random order across all the 

manipulations to avoid any temporal bias within the summer in the effects of the 

particular treatments on plant community structure. To calibrate the point-framing 

hits data to shoot biomass, all aboveground biomass (i.e. down to the transition 

of the green-brown moss layer) was harvested from a 40 cm x 40 cm area within 

each of a total of 64 separate areas that were adjacent to the permanent point-

framing subplots described above from a range of the experimental manipulation 

replicate plots across the years 2009 (Zamin 2013), 2011 (Zamin et al. 2014), 

and 2018 (Appendix C, Table C.1). These 64 harvested areas were deliberately 

selected to include a large range of biomass for each species because the 

purpose was to generate robust hits versus shoot biomass calibrations for each 

species. See Table C.1 in Appendix C for detailed information on these harvested 

areas.  

Both simple linear regression and power regression models of hits/biomass data 

have high power to predict biomass from the number of intercept pin contacts 

(Jonasson 1988). The power regression model is preferred because the variance 

in biomass is suggested to tend to increase as the number of pin contacts 

increases (Jonasson 1988). However, our analysis showed that the simple linear 

model yielded higher explained variance than the power model in most cases 

(Appendix C, Table C.2), and therefore we chose the linear model for all data 

reported in this study. See Table C.2 in Appendix C for the linear regression 

parameters. Separate calibration equations were used for leaf and stem tissues 

for each of the shrub species, whereas only one calibration equation was used 
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for all above-ground biomass for the graminoid E. vaginatum. For the lichen 

functional group and the moss functional group, we adopted calibration equations 

directly from Zamin et al (2014). 

Although the experimental manipulations were established in the summer of 

2004, we consider the 2005 point-framing data as representing initial biomass in 

all plots because the hits data indicated that there were no differences in any of 

the species’ shoot biomass between experimental treatments and their 

corresponding control treatments in the 2005 dataset (see Table C.3 in Appendix 

C for statistical results). This overall homogeneity in plant community structure in 

the first year also supports the assumption that our initial choice of location for 

the permanent long-term monitoring subplots for point-framing was unbiased for 

the individual treatment versus control comparisons.  

We noted substantial pooling of water at the surfaces of one of the greenhouse 

control plots and one of the snowfence plots due to soil subsidence in 2017, 

probably associated with local melting of belowground ice in this palsa 

landscape. This happened sometime in the previous 6-year period, creating an 

anoxic environment that led to foliar die off and thus biomass decreases (by 37% 

- 88%) for the two dominant species R. subarcticum and V. vitis-idaea, but a 4- to 

7-fold increases in E. vaginatum. However, eliminating the data from these plots 

did not affect our overall conclusions, and so they were included in all the 

reported results and further statistical analyses below. 

We used the pooled data from the 25 control plots for the various experimental 

manipulations that are widely distributed across the whole study valley to more 

robustly determine whether and how shoot biomass of the investigated species 
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changed with time. For the greenhouse warming dataset particularly, we also 

investigated effects of the warming on biomass of the whole vascular plant 

community to detect any consistent responses across species that would not be 

detected at the individual species level. 

 

4.3.3 Soil nutrient availability estimation 

We investigated soil ammonium (NH4-N) and phosphate (PO4-P) pools and fluxes 

to determine any potential fertilization, greenhouse warming, or snowfence 

treatment effects on soil nutrient availability. Specifically, we estimated soil NH4-N 

and PO4-P pools in the fertilization and their associated control plots during the 

2016 growing season using the soil chemical extraction method (Gregorich and 

Carter 2007). Homogenized organic soil samples (0-7 cm depth) collected from 

inter-tussocks in each replicate sampling area were extracted in distilled water, 

NH4-N and PO4-P concentrations in the extracts were then determined 

colorimetrically using the indophenol, sulphanilamide (Mulvaney et al. 1996) and 

molybdate-ascorbic acid methods (Kuo 1996), respectively. We also estimated 

intra-seasonal changes in soil NH4-N and PO4-P fluxes in the greenhouse 

warming, the snowfence, and their associated control plots throughout the 2017 

growing season using the in situ ion exchange membrane (IEM) incubation 

method (Giblin et al. 1994, Qian and Schoenau 2002). Two types of membranes, 

cation and anion exchange membranes, were used for accumulating the soil 

NH4-N and PO4-P ions, respectively. These membranes were placed in soil slits 

at a uniform depth (i.e. extending vertically from 2 cm to 7 cm underneath the soil 
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surface) in each plot for a pre-determined period and were then removed and 

replaced with new membranes in the same slits. Six rounds of incubations in the 

greenhouse warming and their control plots, and five rounds of incubations in the 

snowfence and their control plots, were conducted with incubation period ranging 

from nine to 17 days. The retrieved membranes were eluted with 2 M NaCl in 0.1 

M HCl solution, and NH4-N and PO4-P concentrations from the elution solutions 

were determined using the methods mentioned above. See Chapter 3 for full 

details of the IEM methodology. 

 

4.3.4 Air temperature trends analysis 

We examined the pattern of late spring-early fall mean air temperatures at our 

study site over the time periods matching the phases of our vegetation monitoring 

measurements (i.e. 2000-2005, 2006-2011, and 2012-2017), using data from the 

local meteorological station. This station has been operated by Shawne Kokelj 

and others (Water Management and Monitoring Division of the Department of 

Environment and Natural Resources, Government of Northwest Territories) at 

TERS since 1996. Note that station data from August 5 to September 30 in 2012 

were not available due to equipment malfunction, and we replaced these with 

data that were collected from another location within our study area (i.e. from the 

two control plots for the greenhouse warming treatment) that were closely 

correlated to the climate station data (i.e. using a linear regression equation 

(slope = 0.88, r2
 = 0.91, P < 0.01) based on the July datasets). 
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4.3.5 Statistical analyses 

We examined the effects of each experimental manipulation treatment across 

time on aboveground biomass of each vascular plant species, using a separate 

two-way mixed-model factorial ANOVA, with time as the within-subjects factor 

and the experimental manipulation as the between-subjects factor. We used the 

“aov()” function in the base R package (version 3.2.3, R Development Core Team 

2015) for these statistical analyses. We investigated changes in each plant 

species’ aboveground biomass over time across the 25 control plots, changes in 

lichen biomass over time, and the overall effects of the summer greenhouse 

warming and snowfence treatments on IEM nutrient fluxes for the whole growing 

season, using a one-way repeated measures ANOVA. Specifically, we used the 

“lme()” function from the “nlme” package for this purpose, and the “glht()” function 

from the “multcomp” package to perform post-hoc pairwise tests if the one-way 

repeated measures ANOVA showed significant differences. We examined the 

impacts of the summer greenhouse warming, snowfence, and exclosure 

treatments on each species aboveground biomass (as well as on lichen and 

moss functional groups) in 2011 and 2017 respectively; and of the summer 

greenhouse warming and snowfence treatments on IEM nutrient fluxes for 

individual incubation periods, using student’s t-tests. We examined the effect of 

varying N fertilizer levels (i.e. low-level N addition and high-level N addition) on 

each species’ aboveground biomass in 2011 and 2017 respectively, using a one-

way ANOVA (the “lm()” function in the base R package and the “glht()” function 

from the “multcomp” package were used). We examined the impacts of high-level 
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N and P additions on each species’ aboveground biomass in 2011 and 2017 

respectively, using a two-way ANOVA, with high-level N addition and high-level P 

addition as main effects and a N x P interaction (the “aov()” function in the base R 

package was used); and we used student’s t-tests to determine the effects of 

either N or P alone when there were no significant interaction effects. Biomass 

data were natural log transformed for statistical analyses as the assumptions of 

constant variance and normality were violated, and a Wilcoxon rank-sum test was 

performed when the assumptions for the student’s t-test were not met even after 

transformation.  

We used a principal components analysis (PCA) to investigate the impacts of the 

summer greenhouse warming and the snowfence treatments on the abundances 

of each lichen species and of moss in 2011 and 2017 respectively. The ordination 

was conducted on the biomass data, with all lichens delineated to the species 

level. The “rda()” function from the “vegan” package were used for this purpose. 

All statistically significant results (P < 0.05) and trends (P < 0.10) for all analyses 

were reported directly in the text. 

 

4.4 Results 

4.4.1 Short- and long-term effects of summer greenhouse warming on 

plant species’ aboveground biomass, and temporal changes in plant 

species’ aboveground biomass under ambient conditions 

Perhaps surprisingly, the shoot biomass of most vascular species significantly 

increased over time at similar rates in both the greenhouse warming and the 
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control plots (Tables 4.1 and 4.2; Figure 4.1; Appendix C, Table C.4). 

Interestingly, the biomass increases generally happened during the second 6-

year period, but not in the first six years of the study (Figure 4.1). A significant 

warming effect was only observed for V. vitis-idaea, for which warming increased 

its shoot biomass in 2011, and in 2017 to a higher degree (Figure 4.1d). 

Likewise, there was a positive interaction between warming and time for V. 

uliginosum due to an almost doubling of biomass in the second 6-year period in 

the warming plots and little response in the control plots (Figure 4.1b). Moreover, 

when examined at the whole vascular plant community level, the community 

biomass remained unchanged (with a negligible 2.79 g/m
2
 increase) with 

warming in 2011, but increased 69.15 g/m
2
 (36%) with warming in 2017 (Figure 

4.1g; t = 1.99; P = 0.06). In addition, biomass of lichen decreased 24.81 g/m
2
 

(33%) with warming in 2011 (Figure 4.1h; t = -1.82; P = 0.08), driven by 

decreases in the three most abundant lichen species Cetraria cucullata (Bell.), 

Cladina mitis (Sandst.), and Cladina rangiferina L. (Appendix C, Figure C.1a); 

and these declines continued to a higher degree with warming (decreased 64.57 

g/m
2
 (73%)) up to 2017 (Figure 4.1h; t = -4.40, P < 0.01), driven by decreases in 

all lichen species (Appendix C, Figure C.1b). For the moss functional group, 

warming decreased its biomass by 39.16 g/m
2
 (42%) in 2011 (t = -2.55; P = 

0.02), but had no effects on its biomass in 2017 (Figure 4.1i).  

In terms of the greenhouse warming effects on soil nutrient availability, the IEM 

data showed that there was no warming effect on soil NH4-N fluxes, either for the 

whole growing season or for individual incubation periods within the growing 

season (Table 3.2 in Chapter 3). By contrast, the warming treatment increased 
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soil PO4-P fluxes by a factor of four (F1,5 = 9.2, P < 0.05) for the whole growing 

season and by a factor of five for the fourth incubation period in late July (Table 

3.2 in Chapter 3; F1,18 = 4.8; P < 0.05). 

Finally, we used the complete data from the 25 control plots for the various 

experimental manipulations that are widely distributed across the whole study 

valley to more robustly determine whether and how shoot biomass of the 

investigated species changed with time. Shoot biomass of all vascular species in 

the ambient increased by 1.3- to 1.7-fold over 12 years without major shifts in 

relative abundance (Figure 4.2; Appendix C, Table C.5). Moreover, these 

increases occurred only over the second 6-year sampling period, whereas 

biomass of these species was stable in the preceding period (Figure 4.2; 

Appendix C, Table C.5). For the non-vascular groups, biomass in lichens 

decreased in the first 6-year period and then increased to the initial level during 

the second 6-year period, whereas biomass of mosses only showed a decrease 

in the second 6-year period (Figure 4.2; Appendix C, Table C.5). Lastly, late 

spring-early fall air temperatures at our study site were also warmer over 2011-

2017 compared to the previous six years (Figure 4.3). Specifically, mean monthly 

air temperatures were 2.9°C higher in May, 2.3°C higher in June, and 1.7°C 

higher in August in the period from 2012-2017 compared to the previous 6-year 

period (Figure 4.3). 

 

4.4.2 Short- and long-term effects of the nutrient additions on plant 

species’ aboveground biomass 
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We examined effects of different N addition levels on each plant species’ 

aboveground biomass. We found that shoot biomass responses to the low- and 

high-levels of N fertilization addition differed among species and between short- 

versus long-term manipulations (Figure 4.4; Appendix C, Table C.6). In the first 

six years, low-level N addition increased the biomass of V. uliginosum (Figure 

4.3b; t = 6.70; P < 0.01), but had no effects on any of the other five species 

(Figures 4.4a and 4.4c-4.4f); whereas high-level N addition decreased the 

biomass of V. vitis-idaea (decreased by 78%) (Figure 4.4d; t = -7.47; P < 0.01) 

and tended to decrease the biomass of R. subarcticum (decreased by 44%) 

(Figure 4.4c; t = -2.58; P = 0.06), but had no effects on the other species (Figures 

4.4a-4.4b and 4.4e-4.4f). Similar patterns were observed over the full 12 years of 

manipulations (Figures 4.4g-4.4l): no impacts of low-level N addition whereas 

negative impacts of high-level N addition on R. subarcticum (decreased by 74%) 

(Figure 4.4i; t = -3.93; P < 0.01) and on V.vitis-idaea (decreased by 88%) (Figure 

4.4j; t = -11.33; P < 0.01).  

We also examined effects of factorial high N and P additions on each plant 

species’ aboveground biomass. Again, we found that species’ biomass 

responses to high-level N and P additions were different between individual 

species and over the short- versus long-term (Figure 4.4; Appendix C, Table 

C.6). In the first six years, a significant interactive effect between N and P 

additions was only observed for E. vaginatum, for which biomass increased 10.4 

times in the HNHP plots (Table 4.2, Figure 4.4f; F1,16 = 7.50; P = 0.01), whereas 

was not affected by the individual effect of high-level N addition or high-level P 

addition (Figure 4.4f). T-tests on the individual N and P effects shows that 
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biomass of the dominant evergreen, R. subarcticum, was negatively affected by 

the high-level N addition (decreased by 44%) (t = -2.69; P = 0.03) but not by the 

high-level P addition (Figure 4.4c); whereas biomass of the other evergreen, V. 

vitis-idaea, was negatively affected by both high-level N (decreased by 78%) (t = 

-9.30; P < 0.01) and high-level P (decreased by 29%) (t = -3.25; P = 0.01) 

additions, especially by N (Figure 3.4d). In contrast to these two evergreens, 

growth of the deciduous shrub, V. uliginosum, was strictly P-limited. Its biomass 

was not affected by the high-level N addition, but was stimulated by the high-level 

P addition by 7.4-fold (Figure 4.4b; t = 6.08; P < 0.01).  

In the longer term (i.e. over 12 years), a negative interactive effect between N 

and P additions was only observed for V. vitis-idaea (for which biomass 

decreased by 6.6 times (F1,16 = 15.03; P < 0.01)) primarily as a result of elevated 

N (Figure 4.4j), but not for the other species (Table 4.2, Figures 4.4g-4.4i and 

4.4k-4.4l). T-tests on the individual N and P effects showed that biomass of R. 

subarcticum was negatively affected (decreased by 74%) (t = -3.58; P < 0.01) 

whereas biomass of B. glandulosa tended to be positively affected (increased 2-

fold) (t = 2.34; P = 0.05) by the high-level N addition (Figure 4.4g). By contrast, 

no P effects were observed (Figures 4.4g-4.4l). Note that although biomass of the 

graminoid species increased 12 times in the HNHP plots, this magnitude of 

change was not statistically significant at a = 0.05 level (P = 0.09) due to the very 

large variation in response among replicate plots (Figure 4.4l). 
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4.4.3 Short- and long-term snowfence effects on plant species’ 

aboveground biomass 

Shoot biomass generally remained unchanged in the first six years in both control 

and snowfence plots, except for a decrease in R. subarcticum in the control plots 

and an increase in E. vaginatum in the snowfence plots (Table 4.1; Appendix C, 

Table C.7). By contrast, the three dominant shrubs (R. subarcticum, V. vitis-

idaea, and B. glandulosa) increased in the control but not in the snowfence plots 

in the second six years (Table 4.1; Appendix C, Table C.7). 

The snowfence treatment increased R. subarcticum biomass by 2.5-fold in 2011 

(t = 3.17; P = 0.01), whereas it had no effects on other species in either sampling 

year, which may indicate the general lack of influence of changes in snow depth 

on soil nutrient availability (Table 3.2 in Chapter 3). No interactive effects 

between snowfence treatment and time were observed for any of the investigated 

species (Table 4.2). In terms of responses of the non-vascular plant groups, 

snowfences decreased lichen biomass by 21.43 g/m
2
 (24%), driven mainly by 

decreases in C. nivalis, Bryocaulon divergens (Ach.), Alectoria ochroleuca 

(Hoffm.), and Cladonia borealis (S.) (t = -2.10; P = 0.07); and increased moss 

biomass by 68.61 g/m
2
 (190%) (t = 1.95; P = 0.09), in 2011 (Appendix C, Table 

C.7, Figure C.1c); whereas these snowfences decreased lichen biomass by 

77.27 g/m
2
 (49%) (t = -2.97; P = 0.02) (Appendix C, Table C.7), driven by 

decreases in C. mitis, Masonhalea richardsonii (Hook.) and C. rangiferina, in 

addition to those species decreased in 2011 (Appendix C, Figure C.1d); but had 

no effect on moss biomass in 2017.  
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4.4.4 Short- and long-term caribou exclosure effects on plant species’ 

aboveground biomass  

Shoot biomass of all species remained unchanged in the first six years in both 

control and exclosure plots (Table 4.1; Appendix C, Table C.8). By contrast, 

biomass of R. subarcticum, V. vitis-idaea and B. glandulosa from control plots, 

and of R. subarcticum, V. vitis-idaea and V. uliginosum from exclosure plots 

increased in the second six years (Table 4.1; Appendix C, Table C.8). The 

exclosure treatment had no effects on biomass of any of six species in either 

2011 or 2017 (Table 4.2). No interactive effects between the exclosure treatment 

and time were observed for any of the investigated vascular species (Table 4.2). 

However, lichen biomass increased by 50% in the exclosure plots on the decadal 

timescale from 2005 to 2017 (Table 4.1; t = 2.20; P = 0.09), whereas it remained 

unchanged in the control plots during the same period (Table 4.1; Appendix C, 

Table C.8). 

 

4.5 Discussion 

4.5.1 Vascular species aboveground growth increased over time 

under ambient conditions, but did not generally respond to 

greenhouse summer warming 

Examining shoot biomass responses to experimental summer greenhouse 

warming and natural air temperature variation simultaneously within a single 

study allows us to better assess plant species’ responses to warming, as the 

integration of these two approaches overcomes the methodological, spatial, and 



 105	

temporal limitations each approach faces when taken separately (Dunne et al. 

2004, Pieper et al. 2011, Wolkovich et al. 2012). In contrast to our expectations, 

the summer greenhouse warming experiment did not enhance aboveground 

growth of any of the vascular species, except for V. vitis-idaea, even after 12 

years of manipulation. This result is contrary to the general conclusion from many 

other similar studies (Jonasson et al. 1996a, Jonasson et al. 1999, Wahren et al. 

2005) and a meta-analysis (Elmendorf et al. 2012b). However, even within that 

meta-analysis (Elmendorf et al. 2012b), site variability in response to 

experimental warming was considerable. Furthermore, some experimental 

warming studies in alpine, subarctic, and arctic ecosystems report little or no 

plant growth responses (Havström et al. 1993, Jonasson et al. 1996a, Shaver et 

al. 1998, Pieper et al. 2011). Factors that may contribute to this heterogeneity 

include climate zone, species canopy height, soil moisture regime, duration of the 

manipulation, and the presence of permafrost (Chapin and Shaver 1996, 

Elmendorf et al. 2012b, Myers-Smith et al. 2015).  

Whilst we did not observe statistically significant warming effects at the individual 

plant species level due to heterogeneity among replicate plots, the consistent 

increases in biomass across the combination of all six vascular plant species in 

2017 that led to a statistically significant warming effect at the whole vascular 

plant community level indicate that this cumulative process is slowly occurring. 

Nonetheless, we focus on the individual plant species level in this report and will 

discuss several considerations that may explain the lack of a summer 

greenhouse warming growth response. 
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First, at the local scale, the lack of experimental warming treatment effects may 

be caused by a mismatch in the seasonal timing when air temperatures were 

enhanced. Indeed, the absence of a biomass increase between 2005 and 2011 

and the substantial biomass increases in all six species by 2017 in the 25 control 

plots at our site were coincident with a late spring to early fall increase in air 

temperature over the latter time period. This temperature increase (by 1.7-2.9°C) 

is within the higher range of what has been observed over the tundra biome 

between 1980 and 2010 (range = -1.5-2.3°C) (Elmendorf et al. 2012b). By 

contrast, the summer greenhouse warming treatment was installed from late 

June (or early July) to late August (or early September) each year. Hence, this 

experimental warming treatment timespan only partly overlapped with the 

seasonal period of the natural ambient air temperature increases - which were 

primarily in May and June.  

Elevated ambient May and June air temperatures between 2012 and 2017 may 

have promoted growth of all six species by increasing soil temperature and thus 

the availabilities of soil nutrients, as well as enhancing plant root capacities for 

nutrient uptake (Iversen et al. 2015), and by advancing the onset and therefore 

total length of the growing season. Previous studies of soil solution samples 

under ambient environmental conditions that were collected nine times over six 

months from early April to early September at our site indicate strong seasonal 

patterns in the soil biogeochemical properties (Buckeridge et al. 2010, 

Buckeridge et al. 2013). Dissolved inorganic N, inorganic P, organic N, and 

organic P were highest in May, and declined in June, and then remained 
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relatively stable throughout July and August (Buckeridge and Grogan 2010, 

Buckeridge et al. 2013). The trend of warmer May and June air temperatures 

since 2011 that we observed in this study may have enhanced these soluble soil 

nutrient peaks, and thus enhanced spring to early summer plant growth. Indeed, 

other studies have shown that tundra vegetation is especially responsive to 

raised temperature in early summer, both in aboveground and belowground 

growth (Macias-Fauria et al. 2012, Iversen et al. 2015). 

Second, the general lack of biomass responses of the five shrub and one 

graminoid species to greenhouse warming may indicate that the greenhouse 

treatment did not enhance soil nutrient availability to plants, at least for N. The 

absence of a greenhouse effect on soil available N in the data collected 

throughout the growing season in 2012 (Zamin et al. 2014), and in our IEM data 

in 2017, support this conclusion. However, the greenhouse treatment increased 

soil overall mean summer PO4-P availability both in the earlier study (Zamin et al. 

2014), and in the IEM dataset of this thesis. The extra PO4-P in the greenhouse 

plots may have been taken up primarily by the graminoid species, E. vaginatum, 

which was much more responsive to P fertilization over the full study duration 

than the shrubs, suggesting its growth was more strongly P-limited, and 

consistent with the conclusion from a previous study (Jonasson and Chapin 

1991). Furthermore, it is noteworthy that although there was substantial variability 

that precluded statistical significance, mean E. vaginatum biomass was more 

than doubled in the greenhouse plots compared to the controls by 2017, strongly 

suggesting that the P-limitation on its growth was alleviated by the warming 

treatment. By contrast, and consistent with the general lack of P fertilization 
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effects on the shrubs, the greenhouse-enhanced soil PO4-P did not stimulate 

growth of any of the other vascular species. Finally, mosses - the largest plant 

biomass group in birch hummock vegetation - are also assumed to be important 

competitors for soil nutrients even though they have no vascular rooting systems 

(Chapin et al. 1987, Marion et al. 1987). However, moss biomass was actually 

lower in the greenhouse warming plots than in the control plots in 2011, and not 

different in 2017, suggesting that perhaps surface drying rather than altered 

nutrient availability in the greenhouses diminished moss cover in the first six 

years of the experiment. 

Third, the use of heavy polyethylene film (150 µm) to cover the greenhouse 

wooden frames may produce unwanted side-effects that counterbalance our 

intended goal. This plastic film has been shown to reduce mean daytime 

photosynthetically active radiation (PAR) at our site by 32% on average 

(Farnsworth 2007). Although this PAR reduction may cause a light limitation for 

plant growth within the greenhouses, we assume it is unlikely to be significant 

because of the long diel photoperiod in the Arctic summer, and because many 

arctic species have low light saturation levels for photosynthesis (Tieszen 1973). 

Furthermore, the pattern of warming caused by the greenhouses may not be a 

realistic simulation of climate warming in that the diurnal range of maximum and 

minimum temperatures is substantially increased compared to ambient conditions 

(Havström et al. 1993, Zamin et al. 2014), and therefore may have growth-

restricting effects. 
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The absence of greenhouse warming effects in the 2011 data reported here 

conflicts with the results of another study conducted in the same treatment plots 

in the same year (Zamin et al. 2014). The latter study used different 1 m
2
 point-

framing areas that were directly adjacent to each of the permanent point-frame 

areas used in our study. Zamin et al (2014) reported that the greenhouse 

warming treatment increased aboveground biomass of R. subarcticum (by 1.9 

times) and of B. glandulosa (by 2.6 times). The disparities between the two 

studies holds even after the plant hits data in the earlier study (Zamin et al. 2014) 

were recalibrated into biomass using the same calibration equations adopted in 

this study (data not shown). One possible cause may be subjective 

methodological issues related to the point-framing method, but the fact that some 

species were not affected by the warming treatment in either data set is at least a 

partial verification that the method was robust. We conclude that the most likely 

reason for the disparities is local spatial variation in vegetation composition and 

relative abundances of individual species within the treatment and control areas. 

Indeed, the relatively high species-level spatial variation compared to the whole 

vascular plant community responses to greenhouse warming reported above also 

supports this conclusion. 

Lastly, biomass of lichens declined with warming in both 2011 and 2017, 

consistent with several observations among tundra ecosystems (Chapin et al. 

1995, Press et al. 1998, Walker et al. 2006, Hudson and Henry 2010). Increases 

in vascular plants and declines in lichens are well-recognized responses to 

experimental warming using open-topped chambers in the tundra biome, and are 

attributed to increased height and density of higher plants resulting in decreased 
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biomass of shade-intolerant lichens (Walker et al. 2006). In addition, in our 

greenhouse-based study, the exclusion of precipitation - which is a primary water 

and nutrient source for lichens (Brodo et al. 2001) - may partly explain the 

declines in lichens without increases in vascular plant biomass in our 2011 

dataset.  

 

4.5.2 Tundra evergreen shrub species were more resistant to soil P 

increase than to soil N increase, whereas the dominant deciduous 

shrub (B. glandulosa) was more affected by the changes in soil N:P 

ratio 

It is well recognized that large increases in soil nutrients due to high-level fertilizer 

additions are detrimental to tundra evergreen species but beneficial to deciduous 

species and graminoids because of the contrasting life history strategies between 

these plant growth forms (e.g. Chapin 1980, Chapin et al. 1995, Van Wijk et al. 

2004, Grime 2006, Zamin et al. 2014). Our results from the factorial N and P 

addition experiments are consistent with this conclusion. Two additional aspects 

of our N x P factorial results are novel: the relative importance of soil N versus 

soil P availability in determining evergreen shrubs’ growth rates, and the soil N:P 

ratio in determining the deciduous shrub growth responses. 

In the first six years, the high-level N addition treatment led to a 233-fold increase 

in soil NH4-N:PO4-P ratio (caused by a 250-fold increase in soil salt-extractable 

NH4-N and a negligible change in soil salt-extractable PO4-P concentrations), 

whereas the high-level P addition led to a 3-fold decrease in soil NH4-N:PO4-P 
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ratio in 2011 (caused by a 12-fold increase in soil salt-extractable NH4-N and a 

35-fold increase in soil salt-extractable PO4-P concentrations), based on Zamin et 

al (2014) study. This magnitude of change in available N and P in the soil solution 

of the high-level N addition versus the high-level P addition plots dramatically 

changed after another five years of manipulation (Table B.2 in Appendix B). 

Specifically, high-level N addition led to an 11-fold increase in soil NH4-N:PO4-P 

ratio (caused by a 68-fold increase in soil distilled water-extractable NH4-N and a 

7-fold increase in soil distilled water-extractable PO4-P), whereas high-level P 

addition led to a 214-fold decrease in soil NH4-N:PO4-P ratio in 2016 (caused by 

a 2-fold increase in soil distilled water-extractable NH4-N and a 366-fold increase 

in soil distilled water-extractable PO4-P concentrations) (Table B.2 in Appendix 

B). The stronger biomass declines in the dominant evergreen shrub species (R. 

subarcticum and V. vitis-idaea) in the high-level N addition plots compared to the 

high-level P addition plots suggests that these species have a much lower 

tolerance for increased soil N availability than for increased soil P availability. On 

the contrary, growth of the dominant deciduous shrub B. glandulosa seems to 

have been more affected by the magnitude of change in soil solution N:P ratio, 

supported by the fact that its biomass responded positively to the high-level N 

addition in 2016 that caused a much lessened imbalance in soil N:P ratio, 

whereas it was not responsive to the fertilization manipulations (i.e. high-level N 

addition in 2011 and high-level P addition in 2016) that caused a severe 

imbalance in soil N:P ratio, even though increased soil N or P availability 

individually is anticipated to increase deciduous species’ growth.  
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4.5.3 Experimentally deepened snow depth had negligible biomass 

impacts on vascular plants but reduced lichens 

Our long-term snowfence treatment did not alter biomass for the shrub and 

graminoid species, but substantially decreased biomass of lichens, which are 

more sensitive to environmental changes (Joly et al. 2009). Although the 

deepened snow did not change soil nutrient availability, it led to wetter soils 

throughout November to July (Christiansen 2016) and shorter growing seasons 

(Nobrega and Grogan 2008, Buckeridge and Grogan 2010). These changes were 

detrimental to lichen growth, especially for the moisture-intolerant species such 

as Cetraria nivalis (L.) and C. cucullata (Scott and Rouse 1995). Therefore, a 

heavier winter precipitation predicted under the current climate change scenarios 

(Wahren et al. 2005), is likely to result in dramatic decreases or even exclusion of 

lichens (Koerner 1980, Scott and Rouse 1995). In contrast to lichens, moss 

growth was stimulated by the deepened snow-cover, presumably due to the 

moderate increases in soil moisture, and consistent with several observations 

from boreal systems (Rasmus et al. 2011, Kreyling et al. 2012). However, the 

statistical significance associated with this stimulation disappeared after another 

six years of manipulation, primarily due to a dramatic decrease in moss biomass 

from one snowfence plot that subsided and flooded, causing a severely 

anaerobic environment due to the pooling of water that was clearly detrimental to 

moss growth.  
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4.5.4 Caribou exclosure had no biomass impacts on vascular plants 

but increased lichens over the decadal timescale 

Our long-term caribou exclosure treatment did not alter biomass for the shrub 

and graminoid species but did significantly increase biomass of lichens on the 

decadal timescale. Another caribou exclosure study at Toolik Lake, Alaska, also 

found that exclosures increased lichen biomass after 17 years of manipulation 

(Gough et al. 2008). Deciduous shrubs are heavily selected by caribou during 

summer (White and Trudell 1980), whereas lichens are a dominant forage in 

spring, fall, and winter when the deciduous leaves are absent (Boertje 1984, 

Jefferies et al. 1994, Saperstein 1996). The lack of biomass changes in B. 

glandulosa and an increase in lichens, therefore, may indicate negligible 

browsing of birch during the summer when its leaves are present, but a stronger 

browsing of lichen when more caribou pass by during the non-growing season. 

Indeed, our study valley lies within the central tundra area for Bathurst caribou 

(Rangifer tarandus groenlandicus) herds movement between the spring calving 

and post-calving, summer and winter ranges ( Adamczewski et al. 2019). 

However, the Bathurst herd has experienced dramatic declines over the past 

several decades, from an estimated 470,000 in 1986 to 32,000 in 2009 and most 

recently to 8,200 in 2018 (Adamczewski et al. 2019). Birch shrub expansion 

within some landscape patches and birch encroachment across caribou trail 

pathways illustrated by repeat photography at our Daring Lake site are evidence 

of a caribou herd decline (Andruko et al. 2020). Personal observations at our 

study site also confirmed that only small groups of caribou were regularly 
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observed from 2004 to 2009 (Zamin 2013), and just a few caribou passed 

through our research valley each summer from 2015 to 2017 (Qian Gu, personal 

observation). The much longer time it takes for lichens to regenerate than for 

shrub foliage may also partly explain the different responses between lichens and 

shrubs.  

 

4.5.5 Conclusion 

Our study contributes three important conclusions to projections of future low 

Arctic tundra plant community structure in response to climate change. First, 

although increased vegetation greening and shrub growth have been widely 

reported for Arctic coastal and near coastal environments (Bhatt et al. 2010, 

Elmendorf et al. 2012b, Ju and Masek 2016), the results from our site strongly 

suggest that similar responses are now becoming evident in the continental 

interior of low Arctic Canada. The shoot biomass of each of the six vascular 

species that are widespread across the low Arctic biome, and that represent 

three fundamentally different growth forms, was unchanged between 2005 and 

2011, but increased dramatically between 2011 and 2017. Furthermore, these 

recent increases were correlated with simultaneous increases in late spring to 

early fall air temperatures at our site. Meanwhile, the experimental warming had a 

positive effect on aboveground biomass at the community scale but not at the 

species level due to high intra-species spatial variability in vegetation 

composition. Experimentally enhanced snow depth or exclusion of caribou 

browsing had no impacts on vascular plant species biomass, although the latter 
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did enhance lichen biomass. We conclude that our central continental low Arctic 

site is now undergoing the climate warming and associated vegetation changes 

that have been ongoing at more coastal Arctic locations for at least the past two 

decades. Secondly, our study highlights the relative importance of soil N versus P 

availability and of the soil solution N:P ratio in determining growth responses of 

individual shrub species. We conclude that increases in soil nutrient conditions 

due to climate change may lead to species shifts within plant communities, which 

will be determined by the magnitude and the relative impacts of warming on soil 

N and P availabilities. Lastly, differences in sensitivity and direction among 

vascular and non-vascular plant species (particularly lichens) in response to 

environmental changes indicate the importance of different niche space in the 

ecosystem in maintaining biodiversity in a rapidly changing world. 
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Table 4.1 Summary of the statistical analyses of the various experimental treatments effects on aboveground biomass 
among the three point-framing years for the six major vascular plant species and lichens and mosses in mesic birch 
hummock tundra. “WC” is control for warming, “W” is greenhouse warming, “FC” is control for fertilization, “LN” is low-level 
nitrogen addition, “HN” is high-level nitrogen addition, “HP” is high-level phosphorus addition, “HNHP” is high-level 
nitrogen + high-level phosphorus addition, “SFC” is control for snowfence, “SF” is snowfence, “EC” is control for 
exclosure, and “E” is exclosure. Results are from post-hoc tests following repeated measures one-factor (i.e. experimental 
treatment) ANOVA on the three data years (2005, 2011, and 2017). The arrows illustrate the directions of the treatment 
effect, and symbols following arrows indicate the significance levels: P ³ 0.1 no symbol, P < 0.1 †, P < 0.05 *, P < 0.01 **. 
See Tables C4 and C.6-C.8 in Appendix C for specific statistical values.   
 WC W FC LN HN HP HNHP SFC SF EC E 
B. glandulosa            
2011 versus 2005 . . . . . . . . . . . 
2017 versus 2011 * ** * . ** . ** † . * . 
2017 versus 2005 ** ** * . ** . ** † . * . 
            
V. uliginosum            
2011 versus 2005 . . ¯** . ¯** . . . . . . 
2017 versus 2011 . ** ** . ** . . . . . † 
2017 versus 2005 . † . . . † . . . . † 
            
R. subarcticum            
2011 versus 2005 . . . . . . ¯** ¯** . . . 
2017 versus 2011 * ** ** * . * . ** . ** ** 
2017 versus 2005 * ** ** . . . ¯** . . ** * 
            
V.  vitis-idaea            
2011 versus 2005 . * . . ¯** . ¯** . . . . 
2017 versus 2011 * ** . * . . . * . * † 
2017 versus 2005 ** ** . ** ¯** . ¯** ** . ** ** 
Table 4.1 Continued on next page 
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Table 4.1 Continued from previous page 
 WC W FC LN HN HP HNHP SFC SF EC E 
A. polifolia            
2011 versus 2005 . . . . . . . . ¯* . . 
2017 versus 2011 ** . . * . . . . * . . 
2017 versus 2005 * . . ** . ¯** . . . . † 
            
E. vaginatum            
2011 versus 2005 . . . . . * ** . * . . 
2017 versus 2011 . * . ** . . . . . . . 
2017 versus 2005 ** * * ** † ** ** . . .  
            
Lichen            
2011 versus 2005 . ¯** . . ¯** ¯** ¯** . . . . 
2017 versus 2011 . ¯** . . ¯** . ¯** ** . † † 
2017 versus 2005 . ¯** . . ¯** ¯** ¯** * ¯† . † 
            
Moss            
2011 versus 2005 . ¯** . ¯† ¯* . ¯* . * . ** 
2017 versus 2011 ¯** . ¯* ¯† ¯* . . . ¯** ¯* ¯** 
2017 versus 2005 ¯** ¯** ¯** ¯** ¯** . ¯* . . . . 
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Table 4.2 Effects of time (i.e. year of point-framing), of the individual experimental manipulations, and of their interactions 
on aboveground biomass of the six major vascular plant species in mesic birch hummock tundra vegetation. See 
nomenclature in Table 4.1 caption. Degrees of freedom = 1, 18 (W effect); 2, 36 (Time effect, Time x Warming Treatment 
effect); 1, 8 (LN, HN, HP, HNHP, SF, and E effects); and 2, 16 (Time effect, Time x LN Treatment, Time x HN Treatment, 
Time x HP Treatment, Time x HNHP Treatment, Time x SF Treatment, and Time x E Treatment effects). Only statistically 
significant P values (P < 0.05) are included and indicated in bold type. 
 W LN HN HP HNHP SF E 

F (P) F (P) F (P) F (P) F (P) F (P) F (P) 
B. glandulosa        
Time 17.88 (<0.01) 4.93 (0.02) 15.66 (<0.01) 4.44 (0.03) 10.09 (<0.01) 3.77 7.20 (<0.01) 
Treatment 0.09  0.02  4.46  0.001  6.11 (0.04) 0.91 1.20  
Time x Treatment 1.44 0.07  4.08 (0.04) 1.15 5.31 (0.02) 0.21 0.87 
V. uliginosum        
Time 7.95 (<0.01) 18.36 (<0.01) 137.32 (<0.01) 11.34 (<0.01) 30.38 (<0.01) 1.01 2.82  
Treatment 0.06 8.11 (0.02) 0.30 3.6 3.58 1.08  0.05  
Time x Treatment 6.27 (<0.01) 15.55 (<0.01) 0.97 6.61 (<0.01) 37.75 (<0.01) 0.57 0.70  
R. subarcticum        
Time 25.73 (<0.01) 15.00 (<0.01) 4.25 (0.03) 12.44 (<0.01) 6.27 (0.01) 0.76  12.40 (<0.01) 
Treatment 0.39  0.90  8.42 (0.02) 0.83 16.43 (<0.01) 2.13 0.27  
Time x Treatment 1.49 1.17  7.97 (<0.01) 0.19 12.06 (<0.01) 1.88  0.81  
V. vitis-idaea        
Time 23.64 (<0.01) 6.04 (0.01) 1.21 1.67  2.84 2.39  11.35 (<0.01) 
Treatment 8.05 (0.01) 0.15 86.48 (<0.01) 5.85 (0.04) 73.75 (<0.01) 0  0.27  
Time x Treatment 2.98 0.07 (0.94) 4.97 (0.02) 2.26 7.25 (<0.01) 2.25  0.03  
A. polifolia        
Time 6.31 (<0.01) 8.40 (<0.01) 1.16  0.41 1.04 2.38 3.59  
Treatment 0.94  0.44 0.42 0 2.99 0.70 1.55  
Time x Treatment 1.30  1.38 0.99 5.98 (0.01) 2.19  0.88 0.66  
E. vaginatum        
Time 2.39  15.52 (<0.01) 1.46 13.02 (<0.01) 1.65 1.42  2.36  
Treatment 0.53  0.92 1.22  0.001  7.05 (0.03) 2.22 0.06  
Time x Treatment 0.76  2.38 0.99 0.53  1.53 0.98  0.82  
Table 4.2 Continued on next page 
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Table 4.2 Continued from previous page 
 W LN HN HP HNHP SF E 
 F (P) F (P) F (P) F (P) F (P) F (P) F (P) 
Lichen        
Time 32.05 (<0.01)     5.81 (0.01) 4.96 (0.02) 
Treatment 4.87 (0.04)     9.29 (0.01) 0.001  
Time x Treatment 24.39 (<0.01)     7.36 (<0.01) 0.31  
Moss        
Time 14.24 (<0.01)     6.29 (<0.01) 14.85 (<0.01) 
Treatment 1.93      1.43  0.45  
Time x Treatment 4.91 (0.01)     2.67  0.88  
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Figure 4.1 Aboveground biomass changes for (a-f) each of the six major vascular plant 
species, for (g) total vascular community, and for (h) lichen and (i) moss, over time 
(2005, 2011, and 2017) under control (solid lines) and warming (dashed lines) plots in 
mesic birch hummock vegetation. Error bars are standard deviations (n = 10; note the 
varying biomass scales used for the different species), and in some cases extend below 
zero but are not shown. Statistically significant effects of time, of warming, and of their 
interactions are indicated by P < 0.05 *, P < 0.01 **.  
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Figure 4.2 Aboveground biomass of the six vascular plant species and lichens and 
mosses under ambient environmental conditions (i.e. control plots; n = 25) in each of 
the point-framing years (2005, 2011, and 2017). Bolded lines indicate the median; 
boxes represent the 25th and 75th percentiles, and whiskers represent the 0th and 100th 
percentiles (excluding outliers). For the vascular species, total aboveground biomass 
significantly increased between 2011 and 2017 for all species except E. vaginatum, and 
for all species between 2005 and 2017. For lichens, total aboveground biomass 
significantly decreased between 2005 and 2011, and then significantly increased 
between 2011 and 2017. For mosses, total aboveground biomass remained unchanged 
between 2005 and 2011 whereas significantly decreased between 2011 and 2017. See 
Table C.5 in Appendix C for full statistical information.  
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Figure 4.3 Monthly mean air temperature for late spring to early fall at Daring Lake over 
the three time periods of the point framing sampling (2000-2005, 2006-2011, and 2012-
2017). Different labels (a, b, and c) indicate significant differences among time periods 
for each month at level of a = 0.05 (n = 6). Bolded lines indicate the median; boxes 
represent the 25th and 75th percentiles, and whiskers represent the 0th and 100th 
percentiles (excluding outliers). Black solid dots indicate outliers, which are defined as 
values more than 1.5 times the interquartile range either below the 25th or above the 
75th quartiles.

−25

−15

−5

5

15

25

May Jun Jul Aug SeptM
ea

n 
M

on
th

ly
 A

ir 
Te

m
pe

ra
tu

re
 ( 

°C
)

2000−2005

2006−2011

2012−2017

a b c

a a b
a a b



 

	

123	

 

Figure 4.4 Individual vascular plant species aboveground biomass responses to fertilization in 2011 (a-f; upper row) and 
in 2017 (g-l; lower row) respectively. “C” is control, “LN” is low-level nitrogen addition, “HN” is high-level nitrogen addition, 
“HP” is high-level phosphorus addition, and “HNHP” is high-level nitrogen + high-level phosphorus addition. Error bars are 
standard deviations (n = 5); note the varying biomass scales used for the different species and for the different years. 
Statistically significant effects are indicated by P < 0.1 †, P < 0.05 *, and P < 0.01 **.
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Chapter 5 

Living in an elementally imbalanced world: ecological 

stoichiometry as a means to understand the functioning of a 

low Arctic tundra plant community 

 

5.1 Abstract 

Terrestrial plant communities across the Arctic are currently undergoing major 

shifts due to climate warming and other environmental changes. Our recent 

preliminary study suggested that stoichiometric homeostasis (i.e. a plant’s 

capacity to maintain its internal nutrient stoichiometry independent of soil nutrient 

availability) was a powerful predictor of the influences of various environmental 

changes on plant communities. Here, we aimed to obtain robust data for 

estimating the homeostatic indicators (the H values) of the principal vascular 

plant species in a low Arctic tundra community, and to examine the possible 

relationships between H values and important ecological functions (e.g. species’ 

dominance, stability, and responsiveness to altered environments) at the species 

and community levels. We found that the H values based on nitrogen 

(N):phosphorus (P) ratios (HN:P) were a more robust homeostatic indicator than H 

values based on either single element (HN or HP), and that variation in plant P 

stoichiometry rather than N stoichiometry drove much of the differences in HN:P. 

Tundra plant species with higher HN:P values were more dominant, more 
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temporally stable, and less responsive to the effects of environmental change on 

soil available P. Communities with higher HN:P values also had larger 

aboveground biomass. Our study emphasized the significantly enhanced value of 

using both N and P for a more complete understanding of homeostatic regulation 

(i.e. HN:P), and also the great potential of H values to predict tundra plant 

community structure and function in a rapidly changing environment.  

  

5.2 Introduction 

Terrestrial ecosystem processes are controlled by a range of biotic and abiotic 

factors, including resource supply, microenvironment, disturbance regime, and 

functional-types of organisms. Among these factors, nutrient availability is a 

major constraint to the productivity of the terrestrial biosphere, and is primarily 

governed by the rate of nutrient supply from the soil (Tilman and Pacala 1993, 

Chapin et al. 2011). Different plant species differ in their responses to the supply 

of limiting resources, and so changes in resource availability alter species 

composition and have the potential to alter ecosystem functioning (Chapin et al. 

2011). Ecological stoichiometry (ES) is a framework to explicitly and 

mechanistically characterize the linkage between species resource use strategies 

and major environmental factors.  

The ES conceptual framework has been developing over recent decades and its 

application has provided significant insights into effects related to biogeochemical 

couplings across scales from single cells to the whole biosphere (Sterner and 

Elser 2002, Elser and Hamilton 2007, Elser et al. 2010, Hessen et al. 2013). 
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Specifically, ES considers how the proportions of key chemical elements 

(especially carbon (C), N and P) affect, and are affected by, organisms in the 

environment.  

A central concept in the ES framework is stoichiometric homeostasis, which is 

defined as the ability of organisms to maintain relatively constant internal 

concentrations or ratios of elements despite variation in the relative availabilities 

of these elements as external resources (Sterner and Elser 2002). Homeostatic 

regulation allows organisms to maintain vital elemental ratios within critical 

physiological ranges regardless of spatial and temporal variability in availabilities 

of those elements from the external environment, and is the fulcrum for the ES 

framework (Sterner and Elser 2002, Hessen et al. 2013, Jeyasingh et al. 2017). A 

homeostatic coefficient - the H value - derived from the homeostatic regulation 

model (y = c x
1/H

, the “H model” hereafter; see section 5.3.4 “Equations and 

terminology” below for details) was proposed to quantify the stoichiometric 

homeostasis capacities of organisms (Sterner and Elser 2002). Mechanistically, 

homeostatic regulation is the overall outcome of the underlying physiological and 

biochemical processes in organisms as they respond to their environments 

(Sterner and Elser 2002). Thus, there is a strong theoretical basis for predicting 

that the H values of the growth limiting element(s) should be relevant to 

evolutionary fitness and to a species’ ecological strategy (Sterner and Elser 2002, 

Hessen et al. 2013). 

 Arctic tundra is an ecologically crucial area in terms of climate change impacts 

on ecosystem-atmosphere C exchange and biodiversity conservation (Sala et al. 

2000, Schuur et al. 2008). Dramatic changes in plant species composition and 
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abundance have been observed in widely dispersed tundra locations across the 

globe (Elmendorf et al. 2012b), but the underlying detailed mechanistic 

processes are not yet elucidated. Consequently there is a growing urgency for 

more accurate biogeochemical models to better understand how and why tundra 

vegetation will respond to major changes in environmental factors such as rising 

temperatures (Screen and Simmonds 2010), enhanced soil nutrient availability 

(Sistla et al. 2013), and increased snowfall (Bintanja and Selten 2014). Ecological 

stoichiometry may provide some valuable insights into the outcomes of these 

tundra vegetation-environment feedbacks. However, although an increasing 

number of studies have clearly demonstrated a fundamental role of the H model 

in explaining nutrient cycling, trophic dynamics, ecosystem functioning, and many 

other important aspects of ecological processes, these studies have been carried 

out predominantly on heterotrophs (such as bacteria, invertebrates, and fish) 

(e.g. Makino et al. 2003, Ferrao-Filho et al. 2007, Heinsbroek et al. 2007, Hood 

and Sterner 2010), also see review by Persson et al (2010)). To the best of our 

knowledge, prior to our preliminary study described below, only three studies had 

been conducted on vascular plants and all of those were focused on herbaceous 

plant species in temperate grassland ecosystems (Yu et al. 2010, Dijkstra et al. 

2012, Yu et al. 2015). To address this knowledge gap, we investigated the 

potential applicability of the H model for a suite of low arctic tundra vascular plant 

species, and attempted to link it with species and community dynamics in 

response to altered environmental conditions (Chapter 2). Results of this 

preliminary study using previously collected data from earlier lab personnel 

showed that tundra vascular plant species significantly differed in their H values. 
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Furthermore, species with higher P-based H values (i.e. HP values) and N:P ratio-

based H values (i.e. HN:P values), but not N-based H values (i.e. HN values), 

generally had larger shoot biomass, were more spatially stable, and were less 

responsive to experimental treatments after eight years of manipulations 

(Chapter 2). Overall, the broad pattern of strong species differences in H values 

in these preliminary results is generally consistent with those from the two most 

similar previous homeostasis studies from temperate grasslands (Yu et al. 2010, 

Yu et al. 2015). However, the relatively strong potential role of P stoichiometry 

compared to N stoichiometry that we observed contrasted sharply with the two 

temperate grassland studies (Yu et al. 2010, Yu et al. 2015) where N 

stoichiometry was the primary determinant of species dominance. These results 

together suggest that homeostatic regulation maybe element-specific and differ 

substantially among ecosystem-types.  

For any effective ecological model, the empirical data for model parameterization 

must be as accurate as possible. Although the H values derived from the 

preliminary data indicated that species differed in their relationships between 

tundra plant and soil nutrient stoichiometry, these data were from one-time 

samplings of soils, and of plants one month later (Chapter 2). Since soil nutrient 

availabilities change both temporally throughout the growing season (Chapter 3), 

and spatially between micro-topographic locations (Pedersen et al. 2015), it is 

therefore fundamental to incorporate these temporal-spatial factors into the 

modelling of plant-soil stoichiometry, and to further test the relative robustness of 

the three homeostatic indicators (i.e. HN, HP, and HN:P). Furthermore, as nutrient 

cycling and species’ growth rates in high latitudes are extremely slow compared 
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to other ecosystems, it usually takes substantial time for vegetation properties 

(e.g. species relative abundances) to change under experimental treatments 

(Epstein et al. 2004b). Therefore, it is important to rigorously test our preliminary 

study findings over longer temporal scales.  

Here, we conducted a set of deeper and broader follow-up experiments to 

overcome the limitations in our preliminary study and investigate the questions 

mentioned above. First, we compared plant N and P concentrations for seven 

major low arctic tundra vascular plant species in response to different fertilization 

rates and quantified temporal changes in concentrations throughout the intra-

seasonal developmental stages,. Second, we determined the relative robustness 

of the three homeostatic indicators for each individual species. These goals were 

achieved by collecting the soil nutrient data three times throughout the growing 

season, by using two different soil nutrient data collection methods (i.e. the 

instantaneous extraction method and the ion exchange membrane (IEM) 

method), and by comparing the H values with those from our preliminary study. 

Third, after identifying the most robust H indicators, we then examined their 

ecological relevance in terms of predicting species or community dominance, 

temporal and spatial stability, and responsiveness to disturbances, under various 

experimental manipulation conditions and across multiple years at both the 

species and the community levels. Our specific hypotheses were: 

 1. Species P concentrations are more variable than N concentrations in 

response to fertilizations and intra-seasonal developmental stages.  

2. Species HN:P values are a more robust indicator of stoichiometric homeostasis 

for tundra plant species than HN and HP values.	 
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3. Species with relatively high HN:P values are more dominant, more temporally 

and spatially stable, and less responsive to experimental treatments - except for 

the treatments that increased soil nutrient availabilities to extremes where 

homeostatic regulation may break down. 

4. Similar to responses at the species level, communities with relatively high HN:P 

values also have larger aboveground biomass, are more temporally and spatially 

stable, and are less responsive to experimental treatments except for the 

treatments that increase soil nutrient availabilities to extremes. 

 

5.3 Materials and methods  

5.3.1 Study site and experimental manipulations 

This study was conducted in a mesic birch hummock tundra ecosystem-type near 

the Tundra Ecosystem Research Station (TERS) at Daring Lake, Northwest 

Territories, Canada (64° 52' N, 111° 33' W) (Appendix A, Figures A.1 and A.2), 

that is very common across the Hudson Bay in low Arctic continental interior 

Canada (Porsild and Cody 1980). We focused on the most abundant seven 

vascular plant species in this ecosystem-type which belong to three growth forms 

(Chapin et al. 1996): two deciduous shrubs (Betula glandulosa Michx and 

Vaccinium uliginosum L.), three evergreen shrubs (Rhododendron subarcticum 

Harmaja (formerly Ledum decumbens (Aiton) Lodd. Ex Steud.), Vaccinium vitis-

idaea L., and Andromeda polifolia L.), one forb species (Rubus chamaemorus L.), 

and one graminoid species (Eriophorum vaginatum L.). Besides vascular 
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species, there is also a well-developed moss and lichen layer (see data in 

Chapter 4 for specific biomass). 

The three different field experimental manipulations used in this study were 

established in 2004 (except for the low-level P fertilization manipulation, which 

was established in 2012) and have been maintained annually ever since (see 

Zamin (2013) and Christiansen (2016) for full details). All manipulations were 

established on plots of representative and fairly homogenous birch hummock 

vegetation of similar gentle slope and aspect that were assigned randomly to 

control and treatment.  

Briefly, to enhance summer air temperatures, A-frame greenhouses (1.8 m x 4.7 

m each, n = 10) were covered with transparent plastic during each growing 

season. Triangle vents were cut out of the tops to avoid extreme maximum 

temperatures and to reduce humidity within the greenhouses. These 

greenhouses warmed the summer mean diel air and soil temperature by 2.1-

2.4°C (measured using thermocouple probes connected to CR10X dataloggers, 

Campbell Scientifc, Logan, Utah) at 0-10 cm depth, but did not alter soil moisture 

(Zamin et al. 2014), which is an important factor in determining species’ 

responses to environmental change (Walker et al. 2006).  

To manipulate soil nutrient availabilities, annual low-level N (LN) (1 g N m
-2

 year
-

1
; added as NH4NO3 from 2004 to 2015, and as urea from 2016 onwards), high-

level N (HN) (10 g N m
-2

 year
-1

), low-level P (LP) (0.5 g P m
-2

 year
-1

; added as 

45% P2O5), high-level P (HP) (5 g P m
-2

 year
-1

), and high-level N + high-level P 

(HNHP) (10 g N m
-2

 and 5 g P m
-2

 year
-1

) were added to plots (5 m x 7 m each; n 
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= 5) for each nutrient treatment in July or August during each growing season. 

The high-level N addition rate has been estimated as 5-8 times the annual soil N 

uptake requirement for aboveground production in moist acidic tundra 

ecosystems (Mack et al. 2004). However, although we are not aware of the 

quantification for the high-level P addition rate in relation to aboveground plant 

requirement, personal observations of foliar burn in these fertilization plots in all 

but the E. vaginatum species indicated that this level of fertilization probably 

greatly exceeds the plants’ normal requirements. Note that in our study, each of 

these five replicate experimental fertilization plots was visually divided in two to 

generate 10 replicate subplots. Within each subplot, the vegetation sampling, and 

the IEM incubations and soil collections described below were conducted at a 

single marked sampling area (~40 cm x 40 cm) that was deliberately located at 

least two meters apart from the corresponding sampling area in the other subplot 

in order to minimize the likelihood of any possible spatial dependency in terms of 

soil nutrient availability between them.  

To manipulate winter snow depth, snowfences (15 m long, 1.2 m high each; n = 

5) were installed that reduced wind speeds on their lee sides, leading to 

deepened snow patches extending out ~20 m from both sides of each fence (n = 

5). These snowfences generally increase the winter peak ambient snow cover 

from 0.3 m to 1.0 m (Christiansen 2016), and complete snowmelt within the 

snowfences is delayed by 1-2 weeks (Nobrega and Grogan 2008, Buckeridge 

and Grogan 2010).  
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5.3.2 Vegetation sampling and analyses  

We determined foliar N and P concentrations for the seven vascular plant species 

in the experimental fertilization treatments to characterise species foliar N and P 

concentrations and for calculating species’ H values. Additionally, we collected 

plant leaf samples two more times throughout the growing season in the control 

plots only for determining the magnitude of intra-seasonal changes in foliar N and 

P concentrations. Healthy and mature leaf samples (~20 g dry mass) for each 

plant species were collected on July 27/28 from the experimental fertilization 

plots, and on July 10th and August 10th additionally from the control plots only. 

These foliar samples were first air-dried, and later fully dried at 60°C in a fan-

assisted oven for 24 hours before grinding and analyses. Samples were ground 

either using a grinder (IKA MF 10 Microfine grinder, Staufen, Germany) or a 

pestle and mortar, depending on the texture of the specific samples. Total N 

concentrations (% of dry mass) were analysed by combustion and gaseous N 

detection (Elementar,Hanau, Germany). Total P concentrations were determined 

using the sulfuric acid/hydrogen peroxide/lithium sulfate/selenium digestion 

method (Parkinson and Allen 1975).  

We measured aboveground biomass of all vascular plant species across all the 

experimental treatments in the 2017 growing season using the non-destructive 

point framing method (Jonasson 1988) that has been widely applied in studying 

tundra vegetation dynamics (Walker 1996, Schuur et al. 2007, Zamin et al. 2014, 

Alatalo et al. 2015). This method records plant species’ hit data which we then 

used with previously established regressions from our site to determine shoot 
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biomass (see Chapter 4 for full details of this point framing method). Species- 

and community-level temporal stability, spatial stability, and responsiveness to 

experimental manipulations were determined (via indices defined in section 5.3.4) 

using these 2017 data in conjunction with previously collected data in the same 

permanent point frame areas from 2005, and 2011. 

 

5.3.3 Soil nutrient availability estimation  

We determined soil ammonium (NH4-N) and phosphate (PO4-P) pools and fluxes 

three times throughout the 2016 growing season in the experimental fertilization 

treatments to calculate species’ H values. The soil NH4-N and PO4-P pool data 

were collected on July 4 (referred to as “early July” hereafter), July 16 (referred to 

as “mid-July” hereafter), and August 1 (referred to as “early August” hereafter), 

and were determined using the soil chemical extraction method (Gregorich and 

Carter 2007). Specifically, homogenized organic soil samples (0-7 cm depth) 

collected from inter-tussocks in each replicate sampling area were extracted in 

distilled water, and NH4-N and PO4-P concentrations in the extracts were then 

determined colorimetrically using the indophenol, sulphanilamide (Mulvaney et al. 

1996) and molybdate-ascorbic acid methods (Kuo 1996), respectively.  

The soil NH4-N and PO4-P flux data were also collected three times throughout 

the same growing season using the in situ ion exchange membrane (IEM) 

incubation method (Giblin et al. 1994, Qian and Schoenau 2002, Andruko et al. 

2020). Specifically, three 14-day incubations were conducted sequentially with 

individual incubation periods from July 10/11 to July 24/25 (Round 1 (R1)), July 
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24/25 to August 7/8 (R2), and August 7/8 to August 21/22 (R3), respectively. 

Four replicate membranes of each membrane-type (cation exchange membrane 

(CEM) and anion exchange membrane (AEM)) were used for accumulating the 

soil NH4
-
 and PO4

-
 ions in each marked sampling area (~1600 cm

2
, described 

above) in each incubation period. These membranes were placed in soil slits at a 

uniform depth (i.e. extending vertically from 2 cm to 7 cm underneath the soil 

surface) in each sampling area for the pre-determined incubation period and 

were then removed and replaced with new membranes in the same slits for the 

subsequent incubation period. The retrieved membranes were eluted with 2 M 

NaCl in 0.1 M HCl solution, and NH4-N and PO4-P concentrations from the elution 

solutions were determined using the methods described above. 

 

5.3.4 Equations and terminology  

According to Sterner and Elser (2002), the H value for an organism is a 

quantifiable parameter defined as H = (dx/x)/(dy/y), where x = a stoichiometric 

property of the external resources available to an organism (e.g. N, P, N:P), and 

y = that same stoichiometric property within the organism itself. The integral form 

of the above equation is y = cx
1/H

. H can range from 1 (no homeostasis) toward 

infinity (strict homeostasis), and therefore species with higher H values are more 

homeostatic (i.e. they tend to maintain relatively constant tissue nutrient 

concentrations across a wide range in soil nutrient availability). In this study, we 

adopted the more commonly used linearized version of the equation, log (y) = log 

(c) + (1/H) log (x), to separately regress the soil NH4-N pool data, soil PO4-P pool 
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data, soil NH4-N:PO4-P (N:P hereafter) pool ratio data, soil NH4-N flux data, soil 

PO4-P flux data, and of soil N:P flux ratio data, with each of the seven species’ 

foliar N or P concentrations or N:P ratios to determine these species’ H values for 

each soil nutrient availability variable for each of the three time periods. In 

addition, we also calculated the average daily nutrient flux across the full 42 days 

(i.e. summing the flux values for each of the three 14-day incubations) for the IEM 

flux data, and the average of the three extraction nutrient pool data sets for each 

individual replicate plot to calculate species’ H values that were more 

representative of a large portion of the full growing season. 

Effects of the fertilization manipulations on species’ foliar N concentrations, P 

concentrations, and N:P ratios are graphically presented using a response ratio 

metric: loge(xm/xc) (Elser et al. 2007), where xm and xc are the mean foliar N or P 

concentrations or N:P ratio under a given fertilization treatment and under its 

corresponding control, respectively. Presenting data using this metric has the 

advantage of easy visualization.  

Species aboveground dominance is defined as each of the species’ proportional 

aboveground biomass (i.e. percent aboveground biomass). Species temporal 

stability is defined as the mean dominance divided by the standard deviation of 

that dominance over multiple sampling times (Lehman and Tilman 2000). 

Species spatial stability is defined in an analogous way as the mean dominance 

divided by the standard deviation of that dominance over replicate plots. A 

variable with relatively low variation over time (or across space) would have a 

high-level of temporal (or spatial) stability. Specifically, in this study, species 

temporal/spatial stability (S) was calculated as species mean aboveground 
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dominance (µ) divided by its standard deviation (σ) over time or across the 

replicate plots in each treatment (i.e. S = μ/σ). Species responsiveness to 

experimental manipulations is expressed as the response ratio (RR), which is 

calculated by the equation of RR = |ln(xm/xc)|, where xm is the mean aboveground 

dominance for a species under a given treatment and xc is the mean 

aboveground dominance for that species in the control plots (Yu et al. 2015).  

Community H values are determined as the overall sum of each of the species’ 

proportional aboveground biomass (i.e. percent aboveground biomass) multiplied 

by its foliar H value (i.e. community H = dominance	of	species	i	x	Hi/01
/02 , where n 

is the number of co-existing species within the community) (Yu et al. 2010). 

Community aboveground biomass is determined as the sum of each of the 

vascular species’ aboveground biomass for each community. Community 

temporal stability is defined as the mean aboveground biomass divided by the 

standard deviation of that biomass over time. Community spatial stability is 

defined as the mean aboveground biomass divided by the standard deviation of 

that biomass over replicate plots.  

 

5.3.5 Statistical analyses 

We tested for effects of the individual fertilization treatments on plant species’ 

foliar N and P stoichiometry using separate student’s t-tests when the 

assumptions of constant variance and normality were met, and using Wilcoxon 

rank-sum tests otherwise. We used the R software (version 3.2.3, R 

Development Core Team 2015) for all statistical analyses. We investigated 
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correlations of species’ H values derived from the two soil data collection 

methods using a one-way repeated measures ANOVA, with species as the 

within-subjects factor and the soil data collection time as the between-subjects 

factor. Specifically, we used the “lme()” function from the “nlme” package for this 

purpose. We tested the correlations between the H values derived from the 

current study and those from our previous preliminary study (Chapter 2) using 

Spearman’s rank correlation.  

Although we included the forb species R. chamaemorus for the above-mentioned 

statistical analyses, we did not include it for the following ecological performance-

related analyses since aboveground biomass of this species only contributed to 

~1.8% for the community-level biomass and it was observed only in a few of the 

replicate plots for each experimental treatment. We used linear mixed-effects 

models, with experimental plot and plant growth form as the random factors to 

test for the following correlations: (i) between species aboveground dominance 

and their HN:P values across three data collection years (2005, 2011, and 2017); 

(ii) between species temporal stability and their HN:P values for the two sequential 

6-year periods (i.e. 2005-2011, and 2011-2017) and over the entire 12-year 

period (i.e. 2005-2017); and (iii) between species response ratio and their HN:P 

values over the 6-year period (in 2011), and over the 12-year period (in 2017). 

We also examined the correlations between community biomass and community 

HN:P values, across three data collection years (2005, 2011, and 2017), using 

linear mixed-effects models, with experimental plots as the random factor. We 

used the “lmer()” function in the “lme4” package for these statistical analyses, and 

we calculated the corresponding R2 
values using the “r.squaredGLMM()” function 
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from the “MuMIn” package, and we reported both the marginal R2
 (R2

m, which is 

concerned with variance explained by fixed factors only; i.e. states fixed factors), 

and the conditional R2
 (R2

c, which is concerned with variance explained by both 

fixed and random factors; i.e. including states random factors, e.g. growth form) 

values (Nakagawa and Schielzeth 2013). 

 

5.4 Results 

5.4.1 Plant species foliar P concentrations were more flexible than N 

concentrations in response to fertilization treatments 

The seven principal vascular plant species in birch hummock tundra vegetation 

differed in the extent to which foliar N or P concentrations, or the N:P ratios, were 

altered by the various long-term fertilization treatments (Figure 5.1). For the low-

level fertilization treatments, the 12-year low-level N addition slightly yet 

significantly increased foliar N concentrations by 1.1-1.4 times only in the three 

evergreen shrubs (Figure 5.1a). By contrast, the 4-year low-level P addition 

significantly increased foliar P concentrations to a larger degree - by 1.3-2 times 

in all species except E. vaginatum (Figure 5.1b). For the high-level fertilization 

treatments, species’ N concentrations were moderately enhanced by the high-

level N addition (Figure 5.1a), while high-level P addition generally elevated 

species’ P concentrations by ~2-5 times more on average than the N stimulus 

effect (Figure 5.1b). More specifically, the magnitudes of increases in species’ N 

concentrations in response to the high-level N addition were similar among 

species within the range of 1.2-2 fold enhancement (Figure 5.1a); whereas the 
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magnitudes of increases in species’ P concentration in response to the high-level 

P addition were much larger and more varied among species, ranging from a 3-

fold increase in R. subarcticum and E. vaginatum to a 11-fold increase in B. 

glandulosa (Figure 5.1b). In addition, the high-level N addition increased foliar P 

concentrations 1.4-fold, and the high-level P addition increased foliar N 

concentrations 1.1- to 1.5-fold, but only in the three evergreen shrubs (Figures 

5.1a and 5.1b). Together, the more generally variable and larger magnitude 

responses in foliar P than foliar N concentrations, both under the low- and high-

level fertilization treatments described above, resulted in similar patterns in foliar 

N:P ratios among species (Figure 5.1c). In particular, the LP and HP treatments 

affected foliar N:P ratios for most species much more than the LN and HN 

treatments (Figure 5.1c). 

 

5.4.2 Plant species foliar N concentrations were more flexible than P 

concentrations across the summer in unmanipulated (control) plots 

Significant changes in summertime foliar N stoichiometry were observed in R. 

subarcticum, A. polifolia, R. chamaemorus, and E. vaginatum (Figure 5.2a). 

Specifically, leaf N concentrations first decreased over the period from early to 

mid-July and then increased back to the original levels by early August in the two 

evergreen shrubs R. subarcticum and A. polifolia. By contrast, leaf N 

concentrations constantly decreased throughout the summer in the forb species 

R. chamaemorus, and first decreased and then remained unchanged in the 

graminoid species E. vaginatum (Figure 5.2a). Significant summertime changes 
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in foliar P concentrations were only observed in R. subarcticum and R. 

chamaemorus, which both had ~28% decreases over the period from early to 

mid-July, and then remained constant afterwards (Figure 5.2b). Lastly, the same 

corresponding directional changes in both N and P concentrations among 

sampling dates for the affected species led to relatively stable summertime foliar 

N:P ratios compared to either foliar N or P concentrations across the three 

sampling dates (Figure 5.2c). As a result, foliar N:P ratios did not change 

significantly across the three summer sampling dates for any species except R. 

subarcticum, and even in that species the increase in N:P ratio was only between 

the first two sampling dates (Figure 5.2c).  

 

5.4.3 HN:P was a more robust indicator of stoichiometric homeostasis 

for tundra plant species than HN or HP  

The soil nutrient flux and pool data were regressed separately with each of the N, 

P, and N:P ratio datasets for each species to determine which pair of external 

and internal elemental variables were most closely associated in the H model 

equation. All regressions were significant, as an example, the H model fit for two 

species, B. glandulosa and R. subarcticum, described 72-87% of the variation 

between foliar N, P or N:P ratio and soil NH4-N, PO4-P, or NH4-N:PO4-P ratio, 

respectively (Table 5.1; Appendix D, Figure D.1). HN values were consistently 

higher than HP values based on both soil nutrient measurement methods (Tables 

5.1 and 5.2). Furthermore, species’ H values for all three H indicators were 

closely correlated between the two soil nutrient measurement methods (R2
m 
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=0.98, R2
c = 0.98, t = 32.0, P < 0.01 for HN; R2

m =0.60, R2
c = 0.91, t = 11.5, P < 

0.01 for HP; and R2
m =0.89, R2

c = 0.91, t = 14.4, P < 0.01 for HN:P). Moreover, 

when comparing the soil extraction-based results with the corresponding data 

using the same method in our preliminary study that was derived from an earlier 

plant developmental stage (Chapter 2), we found strong consistency for the HN:P  

values (slope = 1.0; Spearman’s rank correlation coefficient rs = 0.9; P = 0.02) 

and HP values (slope = 2.1; rs = 0.9; P < 0.01) but not for HN values (rs = 0.7; P = 

0.23).  

Together, the higher consistency of HN:P over either HN or HP between the 

different soil nutrient data collection methods and the different plant phenological 

stages across the summer, strongly suggests that HN:P in particular is the most 

robust indicator of stoichiometric homeostasis for tundra species. Furthermore, 

since the IEM method has been clearly shown as a more sensitive and 

biologically meaningful method than the soil extraction method for indicating soil 

nutrient availabilities (Chapter 3), the HN:P values derived specifically from this 

method will be used exclusively in subsequent sections in this study on species 

and community-level stoichiometric homeostasis. 

 

5.4.4 Species with relatively high HN:P values were more dominant, 

temporally stable, and less responsive to environmental changes  

Species HN:P values (Table 5.1; Appendix D, Tables D.1 and D.2) were 

significantly positively correlated with the relative extents of aboveground 

dominance under all of the experimental treatment manipulations, both across 
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the 12-year period (Figure 5.3; Appendix D, Table D.3), and in each of the three 

sampling years (i.e. 2005, 2011, and 2017) (Appendix D, Table D.3). 

Furthermore, plant growth form (i.e. deciduous shrub, evergreen shrub, and 

graminiods) had a strong effect on these correlations, indicated by the large 

differences between the R2
m (ranging 0.34-0.54) and the R2

c (ranging 0.80-0.97) 

values (Tables 5.3; Figure 5.3; Appendix D, Table D.3). Moreover, this growth 

form effect was mainly driven by the small-stature evergreen shrub A. polifolia, 

which had a relatively high HN:P value but a small aboveground dominance 

(Figure 5.3).  

Species with higher HN:P values also had higher long-term temporal stabilities in 

the ambient environment as well as in the greenhouse warming, low-level N 

addition, and high-level P addition treatments, although such correlations were 

not always observed on the 6-year timescales (Figure 5.4; Appendix D, Table 

D.3). Meanwhile, soil available N:P ratios in all three of those latter treatments 

were significantly altered mainly due to a substantial increase in soil P rather than 

soil N availabilities (Table 3.2 and Figure 3.2 in Chapter 3). Contrary to our 

expectation, there was actually a negative rather than a positive correlation 

between species HN:P and temporal stability in the high-level N +high-level P 

addition treatment plots (Figure 5.4; Appendix D, Table D.3). Lastly, there were 

no significant correlations between any of the species HN:P values and their 

spatial stabilities in any of the sampling years (data not shown). 

We did not observe significant correlations between species HN:P values and their 

responsiveness under individual experimental manipulations in either 2011 or 

2017 (data not shown). However, when combining data from the greenhouse 
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warming, the low-level N addition, and the high-level P addition treatments, we 

found that species HN:P values were negatively correlated with species’ 

responsiveness in 2011, although not in 2017. Specifically, species HN:P values 

explained 33% (t = -2.9; P = 0.01) of variance in species’ responsiveness in 

2011.  

 

5.4.5 Communities with relatively high HN:P values had larger 

aboveground biomass 

Community-level HN:P values for each of the control and experimental treatments 

were stable within the range of 6.7-7.4 over the 12-year study period, except for 

the communities under high-level N addition and high-level N + high-level P 

addition treatments, for which the HN:P values dropped consistently from 7.1 to 

5.9, and from 6.9 to 5.5, respectively between 2005 and 2017 (Appendix D, Table 

D.4). These decreases in community HN:P values were primarily caused by 

opposing changes in the two dominant shrub species. The aboveground biomass 

of the highest HN:P species (R. subarcticum) consistently decreased in the high-

level N addition plots (from 60% of total vascular biomass in 2005 to 48% in 2011 

and to 33% in 2017; Table C.5 in Appendix C for Chapter 4), and in the high-level 

N + high-level P addition plots (decreased from 55% in 2005 to 19% in 2011 and 

to 12% in 2017; Table C.5 in Appendix C for Chapter 4); whereas the shoot 

biomass of the lowest HN:P species (B.glandulosa) consistently increased in the 

high-level N addition plots (from 16% in 2005 to 23% in 2011 and to 39% in 2017; 

Table C.5  in Appendix C for Chapter 4), and in the high-level N + high-level P 
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addition plots (increased from 18% in 2005 to 24% in 2011 and to 42% in 2017; 

Table C.5 in Appendix C for Chapter 4). 

For the communities in the ambient environment (i.e. the separate control plot 

sets associated with each of the greenhouse warming, fertilization, and 

snowfence treatments), their H values consistently explained 41-42% of variance 

in community aboveground biomass across the three sampling years in 2005 (r2
 

= 0.41; t = 3.4; P < 0.01), 2011 (r2
 = 0.41; t = 3.5; P < 0.01), and 2017 (r2

 = 0.42; t 

= 3.5; P < 0.01), and explained 30% of variance across the 12-year period 

(Figure 5.5a). For the individual treatment communities, community HN:P values 

and community aboveground biomass across the 12 years were significantly 

positively correlated for the low-level N addition treatment (Figure 5.5b), the high-

level P addition treatment (Figure 5.5c), and the snowfence treatment (Figure 

5.5d), but not for the other treatments (data not shown). Lastly, we did not 

observe significant correlations between community HN:P values and community 

temporal or spatial stability in any of the three sampling years (data not shown). 

 

5.5 Discussion 

5.5.1 Implications for tundra vascular plant species of lower HP than 

HN values 

The observation that all the investigated species had a lower HP than HN value 

has important implications, and is consistent with results from the temperate 

grassland studies (Yu et al. 2010, Dijkstra et al. 2012, Yu et al. 2015). The lower 

HP than HN is the result of a larger range in foliar P concentrations than N 
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concentrations in response to levels of fertilization. In other words, tundra plant 

species in our study had more variable foliar P concentrations than N 

concentrations. The greater variability in P versus N stoichiometric response has 

been observed across plant species of varying life forms from many other 

ecosystem-types across the world, including shrubs in Arctic tundra (Matthes-

Sears et al. 1988), sedges and herbs in alpine tundra (Bowman et al. 1993), 

seagrass in temperate estuary (Murray et al. 1992), grasses in chalk grasslands 

(Bobbink 1991), grasses and sedges in wetlands (Gusewell 2004), and trees in 

tropical forests (Ostertag 2010), mangrove forests (Feller et al. 2003), and pine 

forests (Sayer et al. 2004). Accordingly, it may indicate a stronger evolutionary 

selection for variability in P versus N stoichiometric homeostasis or ecological 

significance of P versus N in plant species’ fitness across the globe. The 

significance of variability in P in shaping species fitness-related traits has been 

well demonstrated in heterotrophs (e.g. Schade et al. 2003, Bertram et al. 2006, 

Hood and Sterner 2010), and has been attributed, at least in part, to the 

fundamental role of P as a constituent of ribosomal RNA which is a primary 

determinant of biological growth rates and which is much more variable than 

proteins (nitrogen is a primary constituent of proteins) among species (Elser et al. 

1996, Sterner and Elser 2002). Our study here contributes to the increasing 

evidence that such significance may also apply to autotrophs.  

Two alternative mechanisms - depending on the fertilization rates - may explain 

the larger variation in foliar P stoichiometry than in N stoichiometry. An important 

premise for these explanations was that the low-level N and the low-level P 

fertilization rates (i.e. the low-level N and low-level P treatments) were unlikely to 



 

	

147	

have exceeded the plants’ biological demands, especially for the low-level P 

treatment which was initiated only in the past four years. Therefore, the more 

flexible P uptake than N uptake may represent a physiological effort by the tundra 

plants to store P. Specifically, it may hint that vascular plants in general have a 

much stronger storage capacity for P than for N, at least in their foliar cells. 

Indeed, it has been demonstrated that depending on the extra-cellular inorganic 

orthophosphate (Pi) concentrations, vacuoles - the major intracellular 

compartments for storing Pi, but not for N - can accumulate substantial amounts 

of Pi ranging from micromolar to millimolar concentrations (Yang et al. 2017). By 

contrast, rubisco - the enzyme that catalyzes photosynthesis - and many other 

enzymes are suggested to be the major N-rich molecules in vegetative tissues 

(Tegeder and Masclaux-Daubresse 2018). However, these enzymes only 

constitute a much smaller mass compared to the vacuoles within cells (Tegeder 

and Masclaux-Daubresse 2018). The strong capacity of vacuoles in storing P 

whereas a lack of cellular N storage therefore explain the larger flexibility in foliar 

P versus N stoichiometry. In contrast to the low N and the low P fertilization rates, 

the high P fertilization rate, but not necessarily the high N rate (Shaver and 

Chapin 1991, Chapin et al. 1995, Mack et al. 2004), is a soil fertility rate that 

tundra species are unlikely to ever experience in the natural environment. 

Therefore, the stronger response in foliar P than N stoichiometry under these 

treatments may be caused by species’ inability to downregulate P uptake. 

Indeed, studies have demonstrated that when growing species that originally 

inhabit P-poor soils in solution where P was added at various concentrations, 
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they could continually take up P to toxic levels (Musick 1978, Shane et al. 2004). 

However, regardless of the underlying mechanisms, the stronger flexibility in 

foliar P than in foliar N stoichiometry suggests the importance of the P element in 

the arctic tundra vegetation, and together with many other studies, indicates a 

general trend across the world that may represent an evolutionary outcome 

owing to a strong selective pressure for P acquisition in natural environments 

(Ingestad 1974, Mulligan and Sands 1988, Chapin et al. 1990).  

Besides the larger range in P stoichiometry than in N stoichiometry for each 

species across the fertilization gradients, we also observed a larger inter-specific 

variance in P stoichiometry than in N stoichiometry under individual treatments. 

This observation is consistent with a tropical forest study (Ostertag 2010), and 

may indicate a higher inter-specific variation for luxury uptake of P than of N in 

response to possibly both temporally and spatially fluctuating soil nutrient pulses. 

In addition, the significantly positive effects of low-level N addition on foliar N 

concentrations in the evergreen shrubs but not in the deciduous shrubs may not 

necessarily indicate that deciduous shrubs were not responsive, but rather that 

leaf N storage capacity may differ between deciduous and evergreen species. 

Indeed, some deciduous tree species seem to store most of their N in stems and 

roots as a strategy to mitigate against intense herbivore defoliation, whereas 

closely related evergreen species store N in leaves (Piper and Fajardo 2014). 

Lastly, the significant positive effects in only the evergreen shrubs of high-level N 

addition on foliar P concentrations, and of high-level P addition on foliar N 

concentrations may indicate that these evergreen shrubs were able to 

concurrently regulate their N and P uptake when these nutrients were enhanced. 
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5.5.2 HN:P  was a superior indicator of tundra plant species’ 

homeostatic regulation capacities compared to HP and HN 

Our comprehensive approach comparing soil nutrient availability data collection 

methods and characterising internal nutrient concentrations of plants of different 

phenological stages through the growing season, clearly demonstrated that HN:P 

was a superior indicator over HP and HN for indicating tundra species’ 

homeostatic regulation capacities. The relative flexibility in foliar P stoichiometry 

versus N stoichiometry in response to fertilizations and across the summertime 

phenological stages as discussed above provides additional support that H 

values based on either single element are more vulnerable to both external and 

internal changes in nutrient conditions (Hessen et al. 2013, Jeyasingh et al. 

2017), whereas H values based on the combination of the two elements were 

more consistent. Furthermore, the similarity between HN:P values, but not HN or 

HP values, derived from different soil nutrient availability measurement methods 

and from two independent studies (Chapter 2 and this particular chapter), also 

indicate that comparisons of N:P ratio-based H values may be reliably conducted 

among independent studies. This conclusion is supported by comparing our 

tundra species with the temperate grassland species for which the respective soil 

nutrient conditions differ substantially. We found that the range of HN:P values 

were similar between the species in the two ecosystems (3.3-8.4 for our tundra 

species and 2.6-9.6 for the grassland species (Yu et al. 2010, Dijkstra et al. 2012, 

Yu et al. 2015)); whereas HN values (6.7-30.3 for our tundra species and 3.5-9.8 
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for the grassland species (Yu et al. 2010, Yu et al. 2015)) and, to a lesser degree, 

HP values (2.5-5.5 for our tundra species and 2.6-9.6 for the grassland species 

(Yu et al. 2010, Yu et al. 2015)) were more different between these species. 

Additional data from other ecosystems are needed to determine if this is a 

general trend.  

Our results highlighted the importance of homeostatic regulation shifts from 

single nutrient-based models to more complex, multiple nutrient-based models. 

Indeed, evidence of simultaneous limitation of N and P in plant growth has been 

increasing across the Arctic tundra (Soudzilovskaia et al. 2005, Weintraub 2011, 

Zamin et al. 2014). As a result, stoichiometric homeostasis based on the 

combination of N and P as opposed to single elements reflects the fundamental 

interconnectedness between N and P resources in determining plant growth rates 

(Jeyasingh et al. 2017). Both N and P coexist in all the important growth-related 

components of plant cells, such as nucleic acids and adenosine triphosphate 

(ATP) (Sterner and Elser 2002). Therefore, the physiological functioning of N and 

P and the biomass N:P ratios within plants are regulated through complex 

physiological processes that allow plants to maintain physiological functioning in 

a changing environment (Jeyasingh et al. 2017). For example, it has been shown 

that the relative availabilities of soil NO3-N and PO4-P concurrently and 

dynamically regulate the arbuscular mycorrhizal (AM) symbiosis, in which 

starvation for nitrate can counteract the inhibitory effect of excess phosphate on 

AM colonisation (Nouri et al. 2014).  

Our current study combined with our preliminary study (Chapter 2) together 

clearly show that the HN indicator based on single nitrogen forms (i.e. NH4-N, 



 

	

151	

NO3-N or total dissolved nitrogen (TDN)) was not a robust indicator to represent 

species’ capacity in regulating N homeostasis, contrary to what were found from 

the temperate grassland ecosystems (Yu et al. 2010, Yu et al. 2015). This 

disparity may be because nitrogen availability is more severely growth-limiting in 

tundra soils compared to the temperate soils. Indeed, soil nitrogen that is 

available to tundra vegetation is dominated by organic N (amino acids of varying 

complexity), whereas inorganic N forms are also available yet much less 

abundant. Consequently, individual tundra plant species have evolved to display 

preference for different chemical forms of N so as to relax competition for this 

extremely limiting resource in the arctic environment (McKane et al. 2002). By 

contrast, although coexisting temperate grassland species can also 

simultaneously take up inorganic N and amino acids, and species from the more 

low-productivity grassland where amino acids dominate the soluble N pool may 

take up more organic N compared to those from the high-productivity grasslands 

(Streeter et al. 2000, Bardgett et al. 2003), they all preferentially take up inorganic 

N over organic N (Harrison et al. 2007). As a result, for the tundra species, HN 

values based on any of the individual chemical N forms we measured would be 

an incomplete indicator to represent their N homeostatic regulation capacity, 

even though the rankings of HN values based on individual soil N chemical forms 

were generally consistent among species (Chapter 2). Whether, and to what 

extent, predictions based on H values that include a combination of the entire 

suite of bio-available soil N forms would be more effective needs to be examined.  
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5.5.3 The application of H values in predicting ecosystem functioning 

in response to environmental change 

The observations that tundra species with higher HN:P values were more 

dominant, more temporally stable, and less responsive to environmental 

disturbances, strongly suggest that differing levels of homeostasis capacity 

among species may be important indicators in understanding and predicting 

overall ecosystem functioning. Our observations that species with higher HN:P 

values also had higher long-term temporal stabilities and lower response ratios 

under experimental treatment conditions in which the altered soil N:P ratios were 

due to a more substantial change in soil P rather than soil N availabilities, 

indicating that high homeostasis of plant N:P allows tight coupling and negative 

feedbacks between plant and external recourse stoichiometry, facilitating the 

inherent resilience of plants to P fluctuations.  

The lack of the predictive power of HN:P values for spatial stability at both the 

species and the community levels, on the other hand, may reflect the fact that 

tundra species distributions are highly variable at micro- and mesoscales 

(Chapter 4). Geomorphological processes, such as frost churning and gradual 

mass wasting, and freeze and thaw cycle processes, may be more important 

determinants than soil nutrient conditions of species’ fine-scale spatial 

distributions (le Roux et al. 2013).  

The positive correlations between species HN:P values and species dominance 

and temporal stability were weakened by the inclusion of A. polifolia, which is a 

small-statured subdominant evergreen shrub. It had a similar aboveground 
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biomass with the other higher-stature subdominant deciduous shrub V. 

uliginosum (~2.4-4.5 g/m
2
) in the ambient communities (Chapter 4), despite its 

higher HN:P value than V. uliginosum (5.4 versus 3.3). The inherent disadvantage 

in competition for light due to its low stature (Pajunen et al. 2011), may at least in 

part explain the weakened correlation between nutrient homeostatic regulation 

capacity and species’ success for A. polifolia.  

 

5.5.4 Conclusion 

In conclusion, the potential application of the ecological stoichiometry conceptual 

framework and the H model in Arctic tundra ecosystems is of both theoretical 

interest and practical relevance. Expanding this conceptual framework into Arctic 

tundra broadens its general validity and provides foundational insights to direct 

future research. We observed a larger P versus N stoichiometric response to 

enhanced soil fertility, contributing to the increasing evidence of the significance 

of P availability in shaping species fitness-related traits in autotrophs. We also 

clearly demonstrate that HN:P is a superior indicator of tundra plant species’ 

homeostatic regulation capacities compared to HP and HN, highlighting the 

importance of homeostatic regulation shifts from single nutrient-based models to 

more complex, multiple nutrient-based models. The cycling of C, N, and P in the 

Arctic is currently undergoing major changes due to climate warming and other 

environmental changes, and therefore conceptually integrating the intimate 

connections among these elements through the lens of stoichiometric theory will 
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substantially enhance our ability to understand and predict tundra ecosystem 

responses to environmental changes.   
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Table 5.1 Plant species HN, HP, and HN:P values and associated statistical 

parameters as determined using the soil nutrient flux (IEM) data. Linear equation 

is: Y = aX+b, where X is natural log transformed soil N or P flux data or N:P flux 

ratio data, and Y is natural log transformed plant N or P concentrations or N:P 

ratio data. HN:P values are shown in bold as they were the most robust (see 

Results) and therefore used in all species and community comparisons. 

 Indicator Value 95% CI F P r2
 

B. glandulosa HN 6.7 (5.9, 8.2) F1, 40 = 220.2 < 0.01 0.85 

 HP 2.5 (2.2, 2.7) F1, 44 = 225.0 < 0.01 0.84 

 HN:P 3.4 (2.9, 4.4) F1, 36 = 105.0 < 0.01 0.74 

       

V. uliginosum HN 16.7 (12.9, 33.1) F1, 28 = 31.1 < 0.01 0.53 

 HP 2.5 (2.3, 2.9) F1, 36 = 231.1 < 0.01 0.87 

 HN:P 3.3 (2.6, 4.2) F1, 28 = 80.9 < 0.01 0.74 

       

R. subarcticum HN 13.1 (10.9, 17.2) F1, 40 = 103.1 < 0.01 0.72 

 HP 5.5 (5.0, 6.2) F1, 46 = 306.9 < 0.01 0.87 

 HN:P 8.4 (7.2, 10.6) F1, 38 = 107.3 < 0.01 0.74 

       

V. vitis-idaea HN 10.2 (8.2, 21.7) F1, 36 = 43.6 < 0.01 0.55 

 HP 4.4 (4.0, 5.0) F1, 34 = 197.4 < 0.01 0.85 

 HN:P 6.7 (5.7, 8.7) F1, 29 = 81.8 < 0.01 0.74 

       

A. polifolia HN 9.8 (8.0, 12.4) F1, 24 = 45.0 < 0.01 0.65 

 HP 3.9 (3.0, 6.1) F1, 31 = 63.7 < 0.01 0.67 

 HN:P 5.4 (4.3, 7.6) F1, 23 = 73.0 < 0.01 0.76 

       

R. chamaemorus HN 30.3 (20.9, 66.0) F1, 36 = 25.5 < 0.01 0.41 

 HP 2.6 (2.3, 3.3) F1, 43 = 206.5 < 0.01 0.83 

 HN:P 4.3 (3.5, 5.9) F1, 35 = 54.9 < 0.01 0.61 

       

E. vaginatum HN 24.1 (18.4, 33.5) F1, 38 = 66.4 < 0.01 0.64 

 HP 4.9 (4.2, 6.3) F1, 47 = 124.7 < 0.01 0.73 

 HN:P 6.9 (5.7, 9.0) F1, 37 = 70.1 < 0.01 0.65 

Notes: (1) The calculation of H values used 30-40 data points (four treatments 

(control, low-level N addition, high-level N addition, and high-level P addition) with 

7-10 replicates for each). (2) We used the bootstrap approach (a seed of one was 

set for this approach) to quantify the 95% confidence intervals (95% CI) for the H 

values, since this approach can provide more accurate inferences when the 

sample size is small (Fox 2015).  
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Table 5.2 Plant species HN, HP, and HN:P values and associated statistical 

parameters as determined using the soil nutrient extractable pool data. Linear 

equation is: Y = aX+b, where X is natural log transformed soil N or P pool data or 

N:P pool ratio data, and Y is natural log transformed plant N or P concentrations 

or N:P ratio data. HN:P values are shown in bold as they were the most robust 

(see Results) and therefore used in all species and community comparisons. N.S. 

Regression is not statistically significant. 

 Indicator Value 95% CI F P r2
 

B. glandulosa HN 5.1 (4.7, 6.3) F1, 43 = 216.3  < 0.01 0.83 

 HP 2.4 (2.1, 2.7) F1, 35 = 167.8  < 0.01 0.83 

 HN:P 2.9 (2.6, 3.3) F1, 31 = 235.2  < 0.01 0.88 

       

V. uliginosum HN N.S.     

 HP 2.3 (2.1, 2.7) F1, 26 = 227.2  < 0.01 0.90 

 HN:P 2.7 (2.3, 3.1) F1, 23 = 145.2  < 0.01 0.86 

       

R. subarcticum HN 9.8 (8.1, 12.6) F1, 43 = 81.2  < 0.01 0.65 

 HP 5.5 (4.9, 6.4) F1, 38 = 265.4  < 0.01 0.87 

 HN:P 6.9 (6.2, 7.7) F1, 34 = 275.9  < 0.01 0.89 

       

V. vitis-idaea HN 7.1 (5.8, 12.5) F1, 38 = 52.8  < 0.01 0.58 

 HP 5.1 (4.6, 6.3) F1, 27 = 101.5  < 0.01 0.79 

 HN:P 5.8 (4.7, 7.1) F1, 24 = 67.7  < 0.01 0.74 

       

A. polifolia HN 6.4 (5.8, 7.7) F1, 28 = 56.5  < 0.01 0.67 

 HP 3.1 (2.6, 4.7) F1, 24 = 107.6  < 0.01 0.82 

 HN:P 3.8 (3.0, 4.8) F1, 21 = 94.5  < 0.01 0.82 

       

R. chamaemorus HN 23.6 (15.8, 51.4) F1, 39 = 27.2  < 0.01 0.41 

 HP 2.6 (2.3, 2.9) F1, 35 = 214.9  < 0.01 0.86 

 HN:P 3.4 (2.9, 4.4) F1, 31 = 154.1  < 0.01 0.83 

       

E. vaginatum HN 19.7 (13.4, 24.7) F1, 42 = 62.9  < 0.01 0.60 

 HP 4.5 (3.9, 5.3) F1, 38 = 173.1  < 0.01 0.82 

 HN:P 5.7 (5.0, 7.0) F1, 33 = 146.7  < 0.01 0.82 

Notes: (1) The calculation of H values used 30-40 data points (four treatments 

(control, low-level N addition, high-level N addition, and high-level P addition) with 

7-10 replicates for each). (2) We used the bootstrap approach (a seed of one was 

set for this approach) to quantify the 95% confidence intervals (95% CI) for the H 

values, since this approach can provide more accurate inferences when the 

sample size is small (Fox 2015).
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Figure 5.1 Changes in foliar (a) N concentration, (b) P concentration, and (c) N:P ratios of the seven principal vascular 
plant species in mesic birch hummock tundra as a result of repeated annual fertilization with either 12-year low-level N 
(LN) addition, 4-year low-level P (LP) addition, 12-year high-level N (HN) addition, or 12-year high-level P (HP) addition. 
Values are presented as response ratios (natural log of foliar nutrient concentrations or ratios in treatment plots divided by 
corresponding values in control plots). Error bars are standard deviations and in some cases are too small to be visible in 
these graphs (n = 10). Note the very different scales for the response ratio axes. Original data and statistics are reported 
in Table 3.1 in Chapter 3.  
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Figure 5.2 Changes in foliar (a) N concentration, (b) P concentration, and (c) N:P ratio among three summer sampling 
dates for the seven principal vascular plant species growing under ambient conditions (i.e. control plots) in mesic birch 
hummock tundra. Sample size is five for the early July and August samplings, and is 10 for the mid-July sampling. 
Different labels (a, b, and c) indicate statistically significant differences among the sequential samplings at level of a = 
0.05. 
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Figure 5.3 Relationships between species’ HN:P values and natural log of their aboveground dominance (i.e. proportional 
biomass) over 12 years for (a) control (n = 15), (b) greenhouse warming (n = 10), (c) LN addition (n = 5), (d) HN addition 
(n = 5), (e) HP addition (n = 5), (f) HNHP addition (n = 5), and (g) snowfence (n = 5) treatments. Note that the 20 replicate 
plots for control refers to all the control plots for the three different experimental manipulation settings (i.e. 10 replicate 
control plots for the greenhouse warming, five for the fertilizations, and five for the snowfence). See Table D.3 in Appendix 
D for statistics.
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Figure 5.4 Relationships between species’ HN:P values and natural log of their temporal stabilities over 12 years for (a) 
control (n = 15), (b) greenhouse warming (n = 10), (c) LN addition (n = 5), (d) HN addition (n = 5), (e) HP addition (n = 5), 
(f) HNHP addition (n = 5), and (g) snowfence (n = 5) treatments. Regression lines are only presented for correlations that 
are statistically significant. Note that the 20 replicate plots for control refers to all the control plots for the three different 
experimental manipulation settings (i.e. 10 replicate control plots for the greenhouse warming, five for the fertilizations, 
and five for the snowfence). See Table D.3 in Appendix D for statistics.
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Figure 5.5 Relationships between community aboveground biomass (natural log 
scale) and community HN:P values across three sampling years (2005, 2011, and 
2017) in the (a) control, (b) low-level N addition, (c) high-level P addition, and (d) 
snowfence treatments. Solid lines are regressions based on data across the 
three sampling years (with statistics presented), whereas dashed lines are 
regressions based on data for individual sampling years. Note that the dashed 
regression line for 2005 in the high-level P addition treatment is hidden behind 
the solid regression line and therefore is not seen. 
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Chapter 6 

General discussion 

6.1 Summary and implications 

This thesis clearly demonstrated the strong predictive power of stoichiometric 

homeostasis, especially the homeostatic regulation that incorporated both N and 

P (as a ratio), in understanding species and community structure and functioning 

(e.g. responses to environmental change) in a typical low Arctic tundra 

ecosystem. As outlined towards the end of the main thesis Introduction (Section 

1.2 in Chapter 1), I addressed four main research questions in the studies 

reported in Chapters 2 through 5. Here, I put the main results from those studies 

into broader contexts to answer those four overarching questions. 

 

6.1.1 Question 1: Can the H model be successfully applied to the 

principal low Arctic tundra vascular species? 

Prior to this thesis study, the application of the H model to the Arctic tundra plant 

species had not been tested, although its applicability had been verified on 

herbaceous plant species from temperate grassland ecosystems (Yu et al. 2010, 

Dijkstra et al. 2012, Yu et al. 2015). The preliminary test of its applicability across 

a variety of Arctic plant growth forms - deciduous shrubs, evergreen shrubs, and 

herbaceous species (as presented in Chapter 2) addressed this ES knowledge 

gap. 
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First, compared with the null linear model, the H model was more effective in 

describing the relationships between tundra plant nutrient concentrations and soil 

nutrient pools, both at the tissue-specific level and the whole shoot level. 

Accordingly, these data strongly suggest that tundra plants are able to regulate 

their internal N and P contents rather than passively mirror external resource 

supply from the environment as hypothesized by the original  “you are what you 

root in” assumption (Elser et al. 2010). 

Second, the rankings of the three HN indices (H(NH4-N), H(NO3-N), and H(TDN)) were 

consistent among plant species. Therefore, HN obtained from a particular 

inorganic N chemical form is a reasonable index of the relative strength of N 

homoeostasis when comparing among species at a particular site, despite the 

fact that coexisting tundra plant species may differ in their relative uptake of 

different soil N chemical forms to minimize competition (McKane et al. 2002). 

However, this preliminary conclusion was not supported in my follow-up study in 

Chapter 5 because the H(NH4-N) values of the two independent datasets were not 

statistically correlated. Based on these contrasting results, I suggest that a more 

rigorous perspective is required in interpreting the HN indicator for tundra plant 

species: quantification of HN based on a single nitrogen form for a tundra plant 

species “strictly applies only to that life stage of that species (or even genotype) 

and that resource and under those conditions” (Hessen et al. 2013).  

 

6.1.2 Question 2: Which of the two soil nutrient data collection 

methods - the IEM incubation nutrient flux method or the soil sample 
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direct extraction method – will produce the more biologically 

meaningful data for quantifying H values? 

Prior to this work, soil nutrient availability measurements for calculating plants’ H 

values were based on either soil extractable nutrient pools determined by the soil 

sample direct extraction method (Yu et al. 2010, Yu et al. 2015), or on soil 

exchangeable nutrient fluxes measured by the ion exchange method (Dijkstra et 

al. 2012). However, no study had compared these two methods in measuring soil 

nutrient availabilities for tundra soils, and therefore, the relative reliability of the H 

values derived from these two distinct methods remained unknown. The first 

investigation of this comparison was represented in Chapter 3, and provided 

empirical data for quantifying the H values in the next step.  

First, I found that nutrient accumulations on the IEMs across levels of fertilization 

treatments were closely correlated to the nutrient pools obtained by the soil 

sample extraction, and the data from both methods closely matched 

corresponding variation in plant species’ nutrient concentrations. However, these 

correlations became weaker and more inconsistent when using the lower fertility 

range data only (i.e. data from the control and low-level N or P fertilization 

treatments only). Furthermore, the IEM method was able to capture significant 

effects of both the low-level N and the low-level P fertilization treatments on plant 

foliar nutrient concentrations, whereas the soil extraction method was not. 

Therefore, the IEM method was more sensitive than the extraction method in 

detecting small yet biologically meaningful differences in soil N and P availability.  
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Second, I found that plant biomass responses in the greenhouse warming and 

the snowfence plots corresponded well with soil nutrient status indicated by the 

IEM flux data. Specifically, I found increased plant community biomass in the 

greenhouse warming plots compared to the control plots, indicating greenhouse-

enhanced soil nutrient availabilities, which was confirmed by increases in the IEM 

fluxes (at least for P) in these plots. By contrast, I did not find snowfence effects 

on either plant community biomass or on the soil nutrient IEM fluxes. Together, 

these observations strongly suggest that the IEM method provided reliable 

insights on treatment effects on soil nutrient status that were biologically 

meaningful in predicting plant community responses. 

In summary, based on all of these results, I conclude that the IEM method is a 

superior and more sensitive approach to measuring soil nutrient availability in 

tundra, and therefore should be the first choice for calculating H values. 

 

6.1.3 Question 3: What impacts have the various long-term 

experimental manipulations had on the principal low Arctic tundra 

vascular plant species? 

After figuring out the most sensitive and biologically meaningful method to 

determine soil nutrient availabilities, I also needed high quality plant biomass data 

to examine the predictive power of H values in informing plant species’ 

performances (i.e. dominance, stability, and responsiveness to disturbances). 

The detailed quantification of the biomass data across multiple years under 

various experimental manipulations was presented in Chapter 4. 



 

	

166	

First, I found that plant species biomass responded to high-level N and high-level 

N and P combined additions, with deciduous shrubs and graminoids increasing 

and evergreen shrubs decreasing. Second, I found that although the summer 

greenhouse warming treatment had few effects on individual plant species, total 

vascular plant biomass was enhanced between 2011 and 2017. At the same 

time, although stable from 2005 - 2011, biomass of all vascular species in the 

control plots (i.e. ambient environment) increased from 2011 to 2017, and over 

that same period, late spring-early fall air temperatures were also warmer 

compared to the previous six years.  

Although there have been many reports of increased plant growth in other Arctic 

regions, this study is one of the first to provide plot-based evidence of recent 

plant biomass increases in the low Arctic’s continental interior. In addition to their 

own important scientific implications of Arctic warming and vegetation greening, 

these species- and community-level biomass data were also used to quantify key 

plant parameters required for relating to the H values.  

 

6.1.4 Question 4: Can the H model be used as a robust tool to predict 

tundra vegetation responses to environmental change?  

Because of some important limitations in my preliminary study as outlined in 

Chapter 2, I wanted to conduct a follow-up study to obtain more robust soil and 

plant nutrient data for estimating the H values of the principal low arctic tundra 

vascular plant species, and to examine the possible relationships between H 

values and important ecological functions at the species- and community-levels. I 
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improved the accuracy for estimating soil nutrient availabilities by comparing two 

methods (i.e. ion exchange membrane (IEM) incubation versus soil sample direct 

extraction methods) (see Chapter 3; also section 6.1.2 for a brief summary). Then 

I quantified species-level biomass data across multiple years under various 

experimental manipulations in order to examine their relationships with the H 

values (Chapter 4; also section 6.1.3 for a brief summary). Based on the 

improved soil nutrient values and the plant data, I then modelled H values, with 

results presented in Chapter 5. 

In summary, I found that H values based on N:P ratios (HN:P) were a more robust 

homeostatic indicator than H values based on either single element (HN or HP), 

and that variation in plant P stoichiometry rather than N stoichiometry drove much 

of the differences in HN:P. I also found that tundra plant species with higher HN:P 

values were more dominant within the community aboveground biomass, were 

more temporally stable, and were less responsive to the effects of environmental 

change on soil available P. Lastly, communities with higher HN:P values also had 

larger aboveground biomass.  

This follow-up study provides the first empirical examination of the significantly 

enhanced value of using both N and P for a more complete understanding of 

autotrophic homeostatic regulation (i.e. HN:P), and also the great potential of H 

values to predict tundra plant community structure and function in a rapidly 

changing environment. 

 

6.2 Future research directions 
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The results from this thesis suggest the following priorities for future research to 

better understand the application of the stoichiometric homeostatic model, and 

the ecological stoichiometry framework in general, in understanding plant 

community responses to a changing Arctic, and furthermore the potential value of 

using HN:P value than HN or HP in ES research elsewhere across the globe. 

 

6.2.1 Determine a representative HN indicator for tundra plant species 

This work clearly shows that the HN indicator based on single N forms, such as 

NH4-N, NO3-N, or TDN, is not representative of tundra species’ capacity in 

regulating their internal N homeostasis. This observation may reflect the fact that 

tundra species have evolved to take up a wide range of organic and inorganic N 

forms to meet their N demands in the N-poor Arctic soil environment. 

Consequently, the following scientific questions arise: (1) How can a more 

informative HN value be determined for individual tundra plant species that differ 

in their proportional take up of different chemical forms of N? And (2) To what 

extent would predictions of tundra plant species performances enhanced if using 

the more informative HN values?  

 

6.2.2 Explore H values for other elements 

This work contributes to our understanding of N and P homeostatic regulations 

for terrestrial vascular plant species in the low Arctic tundra context. However, 

homeostatic regulation of other essential elements that play an important role in 

ecosystem functioning are much less studied. For example, Boron is a 
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micronutrient that plays a diversity of roles in regulating plants’ physiological 

processes (e.g. keeping cell wall structure and maintaining membrane function) 

(Bolaños et al. 2004), whereas potassium is a macronutrient that regulate plant 

growth, tolerance to biotic and abiotic stress and movement of plant organs 

(Ahmad and Maathuis 2014). Since all the ~20 required elements concurrently 

determine species assemblages to some degree, investigating other elemental 

homeostatic regulations, their correlations with N and P, and their ecological 

relevance will greatly advance our understanding of ecosystem functioning and 

structure at a more integral level.  

 

6.3 Conclusions 

This thesis study provides the first empirical data for evaluating and improving the 

stoichiometric homeostasis model for understanding and predicting the structure 

and functioning of a low Arctic tundra ecosystem. This research clearly indicates 

that the ion exchange membrane method is superior than the direct extraction 

method for providing biologically meaningful soil available nutrient data for 

modeling the homeostatic H values. Second, the results demonstrate that 

species’ H indicators based on N:P ratios (HN:P) are a more robust homeostatic 

indicator than H indicators based on either single element (HN or HP). Third, for 

the application aspect, tundra plant species with higher HN:P values are more 

dominant, more temporally stable, and less responsive to the soil available P-

mediated effects of long-term environmental change. Furthermore, communities 

with higher HN:P values have also higher aboveground biomass. Overall, this 
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thesis study validate and therefore and expand the application of the 

stoichiometric approach beyond temperate grassland ecosystems where it was 

originally first tested, and therefore provide the basis to improve our ability to 

understand and predict plant community changes in low Arctic tundra 

ecosystems.
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Appendix A 

Supplementary material for Chapter 2 

This supplement contains the following: 

Table A.1 H values and associated r2 and P values of mature current year’s 

leaves for the seven vascular species in the mesic birch hummock tundra. 

Table A.2 H values and associated r2 and P values of whole shoots for the seven 

vascular species in the mesic birch hummock tundra. 

Table A.3 H values and associated r2 and P values of new growth stems for the 

five woody species in the mesic birch hummock tundra. 

Table A.4 H values and associated r2 and P values of old growth leaves for the 

three evergreens and sheaths for the graminoid in the mesic birch hummock 

tundra. 

Table A.5 H values and associated r2 and P values of old growth stems for the 

five woody species in the mesic birch hummock tundra. 

Table A.6 Relationships between plant N concentration, P concentration and N:P 

ratio and soil available N concentrations, PO4-P concentration, and N:P ratios 

using both the linear regression model and the H model for the seven vascular 

species on separate organs.  

Figure A.1 Maps of the mesic birch hummock tundra vegetation-type and the 

overview of the research valley landscape used in this thesis study.    
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Figure A.2 Maps of layout of the plots across the research valley and the location 

of Daring Lake in relation to the rest of Canada.   

Figure A.3 Comparisons of foliar P concentrations and foliar N concentrations of 

two species in the control plots.
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Table A.1 H values and associated r2 and P values of mature current year’s leaves for the seven vascular species in the 
mesic birch hummock tundra. Statistical significance of the correlations is indicated next to the associated r2 value by: P < 
0.05 *, and P < 0.01 **. N.S. indicates data not statistically significant. 
 H(NH4-N) H(TDN) H(NO3-N) H(PO4-P) H(NH4-N / PO4-P) H(TDN/ PO4-P) H(NO3-N/ PO4-P) 
 Value r2 Value r2 Value r2 Value r2 Value r2 Value r2 Value r2 
B. glandulosa 4.9 0.90** 2.7 0.94** 6.5 0.88** 1.6 0.94** 2.7 0.69** 2.3 0.80** 3.4 0.62** 
V. uliginosum 10.4 0.75** 5.6 0.83** 12.2 0.87** 1.6 0.91** 3.1 0.54** 2.3 0.77** 3.8 0.54** 
R. subarcticum 10.0 0.76** 5.4 0.83** 12.4 0.75** 2.9 0.93** 7.0 0.56** 5.4 0.75** 8.8 0.54** 
V. vitis-idaea 8.9 0.69** 4.8 0.77** 11.6 0.61** 2.5 0.96** 5.4 0.52** 4.1 0.72** 7.0 0.46** 
A. polifolia 12.4 0.55** 7.1 0.54** 16.5 0.43* 2.3 0.95** 4.0 0.66** 3.1 0.83** 5.1 0.63** 
R. chamaemorus N.S. 0.17 N.S. 0.23 N.S. 0.19 2.0 0.95** 4.6 0.46** 3.4 0.69** 6.0 0.42* 
E. vaginatum 12.6 0.58** 7.1 0.59** 14.7 0.62** 3.0 0.80** 4.3 0.59** 3.5 0.71** 5.4 0.57** 

Note: Data points (n) used for the calculation of H: n = 15 (three levels of N addition treatments with five replicates for 
each level) for H(NH4-N) and H(TDN); n = 11 (three levels of N addition treatments with five replicates for each level, four 
samples were under detection limit for NO3-N concentration) for H(NO3-N); n = 10 (two levels of P addition treatments with 
five replicates for each level) for H(PO4-P); n = 20 (three levels of N addition treatments plus the high P addition treatment 
with five replicates for each treatment) for H(NH4-N / PO4-P) and H(TDN/ PO4-P); and n = 14 (three levels of N addition treatments 
plus the high P addition treatment with five replicates for each treatment, six samples were under NO3-N detection limit) for 
H(NO3-N/ PO4-P).  
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Table A.2 H values and associated r2 and P values of whole shoots for the seven vascular species in the mesic birch 
hummock tundra. Statistical significance of the correlations is indicated next to the associated r2 value by: P < 0.05 *, and 
P < 0.01 **. N.S. indicates data not statistically significant. 
 H(NH4-N) H(TDN) H(NO3-N) H(PO4-P) H(NH4-N / PO4-P) H(TDN/ PO4-P) H(NO3-N/ PO4-P) 
 Value r2 Value r2 Value r2 Value r2 Value r2 Value r2 Value r2 
B. glandulosa 6.3 0.83** 3.4 0.94** 7.8 0.83** 2.0 0.93** 4.0 0.67** 3.2 0.81** 5.1 0.60** 
V. uliginosum 13.2 0.62** 7.5 0.66** 14.8 0.83** 2.6 0.69** 4.7 0.56** 3.7 0.69** 5.6 0.55** 
R. subarcticum 9.7 0.75** 5.6** 0.71** 12.9 0.65** 2.9 0.91** 7.7 0.63 6.1 0.78** 9.7 0.60** 
V. vitis-idaea 7.1 0.81** 3.8 0.89** 8.9 0.79** 2.5 0.98** 4.6 0.65** 3.7 0.81** 5.7 0.61** 
A. polifolia 9.1 0.61** 5.1 0.64** 13.1 0.50** 2.3 0.95** 3.8 0.71** 3.1 0.85** 4.8 0.68** 
R. chamaemorus N.S. 0.17 N.S. 0.23 N.S. 0.19 2.0 0.95** 4.6 0.46** 3.4 0.69** 6.0 0.42* 
E. vaginatum 9.1 0.79** 5.2 0.79** 11.5 0.75** 3.0 0.85** 4.2 0.64** 3.4 0.73** 5.3 0.58** 

Note: Data points (n) used for the calculation of H: n = 15 for H(NH4-N) and H(TDN); n = 11 for H(NO3-N); n = 10 for H(PO4-P); n = 
20 for H(NH4-N / PO4-P) and H(TDN/ PO4-P); and n = 14 for H(NO3-N/ PO4-P).   
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Table A.3 H values and associated r2 and P values of new growth stems for the five woody species in the mesic birch 
hummock tundra. Statistical significance of the correlations is indicated next to the associated r2 value by: P < 0.05 *, and 
P < 0.01 **. N.A. indicates data not available. 
 H(NH4-N) H(TDN) H(NO3-N) H(PO4-P) H(NH4-N / PO4-P) H(TDN/ PO4-P) H(NO3-N/ PO4-P) 
 Value r2 Value r2 Value r2 Value r2 Value r2 Value r2 Value r2 
B. glandulosa 8.6 0.73** 4.5 0.83** 9.2 0.83** 2.7 0.98** 5.6 0.61** 4.4 0.79** 6.5 0.60** 
V. uliginosum 17.8 0.78** 10.2 0.76** 22.9 0.74** 4.7 0.80** 7.8 0.65** 6.5 0.75** 9.2 0.66** 
R. subarcticum 11.9 0.65** 6.6 0.67** 14.4 0.67** 3.8 0.90** 10.5 0.46** 8.5 0.56** 13.5 0.39* 
V. vitis-idaea 8.4 0.67** 4.6 0.73** 10.4 0.73** 3.8 0.96** 5.3 0.68** 4.5 0.76** 6.2 0.65** 
A. polifolia 13.8 0.69** 7.8 0.68** 19.0 0.62* N.A.  N.A.  N.A.  N.A.  

Note: Data points (n) used for the calculation of H: n = 15 for H(NH4-N) and H(TDN); n = 11 for H(NO3-N); n = 10 for H(PO4-P); n = 
20 for H(NH4-N / PO4-P) and H(TDN/ PO4-P); and n = 14 for H(NO3-N/ PO4-P).  
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Table A.4 H values and associated r2 and P values of old growth leaves for the three evergreens and sheaths for the 
graminoid in the mesic birch hummock tundra. Statistical significance of the correlations is indicated next to the associated 
r2 value by: P < 0.05 *, and P < 0.01 **.  
 H(NH4-N) H(TDN) H(NO3-N) H(PO4-P) H(NH4-N / PO4-P) H(TDN/ PO4-P) H(NO3-N/ PO4-P) 
 Value r2 Value r2 Value r2 Value r2 Value r2 Value r2 Value r2 
R. subarcticum 7.4 0.85** 4.2 0.86** 9.4 0.80** 2.4 0.94** 5.8 0.66** 4.8 0.78** 7.6 0.62** 
V. vitis-idaea 6.5 0.73** 3.6 0.77** 8.7 0.61** 2.0 0.98** 3.9 0.60** 3.1 0.77** 5.0 0.50** 
A. polifolia 9.5 0.69** 5.4 0.69** 12.3 0.60** 1.7 0.96** 3.1 0.64** 2.4 0.83** 3.9 0.61** 
E. vaginatum 6.4 0.77** 3.5 0.82** 8.4 0.73** 3.3 0.72** 3.9 0.61** 3.4 0.66** 5.1 0.56** 

Note: Data points (n) used for the calculation of H: n = 15 for H(NH4-N) and H(TDN); n = 11 for H(NO3-N); n = 10 for H(PO4-P); n = 
20 for H(NH4-N / PO4-P) and H(TDN/ PO4-P); and n = 14 for H(NO3-N/ PO4-P).   
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Table A.5 H values and associated r2 and P values of old growth stems for the five woody species in the mesic birch 
hummock tundra. Statistical significance of the correlations is indicated next to the associated r2 value by: P < 0.05 *, and 
P < 0.01 **.  
 H(NH4-N) H(TDN) H(NO3-N) H(PO4-P) H(NH4-N / PO4-P) H(TDN/ PO4-P) H(NO3-N/ PO4-P) 
 Value r2 Value r2 Value r2 Value r2 Value r2 Value r2 Value r2 
B. glandulosa 7.3 0.88** 3.9 0.91** 8.9 0.85** 3.3 0.93** 6.3 0.72** 5.2 0.85** 7.8 0.64** 
V. uliginosum 11.3 0.84** 6.2 0.89** 13.8 0.88** 7.7 0.88** 8.0 0.75** 7.4 0.70** 9.7 0.70** 
R. subarcticum 10.0 0.84** 6.3 0.93** 13.0 0.79** 4.1 0.90** 9.2 0.61** 7.3 0.75** 11.0 0.60** 
V. vitis-idaea 7.7 0.71** 4.0 0.84** 9.3 0.76** 3.5 0.94** 5.8 0.66** 4.7 0.79** 7.0 0.63** 
A. polifolia 7.4 0.61** 3.9 0.69** 9.9 0.53* 3.2 0.95** 4.7 0.71** 3.9 0.79** 5.9 0.67** 

Note: Data points (n) used for the calculation of H: n = 15 for H(NH4-N) and H(TDN); n = 11 for H(NO3-N); n = 10 for H(PO4-P); n = 
20 for H(NH4-N / PO4-P) and H(TDN/ PO4-P); and n = 14 for H(NO3-N/ PO4-P).   



 

	

196	

 
Table A.6 Relationships between plant N concentration, P concentration and N:P ratio and soil available N concentrations 
(NH4-N, NO3-N, and TDN), PO4-P concentration, and N:P ratios using both the linear regression model (y = ax + b) and 
the H model (y = cx1/H) for the seven vascular species on separate tissues. 
  Simple linear model H model 
  r2 P r2 P 
B. glandulosa Current year's leaf N - soil NH4-N 0.38  0.015  0.90  <0.001 
 Current year's leaf N - soil NO3-N 0.59  0.006  0.88  <0.001 
 Current year's leaf N - soil TDN  0.90  <0.001 0.94  <0.001 
 Current year's leaf P - soil PO4-P 0.75  0.001  0.94  <0.001 
 New growth stem N - soil NH4-N 0.21  0.086  0.73  <0.001 
 New growth stem N - soil NO3-N 0.52  0.013  0.83  <0.001 
 New growth stem N - soil TDN  0.84  <0.001 0.83  <0.001 
 New growth stem P - soil PO4-P 0.86  <0.001 0.98  <0.001 
 Old growth stem N - soil NH4-N 0.22  0.077  0.88  <0.001 
 Old growth stem N - soil NO3-N 0.68  0.002  0.85  <0.001 
 Old growth stem N - soil TDN  0.82  <0.001 0.91  <0.001 
 Old growth stem P - soil PO4-P 0.80  0.001  0.93  <0.001 
 Whole shoot N - soil NH4-N 0.23  0.069  0.83  <0.001 
 Whole shoot N- soil TDN  0.88  <0.001 0.94  <0.001 
 Whole shoot P - soil PO4-P 0.72  0.002  0.93  <0.001 
 Whole shoot N - soil NO3-N 0.50  0.016  0.83  <0.001 
 Current year's leaf N/P - soil NH4-N/PO4-P 0.56  <0.001 0.69  <0.001 
 Current year's leaf N/P - soil NO3-N/PO4-P 0.62  0.001  0.62  0.001  
 Current year's leaf N/P - soil TDN/PO4-P 0.06  0.300  0.80  <0.001 
 New growth stem N/P - soil NH4-N/PO4-P 0.24  0.028  0.61  <0.001 
 New growth stem N/P - soil NO3-N/PO4-P 0.39  0.018  0.60  0.001  
 New growth stem N/P - soil TDN/PO4-P 0.08  0.227  0.79  <0.001 
 Old growth stem N/P - soil NH4-N/PO4-P 0.34  0.007  0.72  <0.001 
Table A.6 Continued on next page 
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Table A.6 Continued from previous page 
  Simple linear model H model 
  r2 P r2 P 
 Old growth stem N/P - soil NO3-N/PO4-P 0.47  0.007  0.64  0.001  
 Old growth stem N/P - soil TDN/PO4-P 0.10  0.177  0.85  <0.001 
 Whole shoot N/P - soil NH4-N/PO4-P 0.38  0.004  0.67  <0.001 
 Whole shoot N/P - soil TDN/PO4-P 0.08  0.221  0.81  <0.001 
 Whole shoot N/P - soil NO3-N/PO4-P 0.49  0.006  0.60  0.001  
V. uliginosum Current year's leaf N - soil NH4-N 0.30  0.036  0.75  <0.001 
 Current year's leaf N - soil NO3-N 0.48  0.018  0.87  <0.001 
 Current year's leaf N - soil TDN  0.78  <0.001 0.83  <0.001 
 Current year's leaf P - soil PO4-P 0.59  0.009  0.91  <0.001 
 New growth stem N - soil NH4-N 0.44  0.007  0.78  <0.001 
 New growth stem N - soil NO3-N 0.34  0.058  0.74  <0.001 
 New growth stem N - soil TDN  0.67  <0.001 0.76  <0.001 
 New growth stem P - soil PO4-P 0.40  0.051  0.80  <0.001 
 Old growth stem N - soil NH4-N 0.34  0.023  0.84  <0.001 
 Old growth stem N - soil NO3-N 0.54  0.010  0.88  <0.001 
 Old growth stem N - soil TDN  0.86  <0.001 0.89  <0.001 
 Old growth stem P - soil PO4-P 0.76  0.001  0.88  <0.001 
 Whole shoot N - soil NH4-N 0.28  0.045  0.62  <0.001 
 Whole shoot N- soil TDN  0.69  <0.001 0.66  <0.001 
 Whole shoot P - soil PO4-P 0.13  0.303  0.69  <0.001 
 Whole shoot N - soil NO3-N 0.47  0.020  0.83  <0.001 
 Current year's leaf N/P - soil NH4-N/PO4-P 0.18  0.060  0.54  <0.001 
 Current year's leaf N/P - soil NO3-N/PO4-P 0.45  0.009  0.54  <0.001 
 Current year's leaf N/P - soil TDN/PO4-P 0.16  0.082  0.77  <0.001 
 New growth stem N/P - soil NH4-N/PO4-P 0.30  0.012  0.65  <0.001 
 New growth stem N/P - soil NO3-N/PO4-P 0.56  0.002  0.66  <0.001 
 New growth stem N/P - soil TDN/PO4-P 0.09  0.210  0.75  <0.001 
Table A.6 Continued on next page 
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Table A.6 Continued from previous page 
  Simple linear model H model 
  r2 P r2 P 
 Old growth stem N/P - soil NH4-N/PO4-P 0.25  0.024  0.75  <0.001 
 Old growth stem N/P - soil NO3-N/PO4-P 0.43  0.010  0.70  <0.001 
 Old growth stem N/P - soil TDN/PO4-P 0.05  0.330  0.70  <0.001 
 Whole shoot N/P - soil NH4-N/PO4-P 0.19  0.054  0.56  <0.001 
 Whole shoot N/P - soil TDN/PO4-P 0.05  0.328  0.69  <0.001 
 Whole shoot N/P - soil NO3-N/PO4-P 0.38  0.020  0.55  <0.001 
R. subarcticum Current year's leaf N - soil NH4-N 0.25  0.059  0.76  <0.001 
 Current year's leaf N - soil NO3-N 0.36  0.051  0.75  0.001  
 Current year's leaf N - soil TDN  0.77  <0.001 0.83  <0.001 
 Current year's leaf P - soil PO4-P 0.81  <0.001 0.93  <0.001 
 Old growth leaf N - soil NH4-N 0.48  0.004  0.85  <0.001 
 Old growth leaf N - soil NO3-N 0.62  0.004  0.80  <0.001 
 Old growth leaf N - soil TDN  0.76  <0.001 0.86  <0.001 
 Old growth leaf P - soil PO4-P 0.75  0.001  0.94  <0.001 
 New growth stem N - soil NH4-N 0.40  0.012  0.65  <0.001 
 New growth stem N - soil NO3-N 0.75  0.001  0.67  0.002  
 New growth stem N - soil TDN  0.71  <0.001 0.67  <0.001 
 New growth stem P - soil PO4-P 0.81  <0.001 0.90  <0.001 
 Old growth stem N - soil NH4-N 0.24  0.064  0.84  <0.001 
 Old growth stem N - soil NO3-N 0.43  0.027  0.79  <0.001 
 Old growth stem N - soil TDN  0.83  <0.001 0.93  <0.001 
 Old growth stem P - soil PO4-P 0.85  <0.001 0.90  <0.001 
 Whole shoot N - soil NH4-N 0.48  0.004  0.75  <0.001 
 Whole shoot N - soil NO3-N 0.24  0.125  0.65  0.003  
 Whole shoot N - soil TDN  0.53  0.002  0.71  <0.001 
 Whole shoot P - soil PO4-P 0.93  <0.001 0.91  <0.001 
 Current year's leaf N/P - soil NH4-N/PO4-P 0.13  0.124  0.56  <0.001 
Table A.6 Continued on next page 
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Table A.6 Continued from previous page 
  Simple linear model H model 
  r2 P r2 P 
 Current year's leaf N/P - soil NO3-N/PO4-P 0.30  0.043  0.54  0.003  
 Current year's leaf N/P - soil TDN/PO4-P 0.05  0.371  0.75  <0.001 
 Old growth leaf N/P - soil NH4-N/PO4-P 0.33  0.008  0.66  <0.001 
 Old growth leaf N/P - soil NO3-N/PO4-P 0.61  0.001  0.62  0.001  
 Old growth leaf N/P - soil TDN/PO4-P 0.11  0.148  0.78  <0.001 
 New growth stem N/P - soil NH4-N/PO4-P 0.35  0.006  0.46  0.001  
 New growth stem N/P - soil NO3-N/PO4-P 0.66  <0.001 0.39  0.018  
 New growth stem N/P - soil TDN/PO4-P 0.05  0.365  0.56  <0.001 
 Old growth stem N/P - soil NH4-N/PO4-P 0.18  0.062  0.61  <0.001 
 Old growth stem N/P - soil NO3-N/PO4-P 0.38  0.018  0.60  0.001  
 Old growth stem N/P - soil TDN/PO4-P 0.06  0.304  0.75  <0.001 
 Whole shoot N/P - soil NH4-N/PO4-P 0.28  0.017  0.63  <0.001 
 Whole shoot N/P - soil NO3-N/PO4-P 0.46  0.008  0.60  0.001  
 Whole shoot N/P - soil TDN/PO4-P 0.08  0.222  0.78  <0.001 
V. vitis-idaea Current year's leaf N - soil NH4-N 0.13  0.182  0.69  <0.001 
 Current year's leaf N - soil NO3-N 0.12  0.299  0.61  0.005  
 Current year's leaf N - soil TDN  0.69  <0.001 0.77  <0.001 
 Current year's leaf P - soil PO4-P 0.79  0.001  0.96  <0.001 
 Old growth leaf N - soil NH4-N 0.25  0.055  0.73  <0.001 
 Old growth leaf N - soil NO3-N 0.14  0.255  0.61  0.005  
 Old growth leaf N - soil TDN  0.67  <0.001 0.77  <0.001 
 Old growth leaf P - soil PO4-P 0.94  <0.001 0.98  <0.001 
 New growth stem N - soil NH4-N 0.15  0.161  0.67  <0.001 
 New growth stem N - soil NO3-N 0.55  0.010  0.73  0.001  
 New growth stem N - soil TDN  0.80  <0.001 0.73  <0.001 
 New growth stem P - soil PO4-P 0.83  <0.001 0.96  <0.001 
Table A.6 Continued on next page 
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Table A.6 Continued from previous page  
  Simple linear model H model 
  r2 P r2 P 
 Old growth stem N - soil NH4-N 0.16  0.142  0.71  <0.001 
 Old growth stem N - soil NO3-N 0.35  0.054  0.76  0.001  
 Old growth stem N - soil TDN  0.82  <0.001 0.84  <0.001 
 Old growth stem P - soil PO4-P 0.84  <0.001 0.94  <0.001 
 Whole shoot N - soil NH4-N 0.25  0.057  0.81  <0.001 
 Whole shoot N - soil NO3-N 0.28  0.093  0.79  <0.001 
 Whole shoot N - soil TDN  0.85  <0.001 0.89  <0.001 
 Whole shoot P - soil PO4-P 0.92  <0.001 0.98  <0.001 
 Current year's leaf N/P - soil NH4-N/PO4-P 0.02  0.525  0.52  <0.001 
 Current year's leaf N/P - soil NO3-N/PO4-P 0.06  0.400  0.46  0.008  
 Current year's leaf N/P - soil TDN/PO4-P 0.04  0.400  0.72  <0.001 
 Old growth leaf N/P - soil NH4-N/PO4-P 0.24  0.027  0.60  <0.001 
 Old growth leaf N/P - soil NO3-N/PO4-P 0.34  0.028  0.50  0.005  
 Old growth leaf N/P - soil TDN/PO4-P 0.08  0.223  0.77  <0.001 
 New growth stem N/P - soil NH4-N/PO4-P 0.08  0.223  0.68  <0.001 
 New growth stem N/P - soil NO3-N/PO4-P 0.29  0.046  0.65  0.001  
 New growth stem N/P - soil TDN/PO4-P 0.06  0.279  0.76  <0.001 
 Old growth stem N/P - soil NH4-N/PO4-P 0.10  0.172  0.66  <0.001 
 Old growth stem N/P - soil NO3-N/PO4-P 0.25  0.066  0.63  0.001  
 Old growth stem N/P - soil TDN/PO4-P 0.06  0.316  0.79  <0.001 
 Whole shoot N/P - soil NH4-N/PO4-P 0.13  0.112  0.65  <0.001 
 Whole shoot N/P - soil NO3-N/PO4-P 0.28  0.050  0.61  0.001  
 Whole shoot N/P - soil TDN/PO4-P 0.07  0.270  0.81  <0.001 
A. polifolia Current year's leaf N - soil NH4-N 0.35  0.019  0.55  0.002  
 Current year's leaf N - soil NO3-N 0.25  0.115  0.43  0.027  
 Current year's leaf N - soil TDN  0.42  0.009  0.54  0.002  
 Current year's leaf P - soil PO4-P 0.73  0.002  0.95  <0.001 
Table A.6 Continued on next page 
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Table A.6 Continued from previous page 
  Simple linear model H model 
  r2 P r2 P 
 Old growth leaf N - soil NH4-N 0.30  0.036  0.69  <0.001 
 Old growth leaf N - soil NO3-N 0.31  0.074  0.60  0.005  
 Old growth leaf N - soil TDN  0.56  0.001  0.69  <0.001 
 Old growth leaf P - soil PO4-P 0.77  0.001  0.96  <0.001 
 New growth stem N - soil NH4-N 0.32  0.028  0.69  <0.001 
 New growth stem N - soil NO3-N 0.31  0.077  0.62  0.004  
 New growth stem N - soil TDN  0.60  0.001  0.68  <0.001 
 New growth stem P - soil PO4-P N.A.  N.A.  
 Old growth stem N - soil NH4-N 0.11  0.216  0.61  0.001  
 Old growth stem N - soil NO3-N 0.31  0.078  0.53  0.011  
 Old growth stem N - soil TDN  0.67  <0.001 0.69  <0.001 
 Old growth stem P - soil PO4-P 0.79  0.001  0.95  <0.001 
 Whole shoot N - soil NH4-N 0.22  0.076  0.61  0.001  
 Whole shoot N - soil NO3-N 0.30  0.081  0.50  0.015  
 Whole shoot N - soil TDN  0.59  0.001  0.64  <0.001 
 Whole shoot P - soil PO4-P 0.78  0.001  0.94  <0.001 
 Current year's leaf N/P - soil NH4-N/PO4-P 0.42  0.002  0.66  <0.001 
 Current year's leaf N/P - soil NO3-N/PO4-P 0.62  0.001  0.63  0.001  
 Current year's leaf N/P - soil TDN/PO4-P 0.12  0.127  0.83  <0.001 
 Old growth leaf N/P - soil NH4-N/PO4-P 0.24  0.030  0.64  <0.001 
 Old growth leaf N/P - soil NO3-N/PO4-P 0.43  0.011  0.61  0.001  
 Old growth leaf N/P - soil TDN/PO4-P 0.15  0.095  0.83  <0.001 
 New growth stem N/P - soil NH4-N/PO4-P N.A.  N.A.  
 New growth stem N/P - soil NO3-N/PO4-P N.A.  N.A.  
 New growth stem N/P - soil TDN/PO4-P N.A.  N.A.  
 Old growth stem N/P - soil NH4-N/PO4-P 0.11  0.147  0.71  <0.001 
Table A.6 Continued on next page 
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Table A.6 Continued from previous page 
  Simple linear model H model 
  r2 P r2 P 
 Old growth stem N/P - soil NO3-N/PO4-P 0.32  0.035  0.67  <0.001 
 Old growth stem N/P - soil TDN/PO4-P 0.07  0.256  0.79  <0.001 
 Whole shoot N/P - soil NH4-N/PO4-P 0.24  0.027  0.71  <0.001 
 Whole shoot N/P - soil NO3-N/PO4-P 0.48  0.006  0.68  <0.001 
 Whole shoot N/P - soil TDN/PO4-P 0.11  0.151  0.85  <0.001 
R. chamaemorus Shoot N - soil NH4-N 0.04  0.507  0.17  0.122  
 Shoot N - soil NO3-N 0.18  0.189  0.19  0.177  
 Shoot N - soil TDN  0.30  0.033  0.23  0.069  
 Shoot P - soil PO4-P 0.77  0.001  0.95  <0.001 
 Shoot N/P - soil NH4-N/PO4-P 0.18  0.063  0.46  0.001  
 Shoot N/P - soil NO3-N/PO4-P 0.34  0.029  0.42  0.012  
 Shoot N/P - soil TDN/PO4-P 0.04  0.431  0.69  <0.001 
E. vaginatum Leaf blade N - soil NH4-N 0.37  0.016  0.58  0.001  
 Leaf blade N - soil NO3-N 0.41  0.034  0.62  0.004  
 Leaf blade N - soil TDN  0.74  <0.001 0.59  0.001  
 Leaf blade P - soil PO4-P 0.72  0.002  0.80  0.001  
 Whole shoot N - soil NH4-N 0.43  0.008  0.79  <0.001 
 Whole shoot N - soil NO3-N 0.51  0.013  0.75  0.001  
 Whole shoot N - soil TDN  0.89  <0.001 0.79  <0.001 
 Whole shoot P - soil PO4-P 0.81  <0.001 0.85  <0.001 
 Leaf sheath N - soil NH4-N 0.28  0.043  0.77  <0.001 
 Leaf sheath N - soil NO3-N 0.59  0.006  0.73  0.001  
 Leaf sheath N - soil TDN  0.90  <0.001 0.82  <0.001 
 Leaf sheath P - soil PO4-P 0.56  0.013  0.72  0.002  
 Leaf blade N/P - soil NH4-N/PO4-P 0.42  0.002  0.59  <0.001 
 Leaf blade N/P - soil NO3-N/PO4-P 0.68  <0.001 0.57  0.002  
Table A.6 Continued on next page 
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Table A.6 Continued from previous page 
  Simple linear model H model 
  r2 P r2 P 
 Leaf blade N/P - soil TDN/PO4-P 0.05  0.354  0.71  <0.001 
 Leaf sheath N/P - soil NH4-N/PO4-P 0.27  0.018  0.61  <0.001 
 Leaf sheath N/P - soil NO3-N/PO4-P 0.53  0.003  0.56  0.002  
 Leaf sheath N/P - soil TDN/PO4-P 0.06  0.288  0.66  <0.001 
 Whole shoot N/P - soil NH4-N/PO4-P 0.44  0.001  0.64  <0.001 
 Whole shoot N/P - soil NO3-N/PO4-P 0.69  <0.001 0.58  0.001  
 Whole shoot N/P - soil TDN/PO4-P 0.06  0.302  0.73  <0.001 
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Figure A.1 Maps of (a) the mesic birch hummock tundra vegetation-type, and (b) 
the overview of the research valley landscape used in this thesis study.    

(a)

(b)
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Figure A.2 Maps of (a) layout of the plots across the research valley, and (b) the 
location of Daring Lake in relation to the rest of Canada.   
 

(a)

(b)
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Figure A.3 Comparisons of (a) foliar P concentrations and (b) foliar N concentrations of B. glandulosa and of R. 
subarcticum in the control plots in mid-summer (mean ± 1 SD, n = 5). 
 

B. glandulosa R. subarcticum B. glandulosa R. subarcticum

P = 0.008 P = 0.248
a

a
a

b

a b
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Appendix B 

Supplementary material for Chapter 3 

This supplement contains the following: 

Table B.1 Statistical analyses of differences in IEM NH4-N flux, PO4-P flux, and 

NH4-N:PO4-P flux ratio among the three serial incubations in each of the 

fertilization treatments. 

Table B.2 Statistical analyses of differences in soil water-extractable NH4-N pool, 

PO4-P pool, and NH4-N:PO4-P pool ratio among the three serial collections in 

each of the fertilization treatments. 

Figure B.1 Operation scheme for CEM and AEM exchange their counterions with 

ions in the surrounding environment. 

Figure B.2 Procedures for IEM preparation, incubation, retrieval, and elution. 

Figure B.3 IEM elution efficiency equations for NH4-N, NO3-N, and PO4-P. 

Figure B.4 Results of IEM methodological sensitivity test on NH4-N, NO3-N, and 

PO4-P.  

Figure B.5 Correlations between the IEM and direct water-extraction method 

determinations of mid-growing season, and of late-growing season, soil NH4-N 

and PO4-P availability in the various experimental fertilization treatment plots. 
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Table B.1 Statistical analyses of differences in IEM NH4-N flux, PO4-P flux, and NH4-N:PO4-P flux ratio (in control plots 

only), among the three serial incubations (R1, R2, and R3) in each of the fertilization treatments (LN, low-level N addition; 

LP, low-level P addition; HN, high-level N addition; HP, high-level P addition) (n = 4-10). Each incubation period was 14 

days, and soil element flux is expressed as µg/cm
2
/day. See main text for detailed IEM incubation dates and statistics. The 

arrows illustrate the directions of the effects, symbols following arrows indicate the significance levels: P > 0.1 no symbol, 

P £ 0.1 †, P £ 0.05 *, P £ 0.01 **. 
w
Wilcoxon rank-sum test. 

   R1 R2 R3 Average z 

(R2 vs.R1) 

z 

(R3 vs. R2) 

z 

(R3 vs. R1) 

NH4-N 

flux 

Control Mean  

(SD) 

0.126 

(0.177) 

0.073 

(0.104) 

0.058 

(0.064) 

0.109 

(0.122) 

-4.44 ¯**  -0.06  -4.19 ¯* * 

 

LN 

Mean  

(SD) 

0.328 

(0.418) 

0.318 

(0.450) 

0.374 

(0.527) 

0.340 

(0.458) 

-0.55 1.16 0.61 

t  1.81 † 2.67 * 3.01 ** 1.70     

 

LP 

Mean  

(SD) 

0.066 

(0.066) 

0.062 

(0.042) 

0.033 

(0.037) 

0.068 

(0.049) 

-0.87  -0.84  -1.88  

t -0.91 -0.81 -0.58 0.46    

 

HN 

Mean  

(SD) 

17.88 

(10.27) 

16.36  

(7.13) 

15.42  

(7.25) 

16.55  

(7.20) 

-0.42 -0.37 -0.79 

t  
w
0 ** 

w
0 ** 

w
0 ** 

w
0 **    

 

HP 

Mean  

(SD) 

0.223 

(0.133) 

0.196 

(0.080) 

0.213 

(0.101) 

0.211 

(0.091) 

-0.13  0.17  0.30  

t  2.09 † 
w
12 ** 

w
8 ** 2.39 *    

PO4-P 

flux 

 

Control Mean  

(SD) 

0.037  

(0.041) 

0.013  

(0.011) 

0.005  

(0.003) 

0.019  

(0.016) 

-2.81 ¯** 

 

-2.57 ¯* -5.38 ¯** 

 

LN 

Mean  

(SD) 

0.019  

(0.015) 

0.008  

(0.003) 

0.003  

(0.001) 

0.010  

(0.006) 

-2.22 ¯† -3.91 ¯** -6.13 ¯** 

 t  -1.31 -1.01 -2.29 ¯* -1.74 ¯†    

Table B.1 Continued on next page 
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Table B.1 Continued from previous page 

   R1 R2 R3 Average z 

(R2 vs.R1) 

z 

(R3 vs. R2) 

z 

(R3 vs. R1) 

PO4-P 

flux 

 

 

LP 

Mean  

(SD) 

0.091  

(0.077) 

0.102  

(0.064) 

0.059  

(0.028) 

0.078  

(0.043) 

1.34 -1.47 -0.18 

t  1.71 6.50 ** 
w
1 ** 4.77 **    

 

HN 

Mean  

(SD) 

0.064  

(0.045) 

0.035  

(0.020) 

0.029  

(0.013) 

0.043  

(0.017) 

-1.66 -0.52 -2.18 ¯† 

t 1.64 3.31 ** 
w
2 ** 3.51 **    

 

HP 

Mean  

(SD) 

2.814  

(2.340) 

4.176  

(3.097) 

4.326  

(1.899) 

3.772  

(2.236) 

2.77 * 0.97 3.73 ** 

 t  10.61 ** 
w
0 ** 

w
0 ** 

w
0 **    

N:P flux 

ratio 

Control 

 

Mean  

(SD) 

18.82 

(51.49) 

17.63 

(42.63) 

16.94 

(19.38) 

18.33 

(36.35) 

-0.86 -2.43 ¯* -1.71 
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Table B.2 Statistical analyses of differences in soil water-extractable NH4-N pool, PO4-P pool, and NH4-N:PO4-P pool ratio 

(in control plots only), among the three serial collections (R1, R2, and R3) in each of the fertilization treatments (LN, low-

level N addition; LP, low-level P addition; HN, high-level N addition; HP, high-level P addition) (n = 4-10). See main text for 

detailed sample collection dates and statistics. Soil element pool is expressed as µg/g dry weight soil. The arrows illustrate 

the directions of the effects, symbols following arrows indicate the significance levels: P > 0.1 no symbol, P £ 0.1 †, P £ 

0.05 *, P £ 0.01 **. 
w
Wilcoxon rank-sum test. 

 Treatment  R1 R2 R3 Average z 

(R2 vs. R1) 

z 

(R3 vs. R2) 

z 

(R3 vs. R1) 

NH4-N 

pool 

Control Mean  

(SD) 

1.62  

(0.67) 

1.07  

(0.46) 

1.06  

(0.24) 

1.23  

(0.38) 

-3.03 ¯** -0.19 -3.33 ¯** 

 

LN 

Mean  

(SD) 

3.90  

(4.80) 

4.25  

(4.93) 

2.96  

(4.36) 

3.69  

(3.37) 

0.08 -1.55 -1.52 

t  
w
32 

w
7 ** 

w
28 

w
12 *    

 

LP 

Mean  

(SD) 

1.25  

(0.42) 

1.28  

(0.30) 

1.00  

(0.35) 

1.18  

(0.24) 

0.21 

 

-1.95 -1.74 

t  1.21 -1.54 -0.70 -0.11    

 

HN 

Mean  

(SD) 

61.48 

(18.38) 

72.94  

(36.37) 

86.35  

(23.40) 

71.00  

(16.21) 

0.92 1.09 2.03 † 

t 
w
0 ** 

w
0 ** 

w
0 ** 

w
0 **    

 

HP 

Mean  

(SD) 

3.94  

(6.84) 

1.85  

(1.14) 

1.04  

(0.25) 

2.07  

(2.37) 

-0.58 -1.49 -2.05 ¯† 

t  
w
49 2.32 * 

w
42 

w
30    

PO4-P 

pool 

Control Mean  

(SD) 

0.50 

(0.27) 

0.63  

(0.31) 

1.17  

(0.30) 

0.77  

(0.21) 

0.83 5.16 ** 4.52 ** 

 

LN 

Mean  

(SD) 

0.38  

(0.57) 

0.59  

(0.27) 

1.23  

(0.29) 

0.80  

(0.16) 

1.15 3.80 ** 4.60 ** 

 t  -1.29 -0.35 
w
46 0.35    

Table B.2 Continued on next page 
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Table B.2 Continued from previous page 

   R1 R2 R3
 

Average z 

(R2 vs. R1) 

z 

(R3 vs. R2) 

z 

(R3 vs. R1) 

  

LP 

Mean  

(SD) 

1.55  

(1.81) 

1.35  

(1.30) 

2.70  

(2.95) 

1.87  

(1.40) 

-0.23 1.53 1.30 

 t  1.10 0.99 
w
34 1.79 †    

  

HN 

Mean  

(SD) 

3.17  

(2.59) 

4.05  

(4.13) 

2.69  

(1.81) 

3.30  

(2.45) 

0.92 -1.43 -0.51 

 t  3.61 ** 5.62 ** 
w
6 ** 3.86 **    

  

HP 

Mean  

(SD) 

151.02 

(82.94) 

228.47 

(152.87) 

172.67 

(121.80) 

191.03 

(111.26) 

2.67 * -1.80 0.94 

 t 
w
0 **  

w
0 ** 

w
0 ** 

w
0 **    

N:P pool 

ratio 

Control Mean 

(SD) 

3.37  

(1.40) 

2.23  

(1.51) 

0.94  

(0.21) 

1.48  

(0.19) 

-1.93 -3.83 ¯** -4.94 ¯** 
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Figure B.1 Operation scheme for (a) cation exchange membrane (CEM) 
exchanges its electrostatically bound counterions with NH4

+ ions from the 
environment and (b) anion exchange membrane (AEM) exchanges its 
electrostatically bound counterions with PO4

3- and NO3
- ions from the 

environment.

a

b
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Figure B.2 Procedures for IEM preparation, incubation, retrieval, and elution. (a): 
Measure out 5 cm x 5 cm sections and cut them out with a clean knife with the 
IEM sheet is still in the plastic. (b): Soak the IEM squares in the charging solution. 
(c): Tag one corner of each IEM with a plastic cloth barb and a flagging tape. (d): 
Cut a vertical slit in the ground. (e): Insert the IEM into the slit. (f): Pack down the 
soil to secure the IEM. (g): Rinse the IEM with distilled water. (h): Cut off the cloth 
barb and flagging tap from the IEM. (i): Store the IEM in a pre-labelled clean bag. 
(j) Place the IEM squares from the same sampling area in a Petri dish and pour 
elution solution into the Petri dish. (k): Place the Petri dishes on the shaker table 
and shake for 2h.   

(f)(e)

(a)

(d)

(c)(b)

(g) (h) (i)

(j) (k)
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Figure B.3 IEM elution efficiency equations (the proportions of nutrient ions 
eluted from the first elution relative to the total cumulative amounts eluted when 
successive elutions were included) for (a) NH4-N, (b) NO3-N, and (c) PO4-P, 
respectively. Data were based on IEM samples deployed in the high-level 
nitrogen addition plots (for NH4-N and NO3-N) or in the high-level phosphorus 
addition plots (for PO4-P). These equations can be used for future references for 
soils with exceptionally large amounts of nutrient ions (e.g. soils received high 
amounts of fertilizers).  
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Figure B.4 Results of IEM methodological sensitivity test on (a) NH4-N, (b) NO3-
N, and (c) PO4-P. Fresh pre-charged IEM membrane squares (n = 2 per 
individual solution, total one-sided membrane area is 50 cm2) were immersed in a 
range of NH4-N, NO3-N, or PO4-P replicate solutions (25 mL in volume) of known 
concentrations (n = 6 for each NO3-N concentration, and n = 3 for each NH4-N 
and each PO4-P concentrations) for 1 h. Specifically, the gradient concentrations 
were 0, 0.02, 0.1, 0.5, 1, 2.5, and 8 mg/L for the NH4-N solution; were 0, 0.004, 
0.02, 0.1, 0.5, 1, and 2 mg/L for the NO3-N solution; and were 0, 0.004, 0.02, 0.1, 
0.5, 2.5, and 5 mg/L for the PO4-P solution. These membranes were eluted with 2 
M NaCl in 0.1 M HCl solution for 2 h. Ion recoveries from the membranes into the 

eluted solutions (in the unit of µg/cm2) were compared with the known amounts in 
the initial immersion solutions.  
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Figure B.5 Correlations between the IEM and direct water-extraction method 
determinations of mid-growing season soil (a) NH4-N and (b) PO4-P availability, 
and of late-growing season soil (c) NH4-N and (d) PO4-P availability, in the 
various experimental fertilization treatment plots (n = 6-10). Solid lines are 
regressions based on data from all the experimental plots (Control, LN addition, 
LP addition, HN addition, and HP addition), whereas dashed lines are 
regressions based on data from control, LN addition, and LP addition plots only. 
Note the natural log-scale of the X- and Y-axes. 
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Appendix C 

Supplementary material for Chapter 4 

This supplement contains the following: 

Table C.1 Information on the selected plots for hits:biomass point-framing data 

calibration. 

Table C.2 Linear and power regression parameters for the hits:biomass 

calibration. 

Table C.3 Statistical results of the effects of individual experimental treatments 

on six vascular plant species’ aboveground biomass after one year of 

manipulations. 

Table C.4 Aboveground biomass of the six major vascular plant species and 

lichens and mosses in control and greenhouse warming plots for each of the plot 

point-framing years. 

Table C.5 Aboveground biomass of the six major vascular plant species and 

lichens and mosses across all of the control plots in mesic birch hummock tundra 

vegetation for each of the plot point-framing years. 

Table C.6 Aboveground biomass of the six major vascular plant species and 

lichens and mosses in control and N and P fertilization plots for each of the plot 

point-framing years. 

Table C.7 Aboveground biomass of the six major vascular plant species and 

lichens and mosses in control and snowfence plots for each of the plot point-

framing years. 
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Table C.8 Aboveground biomass of the six major vascular plant species and 

lichens and mosses in control and exclosure plots for each of the plot point-

framing years. 

Figure C.1 Principal components analyses on lichens and moss biomass for the 

greenhouse warming plots, the snowfence plots, and their corresponding control 

plots.  
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Table C.1 Information on the selected plots for hits:biomass point-framing data calibration.  
Plot ID Year of Data 

Collection  
Plot ID Year of Data 

Collection 
Control for Exclosure 1_1 2009 Low-level nitrogen addition 2_2 2018 
Control for Exclosure 1_2 2018 Low-level nitrogen addition 3_1 2011 
Control for Exclosure 2_1 2009 Low-level nitrogen addition 3_2 2018 
Control for Exclosure 2_2 2018 Low-level nitrogen addition 4 2011 
Control for Exclosure 3_1 2009 Low-level nitrogen addition 5 2011 
Control for Exclosure 3_2 2018 High-level nitrogen addition 1_1 2011 
Control for Exclosure 4 2009 High-level nitrogen addition 1_2 2018 
Control for Exclosure 5 2009 High-level nitrogen addition 2_1 2011 
Control 1 2011 High-level nitrogen addition 2_2 2018 
Control 2 2011 High-level nitrogen addition 3_1 2011 
Control 3 2011 High-level nitrogen addition 3_2 2018 
Control 4 2011 High-level nitrogen addition 4 2011 
Control 5 2011 High-level nitrogen addition 5 2011 
Control 6 2018 High-level phosphorus addition 1_1 2011 
Control 7 2018 High-level phosphorus addition 1_2 2018 
Control 8 2018 High-level phosphorus addition 2_1 2011 
Exclosure 1_1 2009 High-level phosphorus addition 2_2 2018 
Exclosure 1_2 2018 High-level phosphorus addition 3_1 2011 
Exclosure 2_1 2009 High-level phosphorus addition 3_2 2018 
Exclosure 2_2 2018 High-level phosphorus addition 4 2011 
Exclosure 3_1 2009 High-level phosphorus addition 5 2011 
Exclosure 3_2 2018 High-level nitrogen + high-level phosphorus addition 1_1 2011 
Exclosure 4 2009 High-level nitrogen + high-level phosphorus addition 1_2 2018 
Exclosure 5 2009 High-level nitrogen + high-level phosphorus addition 2_1 2011 
Greenhouse Warming 1 2011 High-level nitrogen + high-level  phosphorus addition 2_2 2018 
Greenhouse Warming 2 2011 High-level nitrogen + high-level phosphorus addition 3_1 2011 
Table C.1 Continued on next page 
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Table C.1 Continued from previous page 
Plot ID Year of Data 

Collection  
Plot ID Year of Data 

Collection 
Greenhouse Warming 4 2011 High-level nitrogen + high-level phosphorus addition 4 2011 
Greenhouse Warming 5 2011 High-level nitrogen + high-level phosphorus addition 5 2011 
Low-level nitrogen addition 1_1 2011 Exclosure + Fertilization 1 2018 
Low-level nitrogen addition 1_2 2018 Exclosure + Fertilization 2 2018 
Low-level nitrogen addition 2_1 2011 Exclosure + Fertilization 3 2018 

Note: These plots were deliberately selected to include a large range of biomass for each plant species in the calibrations. 
A randomly selected 1.0 m2 area within each plot was located, and a 40 cm x 40 cm square within this 1.0 m2 area was 
harvested.   
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Table C.2 Linear and power regression parameters for the hits:biomass calibration. Since the hits and biomass data were 
collected within a 0.16 m2 area, the span of these data may not match that used to apply the calibration, which is at 1 m2 
scale. To account for this mismatch, the original hits and biomass data were first converted into density format (i.e. 
number of hits and biomass at 1 m2 scale), and models were fitted on these density data. For the linear model, Y = aX+b, 
where X is hits density and Y is biomass density. For the power model, original equation was Y = aXb; which after taking 
the natural log of both sides becomes: ln Y = b ln X + ln a; let Y’ = ln Y and X’ = ln X; linear equation is: Y’= aX’ + b. To 
further check the appropriateness of the linear model, we checked the level of the correspondence of the standard errors 
(SE) resulting from two statistical methods: we computed both the standard linear regression estimates that result from 
fitting the linear model to the data and the bootstrap SE estimates (a seed of one was set to this approach so that the 
results obtained can be reproduced precisely). There is a good correspondence between the standard estimates of SE 
(Slope) and SE (Intercept) and the bootstrap estimates, confirming that the linear model provides a good fit to the data. 

 r2 P Slope Intercept 
   Value 1 SE* Value 1 SE* 

 Linear Power Linear  Power  Linear  Power  Linear  Power  Linear  Power  Linear  Power  
B. glandulosa             
   Foliar 0.79 0.53 <0.01 <0.01 0.37 0.51 0.03 

0.04 
0.06 7.48 1.24 2.20 

2.02 
0.23 

   Stem 0.63 0.47 <0.01 <0.01 0.89 0.40 0.09 
0.09 

0.06 42.29 2.98 6.29 
6.47 

0.17 

V. uliginosum             
   Foliar 0.60 0.55 <0.01 <0.01 0.15 0.39 0.02 

0.03 
0.05 2.08 0.66 0.61 

0.47 
0.15 

   Stem 0.15 0.11 <0.01 0.02 0.28 0.22 0.10 
0.08 

0.09 12.34 2.05 2.22 
2.30 

0.22 

R. subarcticum             
   Foliar 0.77 0.59 <0.01 <0.01 0.44 0.65 0.03 

0.04 
0.07 10.30 0.90 2.98 

2.85 
0.28 

   Stem 0.45 0.18 <0.01 <0.01 2.65 0.37 0.50 
0.46 

0.10 54.46 2.74 12.30 
13.21 

0.34 

Table C.2 Continued on next page 
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Table C.2 Continued from previous page 
 r2 P Slope Intercept 
   Value 1 SE* Value 1 SE* 
 Linear Power Linear  Power  Linear  Power  Linear  Power  Linear  Power  Linear  Power  
V. vitis-idaea             
   Foliar 0.52 0.76 <0.01 <0.01 0.38 0.71 0.05 

0.05 
0.05 16.32 0.75 4.59 

4.22 
0.21 

   Stem 0.67 0.16 <0.01 <0.01 0.17 0.28 0.03 
0.03 

0.09 2.15 1.87 1.61 
1.16 

0.22 

A. polifolia             
   Foliar 0.89 0.65 <0.01 <0.01 0.30 0.52 0.02 

0.03 
0.07 5.03 1.04 0.99 

1.02 
0.17 

   Stem 0.33 0.21 <0.01 <0.01 0.22 0.29 0.05 
0.06 

0.10 6.43 1.51 1.48 
1.57 

0.20 

E. vaginatum             
 0.68 0.86 <0.01 <0.01 5.35 5.75 0.80 

0.83 
0.47 2.62 2.76 0.15 

0.25 
0.09 

     -2.85x 1.71 0.80 
0.52 

0.47     

*: The upper row of each SE for the linear model is statistic resulting from fitting the standard linear model to the data, and 
the lower row is statistic resulting from the bootstrap estimates. 
x: Polynomial regression with a second-degree is used for species E. vaginatum, as it provides a better fit than the simple 
linear regression. 
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Table C.3 Statistical results of the effects of greenhouse warming (W), low-level nitrogen addition (LN), high-level nitrogen 
addition (HN), high-level phosphorus addition (HP), high-level nitrogen + high-level phosphorus addition (HNHP), 
snowfence (SF), and exclosure (E) treatments on six vascular plant species’ aboveground biomass after one year of 
manipulations in 2005.  
 W LN HN HP HNHP SF E 
 t P t P t P t P t P t P t P 
B. glandulosa -1.56 0.15 0.05 0.96 -0.97 0.36 -0.39 0.71 -1.40 0.23 -0.62 0.56 -0.73 0.49 
V. uliginosum 0.79 0.44 -0.63 0.55 0.09 0.93 -1.10 0.32 0.62 0.56 -1.11 0.31 0.23 0.83 
R. subarcticum -0.37 0.72 0.26 0.81 0.22 0.83 0.50 0.63 0.57 0.58 0.90 0.40 0.53 0.63 
V. vitis-idaea 0.81 0.43 0.33 0.75 2.04 0.09 -0.36 0.73 0.86 0.42 0.58 0.58 -0.78 0.46 
A. polifolia -0.23 0.82 -0.49 0.64 -0.08 0.94 -1.40 0.22 1.09 0.32 -0.47 0.65 0.26 0.80 
E. vaginatum -0.61 0.55 0.06 0.95 0.03 0.98 1.55 0.16 -1.73 0.15 0.38 0.72 0.84 0.44 
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Table C.4 Aboveground biomass of the six major vascular plant species and lichens and mosses in control and 
greenhouse warming plots for each of the plot point-framing years (2005, 2011, and 2017; n = 10). Mean values with 
standard deviation in parentheses are presented. Statistical test results are from post-hoc tests following repeated 
measures one-way ANOVA on three years. Symbols following z values indicate the significance levels: P ³ 0.1 no symbol, 
P < 0.1 †, P < 0.05 *, P < 0.01 **. N.A.: data are not available.  
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
Control        
 
B. glandulosa 

Total 14.16 (7.27) 15.34 (7.50) 22.77 (12.23) 0.45 2.85* 3.30 ** 
Foliar 3.13 (2.35) 4.58 (3.41) 7.93 (5.97) 1.03 2.38 * 3.41 ** 
Stem 11.02 (5.08) 10.76 (4.37) 14.84 (7.15) -0.18 2.74 * 2.56 * 

 
V. uliginosum 

Total 2.77 (0.82) 3.11 (1.51) 3.21 (1.55) 1.57 0.45 2.02 
Foliar 0.68 (0.72) 0.89 (1.05) 0.93 (0.98) 2.19 † 0.47 2.66 * 
Stem 2.08 (0.14) 2.22 (0.48) 2.28 (0.67) 0.93 0.37 1.30 

 
R. subarcticum 

Total 66.72 (25.58) 70.25 (23.93) 122.89 (85.98) 0.18 2.68 * 2.86 * 
Foliar 19.26 (4.23) 27.57 (5.69) 25.55 (10.26) 3.02 ** -0.74 2.28† 
Stem 47.46 (22.97) 42.68 (20.43) 97.35 (79.19) -0.26 2.97 ** 2.71 * 

 
V. vitis-idaea 

Total 13.53 (4.73) 15.98 (5.68) 23.21 (11.61) 0.80 2.36 * 3.16 ** 
Foliar 12.95 (4.68) 15.57 (5.65) 22.41 (11.05) 0.88 2.31 † 3.19 ** 
Stem 0.57 (0.23) 0.41 (0.12) 0.80 (0.65) -1.00 2.45 * 1.45 

 
A. polifolia 

Total 2.93 (2.47) 2.65 (1.89) 5.74 (4.44) -0.29 3.17 ** 2.88 * 
Foliar 2.56 (1.92) 2.65 (1.89) 5.34 (4.15) 0.10 2.99 ** 3.09 ** 
Stem N.A. N.A. N.A. N.A. N.A. N.A. 

E. vaginatum Total 7.25 (1.52) 9.30 (2.75) 14.85 (15.79) 1.30 1.44  2.74 ** 
Lichen Total 91.29 (22.71) 76.10 (36.77) 88.28 (48.90) -1.86 1.49 -0.37 
Moss Total 93.37 (31.03) 92.96 (39.02) 62.55 (36.34) -0.04 -2.99 ** -3.03 ** 
Table C.4 Continued on next page 
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Table C.4 Continued from previous page 
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
Warming        
 Total 10.27 (3.11) 12.90 (5.56) 25.90 (16.45) 0.75 3.72 ** 4.48 ** 
B. glandulosa Foliar 2.35 (1.59) 3.65 (2.62) 8.49 (6.68) 0.91 3.38 ** 4.29 ** 
 Stem 7.92 (1.57) 9.25 (3.10) 17.41 (10.36) 0.59 3.61 ** 4.19 ** 
 Total 3.06 (0.87) 2.05 (1.85) 4.34 (2.35) -1.68 3.95 ** 2.27 † 
V. uliginosum Foliar 0.81 (0.52) 1.01 (0.98) 1.34 (1.16) 1.02 1.02 2.03 
 Stem 2.25 (0.41) 2.08 (0.25) 3.00 (1.34) -0.68 2.97 ** 2.29 † 
 Total 63.45 (11.23) 67.89 (20.78) 154.53 (44.56) 0.37 7.14 ** 7.50 ** 
R. subarcticum Foliar 19.18 (4.36) 28.93 (7.78) 37.01 (14.28) 2.41 * 2.00 4.41 ** 
 Stem 44.27 (10.33) 38.97 (15.48) 117.51 (42.99) -0.45 6.67 ** 6.22 ** 
 Total 15.02 (3.47) 23.92 (4.86) 35.42 (12.80) 2.80 * 3.62 ** 6.42 ** 
V. vitis-idaea Foliar 14.22 (3.05) 23.45 (4.88) 33.87 (11.93) 3.14 ** 3.54 ** 6.68 ** 

 Stem 0.80 (0.53) 0.47 (0.14) 1.55 (1.28) -0.97 3.15 ** 2.18 † 
 Total 2.69 (2.26) 5.07 (5.91) 10.68 (14.62) 0.78 1.83 2.60 
A. polifolia Foliar 2.17 (1.73) 4.59 (5.13) 9.40 (12.58) 0.89 1.78 2.67 * 

 Stem 1.32 (0.12) N.A. 4.27 (0.43) N.A. N.A. 9.45 ** 
E. vaginatum Total 6.90 (1.00) 7.68 (1.33) 30.90 (59.60) 0.39 2.49 * 2.88 * 
Lichen Total 100.27 (29.27) 51.30 (16.32) 23.71 (12.15) -7.35 ** -4.14 ** -11.49 ** 
Moss Total 102.08 (39.32) 48.42 (40.35) 42.69 (35.65) -3.94 ** -0.42 -4.36 ** 

  



 

	

226	

Table C.5 Aboveground biomass of the six major vascular plant species and lichens and mosses across all of the control 
plots (i.e. under ambient environmental conditions; n = 25) in mesic birch hummock tundra vegetation for each of the plot 
point-framing years (2005, 2011, and 2017). See Table C.4 legend for detailed description of statistics. 
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
 
B. glandulosa 

Total  14.34 (7.34) 15.25 (7.36) 23.54 (14.09) 0.55 5.04 ** 5.60 ** 
Foliar 3.95 (3.31) 4.29 (3.10) 7.76 (5.87) 0.48  4.25 ** 4.66 ** 
Stem 10.39 (4.61) 10.95 (4.47) 15.78 (8.65) 0.63  4.21 ** 4.75 ** 

 
V. uliginosum 

Total 3.45 (1.83) 3.29 (2.59) 4.45 (4.11) -0.38  2.75 * 2.37 * 
Foliar 1.03 (1.11) 1.39 (1.75) 1.59 (2.07) 2.67 * -0.16  2.05  
Stem 2.50 (0.83) 2.38 (0.58) 2.86 (2.11) -1.05  1.58  0.80  

 
R. subarcticum 

Total 63.92 (24.12) 58.15 (23.02) 111.18 (61.41) -0.62  5.70 ** 5.08 ** 
Foliar 20.93 (6.45) 24.28 (7.44) 27.74 (8.88) 1.95  1.80  3.62 ** 
Stem 43.00 (20.34) 33.87 (17.69) 83.44 (55.98) -1.06  5.56 ** 4.55 ** 

 
V.  vitis-idaea 

Total 16.34 (5.75) 18.08 (5.92) 25.83 (9.34) 1.07  4.75 ** 5.83 ** 
Foliar 15.61 (5.60) 17.61 (5.88) 25.11 (9.00) 1.22  4.32 ** 5.47 ** 
Stem 0.73 (0.28) 0.48 (0.16) 0.72 (0.47) -2.94 ** 2.91 * 0.06  

 
A. polifolia 

Total 2.45 (2.24) 2.67 (2.68) 4.24 (4.01) 0.45  3.59 ** 3.15 ** 
Foliar 2.15 (1.84) 2.62 (2.60) 4.08 (3.83) 0.95  3.86 ** 3.02 ** 
Stem N.A. N.A. N.A. N.A. N.A. N.A. 

E. vaginatum Total 6.71 (1.12) 7.83 (2.37) 10.38 (10.45) 1.64 1.84 3.49** 
Lichen Total 104.56 (32.61) 85.79 (29.71) 116.46 (54.24) -2.78 * 4.54 ** 1.76 
Moss Total 95.37 (33.46) 96.29 (45.78) 59.66 (36.76) 0.12 -4.86 ** -4.74 ** 
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Table C.6 Aboveground biomass of the six major vascular plant species and lichens and mosses in control and low-level 
nitrogen addition (LN), high-level nitrogen addition (HN), high-level phosphorus addition (HP), and high-level nitrogen + 
high-level phosphorus addition (HNHP) plots for each of the plot point-framing years (2005, 2011, and 2017; n = 5). See 
Table C.4 legend for detailed description of statistics. 
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
Control        
 Total 10.58 (3.34) 11.71 (4.64) 19.45 (12.70) 0.35 2.38 * 2.73 * 
B. glandulosa Foliar 3.28 (2.74) 2.46 (1.57) 5.59 (4.65) -0.75 2.87 * 2.12 † 
 Stem 7.30 (0.79) 9.25 (3.28) 13.86 (8.10) 0.79 1.87 2.66 * 
 Total 2.62 (0.70) 0.51 (0.39) 2.79 (0.68) -8.07 ** 8.71 ** 0.65 
V. uliginosum Foliar 0.54 (0.46) 0.51 (0.39) 0.60 (0.36) -0.26 0.78 0.52 
 Stem 2.08 (0.25) N.A. 2.20 (0.36) N.A. N.A. 0.59 
 Total 66.03 (20.28) 55.69 (15.36) 120.28 (47.09) -0.78 4.84 ** 4.07 ** 
R. subarcticum Foliar 23.88 (7.37) 21.50 (6.77) 33.01 (8.49) -1.03 5.01 ** 3.98 ** 
 Stem 42.15 (13.08) 34.19 (11.04) 87.26 (42.03) -0.61 4.04 ** 3.43 ** 
 Total 17.71 (8.78) 17.82 (2.10) 25.42 (5.66) 0.03 1.95 1.98 
V.  vitis-idaea Foliar 16.91 (8.64) 17.30 (2.10) 24.76 (5.52) 0.10 1.95 2.05 
 Stem 0.80 (0.20) 0.52 (0) 0.66 (0.19) -2.77 * 1.39 -1.39 
 Total 1.65 (0.99) 3.23 (3.03) 3.35 (2.71) 1.57 0.14 1.71 
A. polifolia Foliar 1.65 (0.99) 3.23 (3.03) 3.35 (2.71) 1.63 0.45 2.08 † 
 Stem N.A. N.A. N.A. N.A. N.A. N.A. 
E. vaginatum Total 6.84 (0.50) 7.52 (1.69) 8.82 (2.24) 0.99 1.88 2.86 * 
Lichen Total 119.86 (25.29) 106.17 (23.47) 125.93 (18.06) -1.05 1.52 0.47 
Moss Total 100.61 (35.19) 89.43 (54.73) 42.48 (32.12) -0.69 -2.88 * -3.57 ** 
LN        
 Total 10.50 (1.76) 11.86 (5.54) 17.70 (13.69) 0.31 1.31 1.62 
B. glandulosa Foliar 2.31 (0.59) 2.61 (2.16) 5.96 (4.75) 0.20 2.26 † 2.46 * 
 Stem 8.19 (1.61) 9.25 (3.62) 11.73 (9.19) 0.34 0.79 1.13 
Table C.6 Continued on next page 
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Table C.6 Continued from previous page 
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
 Total 2.85 (0.39) 3.09 (0.89) 3.45 (1.19) 0.65 0.99 1.65 
V. uliginosum Foliar 0.65 (0.19) 1.00 (0.69) 1.03 (0.65) 1.73 0.14 1.88 
 Stem 2.20 (0.23) 2.08 (0.25) 2.42 (0.70) -0.42 1.26 0.84 
 Total 61.54 (33.64) 46.07 (17.46) 86.96 (43.22) -1.03 2.72 * 1.69 
R. subarcticum Foliar 20.45 (9.10) 18.78 (7.70) 28.89 (8.36) -0.71 4.27 ** 3.57 ** 
 Stem 41.09 (27.09) 27.29 (11.26) 58.07 (37.27) -0.94 2.10 † 1.16 
 Total 16.10 (6.64) 17.51 (6.86) 23.47 (8.76) 0.58 2.44 * 3.02 ** 
V.  vitis-idaea Foliar 15.30 (6.50) 16.99 (6.87) 22.91 (8.61) 0.72 2.51 * 3.23 ** 
 Stem 0.80 (0.20) 0.52 (0.12) 0.55 (0.19) -2.53 * 0.32 -2.21 † 
 Total 2.33 (1.59) 3.58 (2.43) 5.29 (2.82) 1.87 2.54 * 4.41 ** 
A. polifolia Foliar 1.83 (1.67) 3.04 (1.98) 5.04 (2.89) 2.67 * 4.41 ** 7.08 ** 
 Stem N.A. N.A. N.A. N.A. N.A. N.A. 
E. vaginatum Total 6.81 (0.77) 8.03 (1.75) 11.25 (3.26) 1.27 3.35 ** 4.62 ** 
Lichen Total 117.49 (21.70) 93.81 (15.87) 119.23 (57.13) -1.46 1.57 0.11 
Moss Total 124.61 (41.62) 93.60 (28.39) 61.27 (39.87) -2.24 † -2.34 † -4.58 ** 
HN        
 Total 12.90 (4.17) 13.80 (3.83) 39.03 (15.34) 0.15 4.23 ** 4.38 ** 
B. glandulosa Foliar 3.65 (2.74) 4.55 (2.37) 14.52 (6.70) 0.36 4.06 ** 4.42 ** 
 Stem 9.25 (2.30) 9.25 (1.71) 24.51 (10.29) 0.00 3.91 ** 3.91 ** 
 Total 2.59 (0.27) 0.51 (0.26) 2.42 (0.26) -16.04 ** 14.75 ** -1.28 
V. uliginosum Foliar 0.45 (0.12) 0.51 (0.26) 0.45 (0.26) 0.53 -0.53 0.00 
 Stem 2.14 (0.15) N.A. 1.97 (0) N.A. N.A. -2.45 * 
 Total 61.37 (42.27) 31.34 (10.47) 30.83 (22.12) -1.69 -0.03 -1.72 
R. subarcticum Foliar 19.75 (17.60) 12.02 (4.86) 9.91 (10.91) -1.00 -0.27 -1.27 
 Stem 41.62 (25.01) 19.33 (6.22) 20.92 (11.66) -2.22 * 0.16 -2.06 * 
Table C.6 Continued on next page 
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Table C.6 Continued on from previous page 
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
 Total 8.77 (4.32) 4.00 (1.29) 2.96 (0) -3.37 ** -0.73 -4.10 ** 
V.  vitis-idaea Foliar 8.15 (4.20) 4.00 (1.29) 2.61 (0) -3.02 ** -1.01 -4.03 ** 
 Stem 0.62 (0.26) N.A. 0.34 (0) N.A. N.A. -2.36 * 
 Total 1.96 (1.33) 1.95 (2.57) 2.06 (2.17) -0.01 0.16 0.15 
A. polifolia Foliar 1.71 (1.13) 1.95 (2.57) 1.77 (1.53) 0.43 -0.32 0.11 
 Stem N.A. N.A. N.A. N.A. N.A. N.A. 
E. vaginatum Total 6.82 (0.68) 11.76 (6.14) 26.74 (38.84) 1.31 0.91 2.22 † 
Lichen Total 101.48 (43.42) 53.04 (23.87) 6.11 (4.75) -3.15 ** -3.05 ** -6.20 ** 
Moss Total 122.80 (22.03) 61.07 (57.16) 4.82 (10.78) -2.72 * -2.48 * -5.20 ** 
HP        
 Total 11.41 (3.35) 14.36 (5.89) 15.54 (8.91) 0.96 0.39 1.35 
B. glandulosa Foliar 3.58 (2.45) 4.40 (2.73) 4.70 (3.81) 0.58 0.21 0.80 
 Stem 7.83 (1.16) 9.96 (3.17) 10.85 (5.16) 1.18 0.49 1.66 
 Total 3.39 (1.42) 3.77 (2.13) 4.76 (3.33) 0.61 1.55 2.16 † 
V. uliginosum Foliar 0.86 (0.63) 1.35 (1.41) 1.67 (1.73) 1.27 0.82 2.10 † 
 Stem 2.53 (0.81) 2.42 (0.72) 3.08 (1.62) -0.35 2.10 † 1.75 
 Total 58.90 (24.94) 39.73 (18.05) 97.44 (61.01) -0.88 2.64 * 1.77 
R. subarcticum Foliar 18.34 (6.57) 14.04 (5.16) 22.91 (12.32) -1.12 2.30 † 1.18 
 Stem 40.56 (18.95) 25.70 (13.35) 74.53 (48.98) -0.82 2.68 * 1.87 
 Total 20.01 (11.08) 10.69 (3.65) 14.23 (5.97) -1.95 0.74 -1.21 
V.  vitis-idaea Foliar 19.45 (10.96) 10.69 (3.65) 13.61 (5.85) -1.86 0.62 -1.24 
 Stem 0.55 (0.29) N.A. 0.62 (0.23) N.A. N.A. 0.78 
 Total 3.95 (3.05) 2.75 (3.01) 1.72 (1.88) -1.76 -1.51 -3.26 ** 
A. polifolia Foliar 3.41 (3.16) 2.50 (2.45) 1.47 (1.33) -1.33 -1.51 -2.83 * 
 Stem N.A. N.A. N.A. N.A. N.A. N.A. 
E. vaginatum Total 6.31 (0.57) 7.83 (1.75) 9.13 (2.05) 2.37 * 2.04 4.41 ** 
Table C.6 Continued on next page 
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Table C.6 Continued from previous page 
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
Lichen Total 123.79 (28.75) 85.72 (35.34) 81.94 (33.36) -4.81 ** -0.48 -5.29 ** 
Moss Total 76.00 (25.45) 68.66 (29.82) 71.81 (22.94) -0.54 0.23 -0.31 
HNHP        
 Total 18.24 (11.79) 25.80 (16.99) 74.15 (46.88) 0.49 3.16 ** 3.65 ** 
B. glandulosa Foliar 5.44 (4.60) 9.98 (7.49) 30.31 (18.11) 0.86 3.86 ** 4.73 ** 
 Stem 12.80 (7.24) 15.81 (9.78) 43.84 (29.88) 0.29 2.67 * 2.96 ** 
 Total 2.42 (0.16) 2.51 (0.45) 2.36 (0.12) 0.54 -0.89 -0.36 
V. uliginosum Foliar 0.39 (0.13) 0.48 (0.33) 0.33 (0) 0.84 -1.41 -0.56 
 Stem 2.03 (0.12) 2.03 (0.12) N.A. 0.00 N.A. N.A. 
 Total 57.83 (24.68) 20.14 (13.62) 20.77 (15.60) -3.20 ** 0.05 -3.15 ** 
R. subarcticum Foliar 18.87 (8.30) 7.18 (5.85) 6.74 (5.72) -2.75 * -0.10 -2.85 * 
 Stem 38.97 (17.76) 12.96 (8.09) 14.02 (10.45) -3.22 ** 0.13 -3.09 ** 
 Total 13.73 (5.46) 3.15 (0.58) 3.88 (1.00) -5.20 ** 0.36 -4.84 ** 
V.  vitis-idaea Foliar 13.15 (5.48) 3.15 (0.58) 3.53 (1.00) -4.89 ** 0.19 -4.70 ** 
 Stem 0.59 (0.29) N.A. 0.34 (0) N.A. N.A. -1.87 † 
 Total 1.30 (0.47) 1.29 (0.92) 0.80 (0) -0.02 -1.28 -1.30 
A. polifolia Foliar 1.05 (0.25) 1.29 (0.92) 0.80 (0) 0.69 -1.39 -0.69 
 Stem N.A. N.A. N.A. N.A. N.A. N.A. 
E. vaginatum Total 8.42 (1.99) 78.33 (80.05) 104.12 (125.15) 3.16 ** 0.27 3.42 ** 
Lichen Total 107.71 (28.70) 41.73 (18.03) 4.31 (3.84) -6.00 ** -3.41 ** -9.41 ** 
Moss Total 79.48 (46.65) 25.25 (27.18) 28.77 (39.98) -2.89 * 0.19 -2.70 * 
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Table C.7 Aboveground biomass of the six major vascular plant species and lichens and mosses in control and 
snowfence plots in each of the plot point-framing years (2005, 2011, and 2017; n = 5). See Table C.4 legend for detailed 
description of statistics. 
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
Control        
 Total 13.73 (3.56) 14.12 (5.24) 18.94 (7.15) 0.17 2.16 † 2.34 † 
B. glandulosa Foliar 3.95 (1.31) 3.80 (2.31) 5.96 (3.20) -0.14 1.38 1.29 
 Stem 9.78 (3.05) 10.31 (3.20) 12.98 (4.30) 0.43 1.15 1.37 
 Total 4.65 (2.63) 4.43 (2.38) 5.52 (4.27) -0.25 1.29 1.04 
V. uliginosum Foliar 1.67 (1.51) 1.91 (1.74) 2.05 (1.89) 0.86 0.13 0.34 
 Stem 2.97 (1.12) 2.53 (0.68) 3.47 (2.42) -1.30 0.83 0.44 
 Total 61.37 (24.86) 33.62 (13.85) 68.60 (5.75) -3.47 ** 4.38 ** 0.91 
R. subarcticum Foliar 19.75 (10.23) 15.88 (6.77) 22.21 (4.17) -1.41 1.40 0.54 
 Stem 41.62 (15.08) 17.74 (7.87) 46.40 (5.10) -4.63 ** 4.49 ** 0.75 
 Total 17.01 (4.34) 18.29 (7.11) 25.67 (9.60) 0.48 2.77 * 3.25 ** 
V.  vitis-idaea Foliar 16.14 (3.97) 17.91 (7.10) 25.22 (9.41) 0.70 1.53 1.90 
 Stem 0.87 (0.41) 0.38 (0.08) 0.45 (0.23) -2.80 * 0.40 -2.40 * 
 Total 3.48 (3.15) 3.47 (4.68) 4.80 (5.22) -0.01 1.27 1.26 
A. polifolia Foliar 2.98 (2.77) 3.47 (4.68) 4.80 (5.22) 0.36 0.47 0.64 
 Stem N.A. N.A. N.A. N.A. N.A. N.A. 
E. vaginatum Total 6.15 (0.50) 6.19 (0.46) 6.72 (0.96) 0.47 1.12 1.20 
Lichen Total 120.88 (21.44) 89.85 (18.76) 158.97 (51.03) -1.98 4.40 ** 2.43 * 
Moss Total 89.93 (42.25) 75.76 (53.11) 55.62 (45.26) -0.74 -1.05 -1.78 
Snowfence        
 Total 12.25 (4.03) 12.10 (3.95) 15.32 (5.34) -0.06 1.23 1.18 
B. glandulosa Foliar 3.36 (1.89) 3.21 (1.85) 4.47 (1.87) -0.28 1.07 0.94 
 Stem 8.90 (2.31) 8.90 (2.31) 10.85 (3.90) 0.00 0.97 0.97 
Table C.7 Continued on next page  
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Table C.7 Continued from previous page 
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
 Total 3.19 (1.29) 3.41 (1.26) 3.48 (1.48) 0.49 0.18 0.67 
V. uliginosum Foliar 0.83 (0.58) 1.26 (1.03) 1.12 (1.03) 1.58 -0.25 0.50 
 Stem 2.36 (0.72) 2.14 (0.37) 2.36 (0.46) -0.65 0.65 0.00 
 Total 80.81 (41.69) 83.16 (32.12) 73.13 (58.38) 0.11 -0.45 -0.35 
R. subarcticum Foliar 22.21 (12.22) 27.74 (13.01) 20.36 (13.61) 1.06 -0.90 -0.22 
 Stem 58.60 (30.74) 55.42 (22.95) 52.76 (45.76) -0.40 -0.11 -0.25 
 Total 18.76 (5.17) 21.90 (5.57) 20.09 (12.44) 0.84 -0.49 0.36 
V.  vitis-idaea Foliar 17.68 (5.26) 21.45 (5.45) 19.22 (12.02) 1.93 -0.39 0.27 
 Stem 1.08 (0.81) 0.45 (0.16) 0.87 (0.58) -1.91 1.14 -0.57 
 Total 2.70 (1.89) 1.41 (0.57) 2.63 (1.87) -2.51 * 2.36 * -0.14 
A. polifolia Foliar 1.95 (1.29) 1.41 (0.57) 2.38 (1.74) -1.28 1.11 0.49 
 Stem N.A. N.A. N.A. N.A. N.A. N.A. 
E. vaginatum Total 6.35 (1.06) 7.65 (1.99) 12.83 (11.74) 2.52 * 0.98 1.23 
Lichen Total 96.32 (18.62) 68.42 (12.99) 65.36 (42.74) -1.95 -0.21 -2.16 † 
Moss Total 105.36 (44.13) 144.37 (77.78) 78.62 (42.44) 2.47 * -4.15 ** -1.69 
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Table C.8 Aboveground biomass of the six major vascular plant species and lichens and mosses in control and exclosure 
plots in each of the plot point-framing years (2005, 2011, and 2017; n = 5). See Table C.4 legend for detailed description 
of statistics. 
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
Control        
 
B. glandulosa 

Total 19.06 (11.59) 19.72 (10.35) 33.77 (21.52) 0.13 2.70 * 2.83 * 
Foliar 6.26 (5.91) 6.04 (3.89) 11.40 (8.23) -0.24 1.25 1.20 
Stem 12.80 (6.22) 13.68 (6.50) 22.38 (13.37) 0.66 1.32 1.46 

 
V. uliginosum 

Total 4.45 (2.48) 5.28 (3.59) 7.53 (7.52) 0.48 1.29 1.76 
Foliar 1.59 (1.49) 2.75 (2.92) 3.45 (3.59) 1.73 0.37 0.99 
Stem 2.86 (1.05) 2.53 (0.71) 4.08 (3.99) -2.05 * 0.85 0.67 

 
R. subarcticum 

Total 58.78 (30.36) 60.95 (18.12) 121.25 (30.03) 0.13 3.56 ** 3.69 ** 
Foliar 22.47 (5.24) 28.89 (4.07) 32.40 (5.89) 2.97 ** 1.07 3.02 ** 
Stem 36.31 (28.06) 32.07 (15.17) 88.85 (25.48) -0.29 3.81 ** 3.52 ** 

 
V.  vitis-idaea 

Total 19.90 (3.68) 22.34 (6.99) 31.66 (5.96) 0.71 2.69 * 3.40 ** 
Foliar 19.07 (3.65) 21.68 (7.05) 30.75 (5.83) 1.18 2.52 * 3.24 ** 
Stem 0.83 (0.15) 0.66 (0.23) 0.90 (0.38) -1.41 1.39 0.40 

 
A. polifolia 

Total 0.99 (0.41) 1.35 (0.75) 1.59 (1.28) 0.79 0.53 1.32 
Foliar 0.99 (0.41) 1.35 (0.75) 1.59 (1.28) 1.46 0.39 0.98 
Stem N.A. N.A. N.A. N.A. N.A. N.A. 

E. vaginatum Total 6.07 (0.35) 6.87 (1.90) 6.66 (1.20) 1.19 -0.26 0.72 
Lichen Total 99.49 (54.99) 80.73 (23.36) 120.87 (70.43) -1.02 2.19 † 1.17 
Moss Total 99.55 (37.72) 130.36 (35.60) 75.09 (36.74) 1.60 -2.86 * -1.27 
Exclosure        
 
B. glandulosa 

Total 14.66 (6.85) 13.24 (3.30) 21.08 (14.91) -0.36 1.97 1.61 
Foliar 4.70 (4.15) 4.70 (2.57) 5.44 (3.12) 0.00 0.36 0.36 
Stem 9.96 (2.70) 8.54 (0.89) 15.64 (11.95) -1.41 1.32 1.06 

Table C.8 Continued on next page 
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Table C.8 Continued from previous page 
  2005 (g/m2) 2011 (g/m2) 2017 (g/m2) z (11 vs. 05) z (17 vs. 11) z (17 vs. 05) 
 
V. uliginosum 

Total 4.85 (3.04) 4.90 (3.30) 5.83 (3.35) 0.13 2.19 † 2.31 † 
Foliar 1.88 (2.02) 2.43 (2.77) 2.69 (2.56) 1.35 0.17 0.52 
Stem 2.97 (1.09) 2.47 (0.53) 3.14 (0.82) -1.56 1.25 0.31 

 
R. subarcticum 

Total 65.96 (3.46) 62.15 (22.40) 100.86 (28.79) -0.29 2.95 ** 2.66 * 
Foliar 20.10 (3.35) 22.12 (5.07) 26.86 (6.17) 0.76 1.49 2.12 † 
Stem 45.87 (5.31) 40.03 (21.51) 73.99 (23.18) -0.50 2.90 * 2.40 * 

 
V. vitis-idaea 

Total 17.73 (4.99) 21.38 (3.78) 30.50 (10.92) 0.89 2.23 † 3.12 ** 
Foliar 16.68 (4.87) 20.68 (3.79) 29.60 (10.16) 2.66 * 1.83 2.66 * 
Stem 1.04 (0.33) 0.69 (0.35) 0.90 (0.77) -2.31 * 0.58 -0.39 

 
A. polifolia 

Total 1.05 (0.33) 1.89 (0.76) 2.57 (1.67) 1.30 1.03 2.34 † 
Foliar 1.05 (0.33) 1.89 (0.76) 2.32 (1.32) 2.74 * 0.69 2.06 † 
Stem N.A. N.A. N.A. N.A. N.A. N.A. 

E. vaginatum Total 6.43 (0.90) 6.60 (1.41) 7.12 (1.82) 0.67 0.54 0.72 
Lichen Total 88.35 (41.51) 88.10 (22.29) 126.65 (47.07) -0.01 2.08 † 2.07 † 
Moss Total 95.80 (25.27) 158.90 (39.92) 85.73 (36.88) 4.24 ** -4.91 ** -0.68 
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Figure C.1 Principal components analysis (PCA) on lichens and moss biomass 

for the greenhouse warming plots and the controls in (a) 2011 and (b) 2017, and 

for the snowfences and the controls in (c) 2011 and (d) 2017. Species are 

marked with solid red circles. Plot abbreviations include the following: WC, 

control for greenhouse warming; W, greenhouse warming; SFC, control for 

snowfence; SF, snowfence; 1-10 in (a) and (b), and 1-5 in (c) and (d), are plot 

replicate numbers. Lichen species abbreviations include the following: Ale_nig, 
Alectoria nigricans (Ach.); Ale_och, Alectoris ochroleuca (Hoffm.); Bry_div, 
Bryocaulon divergens (Ach.); Cet_cuc, Cetraria cucullata (Bell.); Cet_niv, Cetraria 
nivalis (L.); Cla_ama, Cladonia amaurocraea (Florke); Cla_bor, Cladonia borealis 

(S.); Cla_fim, Cladonia fimbriata (L.); Cla_gra, Cladonia gracilis (L.); Cla_mit, 
Cladina mitis (Sandst.); Cla_ran, Cladina rangiferina (L.); Dac_arc, Dactylina 
arctica (Richards.); Mas_ric, Masonhalea richardsonii (Hook.). 
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Appendix D 

Supplementary material for Chapter 5 

This supplement contains the following: 

Table D.1 Plant species HN, HP, and HN:P values and associated statistical 

parameters as determined using the soil nutrient flux (IEM) data for each of the 

three sampling times.  

Table D.2 Plant species HN, HP, and HN:P values and associated statistical 

parameters as determined using the soil nutrient pool data for each of the three 

sampling times.  

Table D.3 Relationships between species’ HN:P values and their aboveground 

dominance, and between species’ HN:P values and their temporal stabilities in 

individual treatments over 12 years and over two sequential 6-year periods. 

Table D.4 Summary of HN:P values for communities under different experimental 

treatments in three sampling years.  

Figure D.1 Relationships between foliar N concentrations and soil NH4-N fluxes, 

foliar P concentrations and soil PO4-P fluxes, and foliar N:P and soil NH4-N:PO4-

P flux ratios for two species. 
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Table D.1 Plant species HN, HP, and HN:P values and associated statistical parameters as determined using the soil 
nutrient flux (IEM) data for each of the three sampling times (R1, R2, and R3).  

 Time Indicator Value 95% CI F P r2 
B. glandulosa R 1 HN 7.6 (6.6, 9.4) F1, 47 = 168.9  < 0.01 0.78 

 HP 2.6 (2.2, 3.3) F1, 45 = 94.3  < 0.01 0.68 
 HN:P 4.2 (3.2, 5.9) F1, 44 = 54.2  < 0.01 0.55 
R 2 HN 7.9 (6.6, 10.6) F1, 43 = 138.7 < 0.01 0.76 
 HP 2.6 (2.3, 2.8) F1, 45 = 293.7 < 0.01 0.87 
 HN:P 3.9 (3.2, 5.2) F1, 40 = 90.0 < 0.01 0.69 
R 3 HN 7.9 (6.7, 9.8) F1, 44 = 151.1 < 0.01 0.77 
 HP 3.0 (2.7, 3.4) F1, 44 = 203.6 < 0.01 0.82 
 HN:P 3.9 (3.3, 5.1) F1, 40 = 111.7 < 0.01 0.74 

V. uliginosum R 1 HN 12.7 (9.0, 19.8) F1, 35 = 29.4 < 0.01 0.46 
 HP 2.4 (2.1, 3.1) F1, 36 = 100.0 < 0.01 0.74 
 HN:P 3.9 (2.8, 6.2) F 1, 35 = 35.2  < 0.01 0.50 
R 2 HN 14.5 (11.6, 22.4) F1, 31 = 39.8 < 0.01 0.56 
 HP 2.6 (2.3, 2.9) F1, 36 = 270.1 < 0.01 0.88 
 HN:P 3.5 (2.8, 4.7) F1, 31 = 66.6 < 0.01 0.68 
R 3 HN 16.0 (11.0, 27.5) F1, 32 = 30.2 < 0.01 0.49 
 HP 3.0 (2.8, 3.4) F1, 36 = 357.9 < 0.01 0.91 
 HN:P 3.9 (3.2, 5.2) F1, 32 = 77.8 < 0.01 0.71 

R. subarcticum R 1 HN 14.2 (11.8, 18.0) F1, 47 = 109.3 < 0.01 0.70 
 HP 5.6 (4.8, 7.0) F1, 47 = 116.4 < 0.01 0.71 
 HN:P 9.8 (7.7, 13.3) F1, 46 = 59.4  < 0.01 0.56 
R 2 HN 14.6 (12.1, 19.0) F1, 43 = 101.5 < 0.01 0.70 
 HP 5.8 (5.3, 6.5) F1, 47 = 347.1 < 0.01 0.88 
 HN:P 9.5 (7.9, 12.5) F1, 42 = 85.4 < 0.01 0.67 
R 3 HN 14.7 (12.1, 18.8) F1, 44 = 104.7 < 0.01 0.70 
 HP 6.7 (6.0, 7.5) F1, 46 = 298.3 < 0.01 0.87 
 HN:P 9.4 (8.0, 11.6) F1, 42 = 123.8 < 0.01 0.75 

Table D.1 Continued on next page 
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Table D.1 Continued from previous page 
 Time Indicator Value 95% CI F P r2 

V. vitis-idaea R 1 HN 10.5 (8.6, 18.7) F1, 42 = 52.9 < 0.01 0.56 
 HP 4.6 (3.9, 6.4) F1, 35 = 73.8 < 0.01 0.68 
 HN:P 7.8 (6.2, 10.2) F1, 35 = 46.8  < 0.01 0.57 
R 2 HN 10.7 (8.7, 20.9) F1, 38 = 51.1 < 0.01 0.57 
 HP 4.5 (4.1, 5.0) F1, 35 = 234.7 < 0.01 0.87 
 HN:P 7.4 (6.1, 10.6) F1, 32 = 70.6 < 0.01 0.69 
R 3 HN 10.6 (8.8, 18.6) F1, 40 = 66.7 < 0.01 0.63 
 HP 5.1 (4.7, 5.6) F1, 34 = 376.1 < 0.01 0.92 
 HN:P 7.4 (6.4, 9.1) F1, 32 = 115.2 < 0.01 0.78 

A. polifolia R 1 HN 10.3 (8.8, 13.0) F1, 31 = 52.8 < 0.01 0.63 
 HP 4.3 (2.8, 9.6) F1, 31 = 26.8 < 0.01 0.46 
 HN:P 6.7 (4.9, 10.7) F1, 30 = 35.8 < 0.01 0.54 
R 2 HN 10.3 (8.5, 11.8) F1, 27 = 64.4 < 0.01 0.70 
 HP 4.0 (3.0, 5.7) F1, 31 = 70.8 < 0.01 0.70 
 HN:P 6.4 (4.7, 9.9) F1, 26 = 45.1 < 0.01 0.63 
R 3 HN 10.3 (9.0, 12.2) F1, 28 = 78.5 < 0.01 0.74 
 HP 4.5 (3.7, 6.3) F1, 31 = 103.2 < 0.01 0.77 
 HN:P 6.4 (5.1, 9.2) F1, 27 = 75.6 < 0.01 0.74 

R.chamaemorus R 1 HN 34.9 (24.8, 85.0) F1, 43 = 23.6 < 0.01 0.35 
 HP 2.6 (2.2, 3.7) F1, 44 = 97.8 < 0.01 0.69 
 HN:P 5.5 (4.0, 8.7) F1, 43 = 27.2  < 0.01 0.39 
R 2 HN 33.2 (23.3, 71.9) F1, 39 = 27.7 < 0.01 0.42 
 HP 2.8 (2.5, 3.5) F1, 44 = 206.8 < 0.01 0.82 
 HN:P 5.1 (4.0, 7.7) F1, 39 = 41.2 < 0.01 0.51 
R 3 HN 40.7 (27.5, 124.1) F1, 40 = 16.9 < 0.01 0.30 
 HP 3.2 (2.9, 3.9) F1, 43 = 182.3 < 0.01 0.81 
 HN:P 5.0 (4.0, 7.1) F1, 39 = 50.5 < 0.01 0.56 

Table D.1 Continued on next page 
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Table D.1 Continued from previous page 
 Time Indicator Value 95% CI F P r2 

E. vaginatum R 1 HN 27.8 (21.2, 39.0) F1, 45 = 60.3 < 0.01 0.57 
  HP 5.0 (4.0, 7.4) F1, 48 = 69.6 < 0.01 0.59 

 HN:P 8.8 (6.5, 14.4) F1, 45 = 31.1  < 0.01 0.41 
R 2 HN 28.5 (21.2, 44.4) F1, 41 = 52.2 < 0.01 0.56 
 HP 5.2 (4.3, 6.5) F1, 48 = 132.2 < 0.01 0.73 
 HN:P 7.9 (6.3, 11.0) F1, 41 = 56.2 < 0.01 0.58 
R 3 HN 28.7 (21.4, 40.5) F1, 42 = 57.4 < 0.01 0.58 
 HP 6.0 (5.1, 7.5) F1, 47 = 117.9 < 0.01 0.72 
 HN:P 8.3 (6.6, 11.5) F1, 41 = 57.2 < 0.01 0.58 

Notes: (1) Linear equation is: Y = aX+b, where X is natural log transformed soil N or P flux data or N:P flux ratio data, and 
Y is natural log transformed plant N or P concentrations or N:P ratio data. (2) The calculation of H values used 30-40 data 
points (four treatments (control, low-level N addition, high-level N addition, and high-level P addition) with 7-10 replicates 
for each). (3) We used the bootstrap approach (a seed of one was set for this approach) to quantify the 95% confidence 
intervals (95% CI) for the H values, since this approach can provide more accurate inferences when the sample size is 
small (Fox 2015). (4) HN:P values are shown in bold as they were the most robust (see Results) and therefore used in all 
species and community comparisons
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Table D.2 Plant species HN, HP, and HN:P values and associated statistical parameters as determined using the soil 
nutrient pool data for each of the three sampling times (early July, mid-July, and early August).  

 Time Indicator Value 95% CI F P r2 
B. glandulosa early July HN 5.3 (4.6, 8.3) F1, 47 = 127.6  < 0.01 0.73 

 HP 2.8 (2.4, 3.4) F1, 35 = 124.5  < 0.01 0.78 
 HN:P 2.8 (2.5, 3.0) F1, 34 = 315.7  < 0.01 0.90 
mid-July HN 5.0 (4.5, 5.7) F1, 45 = 291.8  < 0.01 0.87 
 HP 2.8 (2.5, 3.4) F1, 45 = 131.3  < 0.01 0.74 
 HN:P 2.9 (2.6, 3.3) F1, 42 = 212.8  < 0.01 0.84 
early August HN 5.3 (5.0, 5.9) F1, 47 = 481.3  < 0.01 0.91 
 HP 2.2 (1.9, 2.5) F1, 45 = 188.6  < 0.01 0.81 
 HN:P 3.1 (2.7, 4.0) F1, 44 = 158.0  < 0.01 0.78 

V. uliginosum early July HN N.S.     
 HP 2.9 (2.5, 3.5) F1, 26 = 104.1  < 0.01 0.80 
 HN:P 3.0 (2.7, 3.4) F1, 25 = 115.3  < 0.01 0.82 
mid-July HN 9.1 (6.1, 12.6) F1, 35 = 15.4 < 0.01 0.32 
 HP 2.7 (2.4, 3.1) F1, 36 = 165.4 < 0.01 0.82 
 HN:P 2.9 (2.5, 3.2) F1, 33 = 222.3  < 0.01 0.87 
early August HN 11.1 (8.7, 17.1) F1, 36 = 13.8  < 0.01 0.28 
 HP 2.1 (1.9, 2.3) F1, 36 = 356.3  < 0.01 0.91 
 HN:P 2.7 (2.3, 3.3) F1, 36 = 159.5  < 0.01 0.82 

R. subarcticum early July HN 10.4 (8.4, 14.6) F1, 47 = 63.6  < 0.01 0.57 
 HP 6.4 (5.7, 7.6) F1, 38 = 208.6  < 0.01 0.85 
 HN:P 6.7 (6.1, 7.5) F1, 37 = 385.8  < 0.01 0.91 
mid-July HN 9.5 (7.9, 11.7) F1, 45 = 105.5  < 0.01 0.70 
 HP 6.1 (5.4, 7.0) F1, 47 = 212.6  < 0.01 0.82 
 HN:P 7.0 (6.4, 7.9) F1, 44 = 270.3  < 0.01 0.86 
early August HN 10.7 (9.0, 13.1) F1, 47 = 114.9  < 0.01 0.71 
 HP 5.0 (4.3, 5.7) F1, 47 = 229.2  < 0.01 0.83 
 HN:P 7.5 (6.5, 9.2) F1, 46 = 168.4  < 0.01 0.79 

Table D.2 Continued on next page 
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Table D.2 Continued from previous page 
 Time Indicator Value 95% CI F P r2 
V. vitis-idaea early July HN 7.0 (5.8, 14.5) F1, 42 = 51.4  < 0.01 0.55 

 HP 6.3 (5.4, 8.8) F1, 27 = 61.5  < 0.01 0.70 
 HN:P 6.1 (5.1, 7.5) F1, 27 = 65.7  < 0.01 0.71 
mid-July HN 7.2 (5.8, 10.4) F1, 40 = 54.1  < 0.01 0.57 
 HP 5.4 (4.8, 6.9) F1, 35 = 82.5  < 0.01 0.70 
 HN:P 6.6 (5.7, 8.1) F1, 32 = 60.7  < 0.01 0.65 
early August HN 7.5 (6.4, 13.7) F1, 42 = 68.3  < 0.01 0.62 
 HP 4.2 (3.8, 5.0) F1, 35 = 111.4  < 0.01 0.76 
 HN:P 5.8 (5.0, 6.7) F1, 34 = 76.2  < 0.01 0.69 

A. polifolia early July HN 6.5 (5.7, 8.2) F1, 31 = 55.2  < 0.01 0.64 
 HP 4.3 (3.3, 8.8) F1, 24 = 41.3  < 0.01 0.63 
 HN:P 3.9 (3.1, 4.6) F1, 23 = 76.1  < 0.01 0.77 
mid-July HN 6.7 (5.8, 7.9) F1, 29 = 57.5  < 0.01 0.66 
 HP 3.7 (3.0, 6.6) F1, 31 = 73.8  < 0.01 0.70 
 HN:P 4.1 (3.7, 5.1) F1, 28 = 89.6  < 0.01 0.76 
early August HN 7.7 (6.9, 9.3) F1, 32 = 56.0  < 0.01 0.64 
 HP 2.9 (2.4, 4.2) F1, 31 = 114.5  < 0.01 0.79 
 HN:P 4.6 (3.7, 6.5) F1, 31 = 73.3  < 0.01 0.70 

R.chamaemorus early July HN 23.8 (16.7, 52.0) F1, 43 = 24.5  < 0.01 0.36 
 HP 3.0 (2.6, 3.8) F1, 35 = 110.9  < 0.01 0.76 
 HN:P 3.3 (2.9, 4.0) F1, 34 = 189.6  < 0.01 0.85 
mid-July HN 21.9 (15.4, 38.4) F1, 41 = 31.2  < 0.01 0.43 
 HP 2.9 (2.6, 3.4) F1, 44 = 203.9  < 0.01 0.82 
 HN:P 3.3 (2.9, 4.1) F1, 41 = 201.5  < 0.01 0.83 
early August HN 23.9 (17.4, 45.3) F1, 43 = 35.5 < 0.01 0.45 
 HP 2.4 (2.1, 2.7) F1, 44 = 269.5  < 0.01 0.86 
 HN:P 3.8 (3.0, 5.2) F1, 43 = 96.1  < 0.01 0.69 

Table D.2 Continued on next page 
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Table D.2 Continued from previous page 
 Time Indicator Value 95% CI F P r2 
E. vaginatum early July HN 20.0 (14.2, 31.0) F1, 45 = 46.1  < 0.01 0.51 

 HP 5.5 (4.6, 7.0) F1, 38 = 98.7  < 0.01 0.72 
 HN:P 5.7 (4.9, 6.6) F1, 35 = 134.0  < 0.01 0.79 
mid-July HN 17.8 (13.3, 22.0) F1, 44 = 94.3  < 0.01 0.68 
 HP 5.1 (4.4, 6.1) F1, 48 = 158.4  < 0.01 0.77 
 HN:P 5.6 (4.9, 6.3) F1, 44 = 198.7  < 0.01 0.82 
early August HN 19.3 (15.0, 24.0) F1, 45 = 99.3  < 0.01 0.69 
 HP 4.1 (3.7, 4.9) F1, 48 = 206.1 < 0.01 0.81 
 HN:P 6.2 (5.2, 8.1) F1, 45 = 119.6  < 0.01 0.73 

Notes: (1) Linear equation is: Y = aX+b, where X is natural log transformed soil N or P pool data or N:P pool ratio data, 
and Y is natural log transformed plant N or P concentrations or N:P ratio data. (2) The calculation of H values used 30-40 
data points (four treatments (control, low-level N addition, high-level N addition, and high-level P addition) with 7-10 
replicates for each). (3) We used the bootstrap approach (a seed of one was set for this approach) to quantify the 95% 
confidence intervals (95% CI) for the H values, since this approach can provide more accurate inferences when the 
sample size is small (Fox 2015). (4) N.S.: Regression is not statistically significant. (5) HN:P values are shown in bold as 
they were the most robust (see Results) and therefore used in all species and community comparisons. 
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Table D.3 Relationships between species’ HN:P values and their aboveground dominance (i.e. proportional biomass) over 
12 years, in 2005, 2011, and 2017, respectively; and between species’ HN:P values and their temporal stabilities over 12 
years, over the first 6-year period (i.e. 2005-2011), and over the second 6-year period (i.e. 2011-2017) into the 
experiments; for control (n = 20), greenhouse warming (n = 10), low-level N (LN) addition (n = 5), high-level N (HN) 
addition (n = 5), high-level P (HP) addition (n = 5), high-level N + high-level P (HNHP) addition (n = 5), and snowfence (n = 
5) treatments. Both marginal R2 (R2m) and conditional R2 (R2c) are reported, see “5.3.5 Statistical analyses” in the main 
text for details. Statistically significant t values are shown in bold. 

Relationship Experimental treatment Year t P R2m R2c 
HN:P and aboveground 
dominance 

Control over 12 years 24.6 <0.01 0.49 0.94 
 2005 17.1 <0.01 0.49 0.96 
 2011 11.7 <0.01 0.50 0.91 
 2017 13.2 <0.01 0.48 0.93 
Greenhouse warming over 12 years 16.3 <0.01 0.51 0.92 
 2005 14.1 <0.01 0.51 0.97 
 2011 7.5 <0.01 0.53 0.87 
 2017 8.9 <0.01 0.51 0.92 
LN addition over 12 years 13.6 <0.01 0.52 0.94 
 2005 7.9 <0.01 0.50 0.95 
 2011 6.9 <0.01 0.52 0.93 
 2017 6.7 <0.01 0.54 0.92 
HN addition over 12 years 9.0 <0.01 0.46 0.89 
 2005 7.8 <0.01 0.48 0.95 
 2011 4.5 <0.01 0.51 0.80 
 2017 4.2 <0.01 0.36 0.86 
HP addition over 12 years 13.3 <0.01 0.47 0.95 
 2005 6.1 <0.01 0.48 0.91 
 2011 6.9 <0.01 0.46 0.94 
 2017 9.4 <0.01 0.48 0.96 
HNHP addition over 12 years 8.3 <0.01 0.42 0.88 
 2005 8.1 <0.01 0.48 0.95 

Table D.3 Continued on next page 
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Table D.3 Continued from previous page  
Relationship Experimental treatment Year t P R2m R2c 
  2011 4.7 <0.01 0.38 0.88 
  2017 4.2 <0.01 0.34 0.87 
 Snowfence over 12 years 13.5 <0.01 0.48 0.96 
  2005 6.0 <0.01 0.49 0.93 
  2011 7.9 <0.01 0.50 0.96 
  2017 5.8 <0.01 0.47 0.93 
HN:P and temporal 
stability 

Control 2017 vs. 2005 3.8 <0.01 0.26 0.49 
 2011 vs. 2005 2.7 0.12 0.08 0.14 
 2017 vs. 2011 3.9 <0.01 0.26 0.47 
Greenhouse warming 2017 vs. 2005 4.5 <0.01 0.36 0.74 
 2011 vs. 2005 2.1 0.08 0.14 0.25 
 2017 vs. 2011 1.5 0.19 0.08 0.25 
LN addition 2017 vs. 2005 2.1 0.04 0.23 0.57 
 2011 vs. 2005 2.8 0.01 0.26 0.76 
 2017 vs. 2011 1.0 0.33 0.03 0.03 
HN addition 2017 vs. 2005 0.36 0.72 <0.01 <0.01 
 2011 vs. 2005 2.3 0.09 0.25 0.39 
 2017 vs. 2011 1.3 0.22 0.05 0.05 
HP addition 2017 vs. 2005 2.9 <0.01 0.27 0.76 
 2011 vs. 2005 0.8 0.45 0.02 0.02 
 2017 vs. 2011 1.8 0.12 0.17 0.50 
HNHP addition 2017 vs. 2005 -3.0 <0.01 0.24 0.24 
 2011 vs. 2005 -3.0 <0.01 0.23 0.23 
 2017 vs. 2011 0.3 0.80 <0.01 <0.01 
Snowfence 2017 vs. 2005 0.66 0.55 0.03 0.22 
 2011 vs. 2005 1.5 0.16 0.07 0.07 
 2017 vs. 2011 2.7 0.04 0.37 0.61 
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Note: The 20 replicate plots for control refers to all the control plots for the three different experimental manipulation 
settings (i.e. 10 replicate control plots for the greenhouse warming, five for the fertilizations, and five for the snowfence).   
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Table D.4 Summary of HN:P values with standard deviations in brackets for communities under different experimental 
treatments, in three sampling years.  
Treatment 2005 2011 2017 
Control for greenhouse warming 7.2 (0.3) 7.2 (0.3) 7.2 (0.4) 
Greenhouse warming 7.3 (0.2) 7.2 (0.2) 7.3 (0.2) 
Control for fertilizations 7.3 (0.3) 7.2 (0.2) 7.4 (0.5) 
LN addition 7.2 (0.5) 6.9 (0.4) 7.1 (0.4) 
HN addition 7.1 (0.5) 6.7 (0.5) 5.9 (0.6) 
HP addition 7.1 (0.5) 6.7 (0.4) 7.3 (0.3) 
HNHP addition 6.9 (0.6) 6.2 (0.5) 5.5 (0.7) 
Control for snowfence 7.0 (0.4) 6.6 (0.4) 6.9 (0.3) 
Snowfence 7.3 (0.5) 7.3 (0.4) 7.1 (0.5) 
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Figure D.1 Relationships between foliar N concentrations and soil NH4-N fluxes 
(a and b), foliar P concentrations and soil PO4-P fluxes (c and d), and foliar N:P 
and soil NH4-N:PO4-P flux ratios (e and f) for B.glandulosa and R.subarcticum, 
respectively, across control and levels of N- and P-fertilized plots (see Table 5.1 
legend for details). The “H” value is calculated as the reciprocal of the exponent 
value of the exponential function for each graph (H can range from 1 (no 
homeostasis) toward infinity (high homeostasis)).

(a) (b)

(c) (d)

(f)(e)
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Appendix E 

Decadal versus annual responses of soil microbes and plant 

communities to single large carbon and nitrogen additions 

in low Arctic tundra: where did the nitrogen go? – A follow-

up study 

 

E.1 Introduction 

This report is a follow-up study comparing decadal with annual effects of single 

large factorial additions of labile carbon (C) and nitrogen (N) on soil microbial and 

plant biomass pools in a low Arctic tundra ecosystem. The original study found 

that upper organic soil microbes rapidly took up large amounts of added fertilizer 

N (with no concurrent biomass increase) within weeks of additions, and 

maintained the elevated biomass N concentrations for at least two successive 

years. In addition, shoot N concentrations in the dominant evergreen plant 

species were enhanced by the N addition without corresponding changes in total 

plant community aboveground biomass after three years of the addition 

(Churchland et al. 2010). This original study demonstrates a rapid and substantial 

capacity for luxury N uptake and storage in tundra soil microbes. The ability of 

microbes to immobilize and retain added mineral N over the annual timescale 

was also confirmed from another 2-year N fertilization experiment conducted in 

the same study valley 500 m away and around the same seasonal time period 
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(Buckeridge et al. 2010). Tundra microbes, therefore, could act as an important 

“buffer” against pulsed N input events, such as cytoplasmic release resulting from 

microbial cell rupture during spring freeze-thaw cycles and faeces and urine input 

from animals, that are typical of tundra ecosystems (Buckeridge et al. 2010, 

Buckeridge and Grogan 2010, Kuzyakov and Blagodatskaya 2015). Little is 

known, however, about the fate of such immobilized N over longer time. Is all of 

the immobilized N still held by microbes in the organic soil over the decadal 

timescale? Or has some of it been transferred to microbes lower in the soil 

profile? Has some been lost due to leaching and denitrification? What proportion 

has been transferred over to the plant community? This particular follow-up study 

aimed to explore these questions. We collected soil and plant samples from the 

same plots in the mid-growing season in 2018, 14 years after the C and N 

additions. We measured concentrations of soil microbial biomass C (MBC), soil 

microbial biomass nitrogen (MBN), soil total dissolved carbon (TC), soil total 

dissolved nitrogen (TN) in four successive depths; and investigated shoot N 

concentrations for individual vascular plant species. These data were then 

compared with those collected in 2006 (for the soil data) and 2007 (for the plant 

data) respectively to address the above research questions. Our results will 

improve our understanding of N dynamics over decadal versus annual timescales 

among soil microbes, soil solutions, and plant communities in tundra terrestrial 

ecosystems. 

 

E.2 Materials and methods 
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E.2.1 Study site and experimental manipulations 

Detailed information on the study site and experimental manipulations were given 

in the original study (Churchland et al. 2010). Briefly, this study was conducted in 

mesic birch hummock tundra vegetation near the Tundra Ecosystem Research 

Station (TERS) at Daring Lake, Northwest Territories, Canada (64° 52' N, 111° 

33' W) (Appendix A, Figures A.1 and A.2). This ecosystem is characterized by 

hummocks 10-30 cm high and deciduous dwarf birch (Betula glandulosa Michx) 

shrubs that are 10-40 cm tall and make up ~14% community aboveground 

biomass (Chapter 4). The remaining cover is a mixture of mostly ericaceous 

shrubs (Vaccinium uliginosum L., Rhododendron subarcticum Harmaja (formerly 

Ledum decumbens (Aiton) Lodd. Ex Steud.), Vaccinium vitis-idaea L., and 

Andromeda polifolia L.), one graminoid species (Eriophorum vaginatum L.), and 

one forb species (Rubus chamaemorus L.). Besides vascular species, there is 

also a well-developed moss and lichen layer (Nobrega and Grogan 2008, Zamin 

et al. 2014). There is an organic soil horizon that was moist and 6-10 cm deep, 

and an underlying mineral soil horizon with fine silt texture in the uppermost layer 

and thaws to up to 50 cm each summer (Nobrega and Grogan 2008). 

Factorial additions of labile C and N were conducted in the growing season in 

2004. Twenty-four plots (1 m2) of similar plant species composition was located 

and randomly assigned one of the following treatments: C addition, N addition, C 

and N addition (CN addition hereafter) and control (n = 6). Carbon (in the form of 

sucrose) and/or N (in the form of NH4NO3 fertilizer) dissolved in water were 

added to the C, N, and CN plots respectively twice on July 10th and July 28th. A 
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total of 200 g C m-2 and/or 20 g N m-2 were added. Note that when we revisited 

these plots in 2018, we observed a dramatic vegetation composition change and 

substantial pooling of water at the surfaces of one of the N addition plots and one 

of the CN addition plots due to dramatic soil subsidence that had happened 

sometime earlier. This subsidence was probably associated with local melting of 

belowground ice in this palsa landscape. We did not include these two plots in 

our 2018 data collection since the vegetation had become completely changed 

from birch hummock tundra to wet sedge meadow. 

 

E.2.2 Soil sampling protocol and sample processing 

All sample collection and processing were done exactly according to the 

description by Churchland et al (2010). A small sample of soil was collected from 

inter-hummock within each of the plots on July 8 2018. The soil was split into four 

depth layers: the green-brown moss transition to 2.5 cm depth organic soil (0-2.5 

cm; soil layer A hereafter); 2.5-5 cm organic soil (soil layer B hereafter); the 

reminder of the brown organic layer (soil layer C hereafter); and the first 2.5 cm of 

the mineral light brown/grey-coloured sand/silt layer (soli layer D hereafter). Total 

dissolved carbon (TC) and total dissolved nitrogen (TN) in the extracts were 

determined using a TOC-TN analyzer. Nutrient concentrations in all extracts were 

corrected for the moisture contents of the original soil samples. MBC and MBN 

were calculated as the differences in TC and TN respectively between the 

fumigated and non-fumigated extracts. To account for C and N in the microbial 

cell wall that is not released by the chloroform we divided the microbial biomass 
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values by 0.35 for MBC and 0.4 for MBN (Jonasson et al. 1996b). Note that in the 

original study the soil biogeochemical variables at successive soil layers in the 

2006 dataset was analyzed and reported as per unit soil volume (mg cm-3) 

(Churchland et al. 2010), whereas in our study they were analyzed and reported 

as per unit dry weight soil (mg/g dry weight soil). We made this change to avoid 

the confounding effects of potential changes in bulk density among the two soil 

collection years.  

 

E.2.3 Plant sampling protocol and sample processing 

We sampled aboveground vascular plant biomass for each major species from 

random locations at least 10 cm from the edges within each plot between July 25 

and July 31 2018. Vegetation was sorted into the following categories: B. 

glandulosa leaves and shoots (old growth hereafter), V. uliginosum, R. 

subarcticum, V. vitis-idaea, A. polifolia, and R. chamaemorus. These plant 

samples were first air-dried, and later fully dried at 60°C in a fan-assisted oven for 

24 h before grinding and analysis. Samples were ground either using a grinder 

(IKA MF 10 Microfine grinder, Staufen, Germany) or a pestle and mortar, 

depending on the texture of the specific sample. Total N and total C 

concentrations (% of dry mass) were analysed by combustion and gaseous N 

detection (Elementar,Hanau, Germany). 
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E.2.4 Statistical analyses 

We investigated the effects of the factorial C and N additions for the 2018 dataset 

using separate two-way ANOVAs, with C addition and N addition as main effects 

and a C x N interaction on each of the microbial and soil solution pools. We 

examined the temporal changes in each of the microbial and soil solution pools 

for successive soil layer depths under each of the experimental manipulations 

(i.e. the control, C addition, N addition, and CN addition) across time (from 2006 

to 2018) using a separate two-way mixed-model factorial ANOVA, with soil layer 

depth as the within-subjects factors and time as the between-subjects factor. 

Note that for the 2007 plant N concentration dataset, since we do not have 

access to the raw data, we used the mean and standard error values extracted 

from the published paper (see Figure. 3 in Churchland et al (2010)) for statistical 

analyses. Specifically, we extracted these values using the “Engauge Digitizer” 

software (Mitchell et al. 2019), and then examined the temporal changes in each 

of the vascular plant species’ shoot N concentrations under each of the 

experimental manipulations across time (from 2007 to 2018) using separate t 

tests. We used R software (version 3.2.3, R Development Core Team 2015) for 

all statistical analyses and figure generation. All statistically significant results (P 

< 0.05) and trends (P < 0.10) for all analyses are reported directly in the text.  

 

E.3 Results 
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E.3.1 Effects of C and N additions on soil biogeochemistry down the 

soil profile after 14 years versus after two years of amendments 

Neither MBC nor MBN in any of the three organic soil layers (i.e., soil layers A, B, 

and C) was significantly affected by either C or N addition or the combination of C 

and N additions after 14 years of amendments (Figures E1a and E1b), despite 

the generally increased TC or TN concentrations in these organic soils by the 

additions (Figures E1c  and E1d). Note that for the MBN in the deepest organic 

soil (soil layer C) in particular, although the difference did not reach statistical 

significance, there was a non-significant trend towards a positive N addition effect 

on MBN (increased by 54%) (Figure E1b; t = 1.6; P = 0.13). Likewise, both TC 

and TN were enhanced: TC increased by 187% (Figure E1c; t = 2.4; P = 0.03) 

and TN increased by 200% (Figure E1d; t = 2.1; P = 0.05) in the CN-amended 

plots in this soil horizon. In contrast to the lack of resource addition effects on 

microbes in the organic soils, microbes in the underlying mineral soil (soil layer D) 

were largely enhanced by the CN addition. Specifically, CN addition increased 

MBC by 150% (t = 2.4; P = 0.04) that were driven by both a positive C effect and 

a positive N effect (Figure E1a), and increased MBN by 100% (t = 1.9; P = 0.09) 

that was driven by a positive N effect (Figure E1b). Meanwhile, TC, but not TN, 

was also enhanced in the CN addition plots (by 160%) (t = 3.1; P = 0.01) that was 

correlated with a positive C effect (t = 2.3; P = 0.04) (Figures E1c and E1d). 

Lastly, the MBC:MBN ratio was negatively affected by the CN addition in soil 

layer C (by 23%) (t = -2.0; P = 0.06), and positively affected by the C addition in 
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soil layer D (by 68%) (t = 4.3; P <0.01); whereas remained unchanged under any 

other conditions.  

The above observations were in sharp contrast with what was found two years 

after the additions in the original study, in which dramatic C and/or N addition 

effects were observed mostly in the organic soils. In terms of MBC, in contrast to 

initially expected, MBC in the first two organic soil layers and in the mineral soil 

layer were all decreased rather than increased by the C addition: by 24% in soil 

layer A (t = -1.7; P = 0.096), by 34% in soil layer B (t = -1.8; P = 0.09), and by 

38% in soil layer D (t = -1.9; P = 0.07) (Figure E1a). In addition, MBC in soil layer 

A was also negatively affected by the N addition (by 27%) (Figure E1b; t = -1.9; P 

= 0.07). By contrast, MBN was mostly affected by the combination of C and N 

addition, rather than by the individual additions. Specifically, MBN in all of the 

three organic soil layers were increased or tended to be increased by the CN 

addition: by 84% in soil layer A (t = 2.5; P = 0.02), by 105% in soil layer B (t = 2.6; 

P = 0.02), and by 83% in soil layer C (t = 1.7; P = 0.11) (Figure E1b). 

Furthermore, these enhancements were all driven by a positive N effect rather 

than C effect (Figure E1b). Besides the positive effects on MBN, CN addition also 

increased TN in the organic soils which were correlated with positive N effects 

rather than C effects: by 233% in soil layer A (t = 3.5; P < 0.01), and by 100% in 

soil layer B (t = 1.8; P = 0.09) (Figure E1d). Lastly, N addition increased TC by 

208% in soil layer B (t = 1.8; P = 0.09) (Figure E1c), and increased both TC (by 

76%) (Figure E1c; t = 2.0; P = 0.06) and TN (by 83%) (t = 1.8; P = 0.08) (Figure 

E1d) in soil layer C. Lastly, the MBC:MBN ratio was negatively affected by the 

CN addition in all three soil organic layers, all driven by negative N effects. 
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Specifically, MBC:MBN ratio was decreased by 48% in soil layer A (t = -3.2; P < 

0.01), decreased by 52% in soil layer B (t = -4.8; P < 0.01), and decreased by 

41% in soil layer C (t = -2.6; P = 0.02); whereas MBC:MBN ratio in the mineral 

soil was decreased in the N-amended plots only (by 44%) (t = -1.9; P <0.07). 

 

E.3.2 Decadal effects of C and N additions on, and temporal changes 

in, vegetation aboveground N concentrations  

N addition effects on plant species’ shoot N concentrations 14 years after the 

amendments were only observed in the dwarf evergreen shrub species V. vitis-

idaea (increased by 6%) (t = 2.1; P = 0.048), and in the dwarf deciduous shrub 

species V. uliginosum (decreased by 16%) (t = -2.3; P = 0.04) (Figure E2). In 

terms of temporal changes, shoot N concentrations in V. vitis-idaea were actually 

decreased in both the N-amended plots (by 35%) (t = -4.0; P = 0.02) and the CN-

amended plots (by 33%) (t = -5.3; P < 0.01) over the 11-year period (Figure E2). 

By contrast, shoot N concentrations in the most abundant evergreen shrub 

species, R. subarcticum (named as Ledum decumbens in the original study 

(Churchland et al. 2010)), and the most abundant deciduous shrub species, B. 

glandulosa, were increased in both the control plots and the C-amended plots. 

Specifically, shoot N concentration was increased by 43% for R. subarcticum (t = 

3.2; P = 0.02), and by 51% for B. glandulosa (t = 3.1; P = 0.02) in the control 

plots; and was increased by 59% for R. subarcticum (t = 3.8; P < 0.01), and by 

50% for B. glandulosa (t = 4.2; P < 0.01) in the C-amended plots (Figure E2). 

Lastly, shoot N concentration in V. uliginosum was also increased in the control 
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plots (by 44%) (t = 3.2; P = 0.02); and shoot N concentration in V. vitis-idaea was 

also increased in the C-amended plots (by 14%) (t = 2.2; P = 0.07) (Figure E2). 

 

E.4 Discussion 

E.4.1 Decadal versus annual microbial responses down the soil 

profile to a single large N addition event  

Our follow up study demonstrated that although mesic tundra soil microbes in the 

upper organic horizons have the capacity to rapidly accumulate large amounts of 

N and maintained elevated N concentrations over at least two successive years 

(Churchland et al. 2010), this capacity was lost over the decadal timescale. The 

strong microbial N sink capacity in the original study was suggested to be the 

result of two alternative mechanisms. One mechanism is a rapid change in the 

structure and composition of the soil microbial community, with presumably a 

relative increase in bacteria (which are more N-rich) compared to fungi (which are 

more C-rich). Alternatively, it may be caused by enhanced microbial N storage 

capacities. Specifically, N-rich cyanophycins in heterotrophic bacteria and 

cyanobacteria, and vacuoles in mycorrhizal and heterotrophic fungi, may act as 

large N storage pools, in which the incorporated inorganic nitrogen forms (e.g. 

ammonium and nitrate) are assimilated into amino acids (Bago et al. 2001) that 

turn over relatively slowly compared to the nitrogen in cytosol (Churchland et al. 

2010).  

With this knowledge, we would suggest that two alternative changes in the soil 

microbes after the initial two years in the N-amended plots may contribute to the 
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largely diminished microbial N sink capacity in the organic soils. First, it may 

indicate a re-established microbial community with a high fungi/bacteria ratio. 

There is a general consensus that the effects of various environmental changes, 

including N availability, on microbial community compositions are indirect through 

their effects on soil pH, which has been recognized as the single most important 

regulator for microbial community compositions across ecosystems (Männistö et 

al. 2007, Lauber et al. 2009, Chu et al. 2010). Therefore, it is likely that a high-

fungi low-bacteria microbial community had been re-established in the N-

amended plots over the years, resulting in a reduced MBN concentration that 

converged with that in the control plots, as long as the soil pH was similar 

between them. Future research is required to examine this assumption. Second, 

it may indicate a gradual release of the microbial N from the existing microbial 

intracellular pools over the past decade. Indeed, it has been demonstrated that 

upon nitrogen starvation, the vacuolar fraction in fungi can act as a nitrogen 

reserve and mobilize and use arginine, which is the prominent amino acid 

reserve in fungi (Legerton et al. 1981). We assume that mostly like, these two 

mechanisms may work together, leading to the observed reduction in MBN.  

In the original study, it hypothesized that the N fertilization should enhance MBN 

throughout the organic horizon and down into the underlying mineral layer within 

two years of its addition (Churchland et al. 2010). However, as our re-analysis of 

the 2006 dataset showed here, although the N fertilization did significantly 

increased MBN throughout the first two organic soil layers and it also had a non-

significant positive effect in the third organic soil layer, its effect on MBN was not 

observed in the mineral soil. By contrast, the positive effect of N fertilization on 
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MBN within the organic soil horizon was only observed for the deepest layer 14 

years after the amendment. In addition, the assumption of the downward 

movement of N into the mineral soil and a consequent enhancement in MBN was 

supported by our 2018 dataset, but only in the CN-amended plots rather than the 

supposed N-amended plots. Although most of the added labile C were likely 

respired away quickly (Hartley et al. 2010), a small fraction may still move down 

into the mineral soil and become available to microbes. As suggested, when N-

limitation is severe enough, presumably as in our mineral soil, microbes would 

lack adequate N to make the biomass needed for survival and growth (Sistla et 

al. 2012). Therefore, adding mineral N in combination with labile C would 

facilitate microbial growth and prime nutrient mining (Kuzyakov and 

Blagodatskaya 2015), whereas mineral N itself may not be enough to induce 

such a priming effect in this extremely resource poor soil horizon. However, 

despite the statistically significant effect, the quantity of the increased MBN in the 

mineral soil is about one order of magnitude smaller than those found in the 

organic soils. The extremely low microbial biomass nitrogen combined with the 

low permeable nature (fine silt texture and no observable rocks) of the mineral 

soil suggests that N loss due to downward leaching in our plots is likely to be very 

small. Another different pattern in MBN between the 2006 and the 2018 dataset 

is the more similarity of MBN among the three organic soil layers in the later 

dataset. There was a consistent decline in MBN with increasing soil depth in all 

plots in the 2006 dataset, whereas MBN became more equally distributed among 

the organic soils in the 2018 dataset. Indeed, MBN in the deeper soil layer was 

even larger than the above layer in the N-amended plots. Taken together, our 
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study suggests that it takes longer than two years for the added resources to 

move down into the mineral soil and have a significant yet small consequent 

effect on microbial growth and activity; and the active biogeochemical N cycling 

had penetrated into the deeper organic soils than retained in the top 0-5 cm 

organic layer over the decadal timescale.  

Lastly, the more conserved MBC:MBN ratios in all soil layers in all plots in 2018 

(ranges = 9.0 - 16.9) compared with those in 2006 (ranges = 6.1 - 35.6) 

suggested that as a broadly-defined group, the soil microbial community has a 

strong capacity to return to a homeostatic state over time after external 

disturbance ceased (Cleveland and Liptzin 2007), although C:N ratios do vary 

significantly between specific groups of organisms, such as fungi versus bacteria, 

within the soil microbial community (Paul and Clark 1996). 

 

E.4.2 Plant shoot responses to added N 

Since the added nitrogen was no longer retained by the soil microbes 14 years 

after the amendment nor it likely to be downward leached away, one alternative 

pathway is being taken up by the plant community. Although our study showed 

that the plant shoot N concentrations, which were initially increased after three 

years of amendment for some of the species, returned to that of the untreated 

plants overall, it is possible that the total plant community N pool, including both 

aboveground and belowground biomass, had increased. Indeed, similar contrast 

pattern in short- versus long-term effects on plant shoot N concentrations has 

been observed for a salt marsh ecosystem (Gallagher 1975). Plants may 
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therefore exhibit a trade-off between quality (increasing N concentration) and 

quantity (increasing biomass) in response to fertilization. Other trade-offs may 

include size, reproduction, and mortality rates (Peek and Forseth 2009). In 

addition, part of the incorporated N by plants in the earlier years may had passed 

out of the stand by decay of the dead material over the decade (Gallagher 1975). 

Lastly, although we did observe a small increase in shoot N concentration in V. 

vitis-ideae in the N addition plots, this species only accounts for 14.4-17.2% of 

the total aboveground vascular plant community biomass in our mesic birch 

tundra ecosystem (Chapter 4), and therefore is unlikely to explain the majority of 

the missing microbial N. Nonetheless, the positive N effect on this particular 

species may be partly explained by its capacity to effectively take up nutrients 

from the substrate layer beneath the green moss and from the upper organic soil 

horizon through its fairly shallow-distributed roots compare to other coexisting 

vascular species (Kummerow and Russell 1980, Persson 1983). 

Alternatively, the added nitrogen may had been removed from the system via 

nitrification/denitrification. Indeed, another study conducted in the same study 

valley observes a significant increase in N2O production in the two-year N-added 

plots during the spring thaw period (Buckeridge et al. 2010). However, it also 

argues that this N2O loss is negligible and the missing N may be more likely 

attributed to N2 loss (Buckeridge et al. 2010). Lastly, the missing N may also had 

been removed from the system via overland surface flows during spring thaw or 

major rain events, which have been demonstrated as an important organic matter 

leachate export pathway in Arctic soils (Zhang et al. 2017). Further research is 

needed to explore these possibilities. 
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E.5 Conclusion 

Our study is novel in that we followed the impacts of single large amounts of 

nutrient additions on soil biogeochemistry down the soil profile over both the 

annual and decadal timescales, especially the longer-term effects, which remain 

an understudied aspect of resource pulses not only in tundra soils but across all 

systems in general. Our study emphasizes the need for long-term studies of 

nutrient pulses in order to understand how variation in the duration of nutrient 

subsidies affects tundra ecosystems.  
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Figure E.1 Concentrations of (a) soil microbial biomass carbon (MBC), (b) soil 
microbial biomass nitrogen (MBN), (c) total dissolved carbon (TC), and (d) total 
dissolved nitrogen (TN), in successive soil depth layers (soil layer A: 0-2.5 cm 
organic; soil layer B: 2.5-5 cm organic; soil layer C: 5-mineral; and soil layer D: 0-
2.5 cm mineral) in the factorial carbon and nitrogen addition plots after two years 
(in 2006) and after 14 years (in 2018) of the amendments (n = 5-6; error bar = 1 
SD). P < 0.1 †, P < 0.05 *, P < 0.01 **.  
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Figure E.2 Comparison of plant shoot N concentrations after three years (in 
2007) versus after 14 years (in 2018) of amendments in the factorial carbon and 
nitrogen addition plots (n = 5-6; error bar = 1 SD). Plant species abbreviations: 
A.pol: Andromeda polifolia; B. gla: Betula glandulosa; B. gla old: Betula 
glandulosa old-growth; R. sub: Rhododendron subarcticum, V. uli: Vaccinium 
uliginosum, V. vit: Vaccinium vitis-idaea. P < 0.1 †, P < 0.05 *, P < 0.01 **.  
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