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ABSTRACT
Water availability is obviously a primary regulator of plant productivity and species interactions
in arid ecosystems, where many previous studies have documented these effects by manipulating
soil moisture availability. The impact of altered precipitation patterns — predicted as a
consequence of climate change — however, is less clear for more temperate-mesic habitats. How
much does variation in soil moisture availability matter here relative to other key environmental
factors? To address this, we used a long-term field experiment to explore how the interaction of
below-ground water and nutrient availability and above-ground herbivory, interact as regulators
of neighbourhood biomass production and species composition in an old-field meadow in
Eastern Ontario. After five years of soil water and nutrient level manipulation, with and without
herbivore exclosures, we recorded above-ground dry biomass for each resident species within
replicate plots. Analysis of treatment effects showed that community above-ground biomass
increased with the addition of soil nutrients, decreased under reduced water levels, and was
unaffected by increasing water levels or the presence of herbivore exclosures. By Contrast,
species richness was altered by all applied treatments with the soil water level manipulations
having the greatest effects. The soil nutrient manipulation induced changes in diversity
consistent with the traditional ‘humped-back’ model, which predicts a unimodal relationship
between productivity and diversity, but the soil moisture manipulation did not. Body size metrics
(i.e. maximum potential body size or minimum reproductive threshold size) did not predict
species biomass representation under any of the experimental manipulations. However, the
biomass of the three most dominant plant species — each of agricultural and ecological
significance — was altered by the soil resource manipulations. These results suggest that future
precipitation regime changes are likely to negatively impact eastern Ontario’s native grassland
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plant species and its economically valuable hay and pasture lands. Furthermore, they challenge
conventional theory regarding plant body size and competition and the relationship between
productivity and diversity along gradients of soil moisture availability versus soil nutrient
availability.
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CHAPTER 1: INTRODUCTION

Climate change has become the most pressing environmental issue for the 21st Century (IPCC
2014). By modifying weather circulation patterns and hydrologic processes, climate change is
expected to have a major impact in altering global precipitation regimes (Easterling et al. 2000;
Houghton et al. 2001; Schär et al. 2004; Seneviratne et al. 2006). On a worldwide scale, we can
expect increased inter- and intra-annual variability in precipitation; with certain regions
experiencing either decreased or increased mean annual inputs (Heisler-White et al. 2008). From
an ecological perspective, this prediction raises both concern and curiosity because in many
terrestrial ecosystems the primary constraint on plant productivity is water availability
(Rosenzweig 1968; Webb et al. 1983; Le Houerou et al. 1988; Churkina and Running 1998).
Extensive research has consequently explored how changing precipitation regimes might alter
ecosystem functioning, with the majority of these experiments manipulating soil moisture
availability in relatively arid ecosystems. A recent review of the state of such experiments has
however expressed the need for future studies to explore multiple drivers of environmental
functioning in long-term experiments that are situated in a broader range of habitat types (Beier
et al. 2012). The impact of alterations to soil moisture availability will depend, therefore, on its
importance, relative to other key resources and environmental factors, as a regulator of
ecosystem structure and functioning — a question that is particularly poorly understood for
vegetation in temperate-mesic environments such as is found in the region of the present study:
southeastern Ontario, Canada.
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ENVIRONMENTAL CHANGE IN SOUTHEASTERN ONTARIO
By the end of this century, the mean annual precipitation of the Great Lakes basin, of which
southeastern Ontario is part of, may rise by 10-20% (Kling et al. 2003). Summer precipitation,
however, is predicted to decrease by up to 50% (Kling et al. 2003). When coupled with increased
temperature and evapotranspiration, this decrease in precipitation may cause soil moisture during
summer months to decline by up to 30% (Kling et al. 2003). Two additional environmental
factors have also affected (and continue to affect) vegetation in southeastern Ontario: soil
nutrient loading, specifically from phosphorus- and nitrogen-containing fertilizer, manure, and
biosolids and atmospheric nitrogen deposition (Chambers et al. 2001); and elevated densities of
southeastern Ontario’s most abundant large herbivore, the white-tailed deer, which have more
than doubled since European settlement (Gill 1990; Van Deelen et al. 1996). The research
reported here will correspondingly explore how the combined effects of variation in soil
moisture level, soil nutrient availability and above-ground large mammal herbivory affect
elements of community structure and function using a long-term field experiment in an old-field
meadow.

A REVIEW OF SOIL MOISTURE EXPERIMENTS
To our knowledge, there have been twenty published studies to date concerning the effects of
soil moisture manipulation on productivity or diversity in natural, temperate-mesic grassland /
old-field (herbaceous) vegetation (Table 1). Of these, five lasted longer than five years, and eight
also included manipulation of additional environmental factors: three manipulated soil nutrient
availability, three simulated herbivory by clipping plant biomass, and two manipulated both soil
nutrient availability and simulated herbivory. Results from studies involving both soil nutrients
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and moisture manipulations have been mixed. Three of the five soil nutrient manipulation studies
found that soil nutrient additions alone increased productivity while in the other two productivity
increased only when both soil moisture and nutrients were added. Additionally, of the studies
that reported the effect of fertilizer additions on diversity half identified a negative effect.
Although reducing soil moisture frequently did not alter productivity or diversity the direction of
all significant effects was negative. Conversely, almost half of the studies that increased soil
moisture availability reported a positive effect on productivity. Increasing soil moisture
availability usually did not alter diversity with just two of seven studies reporting that diversity
increased with soil moisture availability. The ecological significance of the herbivory
manipulation studies is questionable because the impact of herbivore grazing was not directly
reduced but was instead associated with simulated increase, involving clipping plant biomass.
Specifically, this form of disturbance is by nature non-selective and more closely resembles
mowing than grazing. Clipping consistently lowered productivity while its impact on diversity
was mixed, with three studies reporting negative effects and one reporting a positive effect.
Evidently, our understanding of soil moisture’s importance to productivity and diversity relative
to soil nutrients and herbivory in temperate-mesic vegetation is limited.

PRODUCTIVITY AND DIVERSITY ALONG SOIL RESOURCE GRADIENTS
Nevertheless, these studies provide some indication that increases in soil moisture and nutrient
availability generally correlate with augmented productivity in temperate-mesic vegetation.
Moreover, treatments that altered productivity also frequently modified species diversity,
including both of its components — richness (the number of species within a community), and
evenness (how equally resident species are represented). The classic ‘humped-back’ model
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(HBM) theory predicts that manipulating soil moisture and nutrients may modify species
diversity by altering productivity and that grassland plant diversity peaks at intermediate levels
of productivity (Grime 1973; Fraser et al. 2015). This unimodal relationship between
productivity and diversity is primarily driven by reductions in ‘niche dimensionality’ at both
high and low levels of productivity (Harpole and Tilman 2007). In unproductive habitats, the
inability of species to tolerate abiotic stress, such as poor soil moisture and nutrients availability,
generally restricts richness. Conversely, competitive exclusion by those species that become
dominant because they are best adapted to relatively fertile conditions generally limits the
richness of productive habitats (Grime 1973; Al-Mufti et al. 1977; Guo and Berry 1998). More
precisely, reduced ‘niche dimensionality’ at high levels of productivity is partially due to a shift
in limiting factors (e.g. light) but is more fundamentally driven by a reduction in the number of
limiting resources (Harpole et al. 2017). If ambient productivity levels are considered to be
intermediate, then either increases or decreases in productivity — a potential consequence of
changing soil resource availability — should both correspondingly cause diversity to decrease.
This prediction, however, is not consistently supported by the reviewed studies manipulating the
soil resources of temperate-mesic grasslands and old-fields (Table 1). In accordance with the
HBM, productivity increases in response to fertilizer applications and productivity decreases in
response to reduced soil moisture availability were both generally accompanied by decreased
species diversity. However, two studies found that increased soil moisture availability had a
positive effect on productivity and diversity — a response contradictory to what the HBM would
predict. These two studies correspondingly suggest that the relationship between productivity
and species diversity may differ between gradients of soil moisture and nutrient availability — a
hypothesis warranting further investigation.
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Enhancing our understanding of how future and current environmental change will
impact the productivity and diversity of southeastern Ontario grasslands is vital for both
ecological and applied reasons. For instance, reduced grassland productivity may be detrimental
to Ontario’s agriculture and economy in general. In 2011, Ontario possessed 2, 077, 911 acres of
hay crop land and 1, 633, 566 acres of pasture land, which together account for roughly one third
of Ontario’s total farmland (Oo and Lalonde 2013). This same year Ontario produced 5.4 million
tonnes of hay, which is typically valued at $ 120-180 / tonne (Oo and Lalonde 2013). However,
in drought years, such as 2012, hay prices have reached $ 400 / tonne (Oo and Lalonde 2013).
Furthermore, in both natural grasslands and managed pastures, plant species diversity is
an important regulator of stability in response to disturbances such as drought (Frank and
McNaughton 1991; Tilman and El Haddi 1992; Tilman and Downing 1994; Sanderson et al.
2005), species invasion (Tilman 1997; Naeem et al. 2000; Dukes 2002; Kennedy et al. 2002;
Tracy and Sanderson 2004; Soder et al. 2007), and primary productivity (Clark 2001; Minns et
al. 2001; Reich et al. 2001; Soder et al. 2007; Tilman et al. 2012). Consequently, the ability of
ecologists to effectively preserve and restore native grassland species appears inseparable from
maintaining diversity. Moreover, the maintenance or restoration of plant species diversity may
enhance the ability of grassland farmers to reduce fertilizer and pesticide inputs, protect soil
resources, and improve sustainability (Sanderson et al. 2007).

INTERACTIVE EFFECTS OF HERBIVORY
The effects of soil resource manipulations, however, might be masked or modulated if there are
concurrent effects of herbivory. For example, the impact of large herbivores, such as white-tailed
deer (in the region of the present study), may increase plant diversity in habitats of high
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productivity but lower diversity in low productivity sites. Above-ground biomass removal by
large herbivores can reduce competition for light, thus lowering local exclusion rates, and this
effect is normally expected to be greater in more productive habitats where above-ground
biomass potential is generally greater (Huisman and Olff 1998; Huisman et al. 1999; Bakker et
al. 2006). Plant competition effects may also be altered by the selective nature of herbivory and
because certain grassland plant species, particularly grasses, annuals and late maturing forbs and
herbs, tend to be more tolerant of herbivory. These changes to competitive relations can have a
positive or negative effect on productivity and diversity depending on whether dominant species
are consumed (Côté et al. 2004). White-tailed deer herbivory may also increase productivity by
stimulating overcompensation in plant growth, or if selective grazing favors more productive
species (Côté et al. 2004).

SPECIES COMPOSITION
Evidently, soil resource availability and herbivory regulate productivity and species diversity by
modifying plant competition — generally considered the most important force shaping the
structure and assembly of most plant communities (Grace and Tilman 1990; Keddy 2001;
Tilman 1982). Changes to the competitive relationships between plant species are likely to occur
to the fortune of certain species and misfortune of others. Accordingly, both the absolute and
relative biomass of particular species may be affected by manipulating soil resource availability
and herbivory. Substantial changes in species biomass may lead to changes in community
composition — an additional metric of community dissimilarity. Beta diversity has traditionally
been used to determine “the extent of change in community composition, or degree of
community differentiation, in relation to a complex-gradient of environment, or a pattern of

6

environments” (Whittaker 1960). And similar to species diversity, beta diversity can be separated
into two components: nestedness-resultant dissimilarity, the nested loss or gain of species, and
spatial turnover, the replacement of certain species by others. Consequently, unlike species
diversity, analyzing community composition can reveal information regarding species identity.
In summary, the degree to which each of these metrics of community differentiation — species
diversity, species absolute and relative biomass, and community composition — are altered will
indicate the relative importance of soil moisture, soil nutrients, and herbivory. Furthermore, an
understanding of the presence or absence and relative biomass of key plant species is important
to conservationists and agriculturists alike. For example, with regards to achieving high yields
and forage nutritive value, diversity itself appears to be less important than what individual
species make up pasture mixtures — i.e. the species composition (Clark 2001; Deak et al. 2007).
As well, plant species of agricultural importance are frequently species of ecological concern.
Specifically, roughly one quarter of Canada’s intentionally introduced invasive alien plants
species have arrived as an agricultural crop (food, fodder, fiber) (Canadian Food Inspection
Agency 2008). Correspondingly, old-field meadows, like this study’s, are convenient habitats to
investigate species of ecological and agricultural significance.

COMPETITION AND PLANT BODY SIZE
The relative competitive abilities of plant species have traditionally been interpreted in terms of
capacity for growth (Aarssen and Keogh 2002). Larger relative body size typically confers
greater capacity to obtain and deny (to other species) access to limiting resources (Grime 1979;
Grace 1990; Goldberg 1996; Craine 2009). Correspondingly, controlled competition experiments
typically show that smaller species are disadvantaged in terms greater suppression when grown
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with larger species (Gaudet and Keddy 1988; Keddy and Shipley 1989; Goldberg and Landa
1991; Keddy et al. 1994; Rosch et al. 1997; Keddy 2001; Keddy et al. 2002). This ‘sizeadvantage’ — associated with maximum potential body size (MAX) — is, however, only one of
two body size metrics affecting success under competition. The size that a species must reach in
order to reproduce at all — i.e. its minimum reproductive threshold size (MIN) — is at least
equally, and potentially more important. Recent research in old-field vegetation (Tracey and
Aarssen 2011; Tracey and Aarssen 2014) has identified a general positive relationship,
accounted for as a trade-off, between these two metrics. In other words, species with larger MAX
generally have a larger MIN. Moreover, these studies have shown that species with higher
numerical abundance — and also with greater local neighbourhood biomass (Tracey et al. 2017)
— are generally those with, not larger MAX, but smaller MIN, representing a ‘reproductive
economy advantage’ in terms of potential for gene transmission success under conditions of
severe crowding (Aarssen 2015). Importantly, manipulation of soil resource levels and impact
from herbivory can affect the severity of crowding / competition effects within local
neighbourhoods and may thus impose directional selection on species body size metrics.

QUESTIONS AND PREDICTIONS
Manipulating the availability of soil resources and eliminating large mammal herbivory could
consequently cause a range of hypothetical interactive and additive effects on the structure and
functioning of southeastern Ontario’s temperate grassland plant communities. The research
reported here is based on results from an old-field meadow after the first five years of a longterm (ten-year) field experiment — guided by the following questions and predictions:
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(1) Is the above-ground productivity of temperate-mesic herbaceous vegetation limited
more by soil nutrients or by summer soil moisture availability? The reviewed soil resource
manipulation studies situated in temperate-mesic grasslands and old-fields suggest that both soil
moisture and nutrients can positively affect productivity. Determining the relative importance of
the two soil resources appears to be a much more complicated question. All five studies
manipulating both moisture and nutrient availability found that soil nutrients limited productivity
to some degree (Table 1; Owensby et al. 1970; Carson and Pickett 1990; Huber 1994; Stevens et
al. 2006; Dickson and Foster 2008), two of these studies determined that productivity was colimited by both soil resources (Table 1; Huber 1994; Stevens et al. 2006), and in another soil
moisture additions significantly increased productivity in a dry year (Table 1; Carson and Pickett
1990). Accordingly, the relative importance of soil moisture will likely depend on a region’s
mean annual precipitation (MAP) and the frequency at which droughts occur. The MAP of
Kingston, Ontario, the nearest major to our study site, from 1981 to 2010, the year our
experiment began, was 950 mm (ECCC 2017a), which is more precipitation than majority of the
reviewed studies received. However, it appears as though the frequency of droughts in Eastern
Ontario is increasing with three well-reported severe summer droughts occurring in 2007, 2012
and 2016 (ECCC 2017b). Consequently, it is likely that the productivity of southeastern
Ontario’s temperate-mesic herbaceous vegetation is typically limited by soil nutrients but that
inter-annual variation in precipitation may make soil moisture the more limiting resource.

(2) Does the relationship between productivity and species diversity differ between soil
moisture and nutrient gradients? The classic HBM predicts a unimodal productivity-diversity
relationship and that increases or decreases in productivity from ambient levels, a potential
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consequence of altered soil recourse availability, should decrease species diversity. However, as
previously discussed, the reviewed studies do not consistently support the HBM model (Table 1).
In specific, the soil moisture additions of two studies increased productivity and diversity.

(3) Is the availability of soil nutrients or summer soil moisture the greater driver of
changes in community composition and species’ absolute and relative biomass in
temperate-mesic herbaceous vegetation? We predict that the extent that soil nutrients or
summer soil moisture manipulation alters community composition and species’ competitive
ability — i.e. absolute and relative biomass — is likely to parallel the degree that they modify
productivity and species diversity.

(4) How does soil resource manipulation (water versus soil nutrients) affect the
representation of species with different body sizes (i.e. MAX versus MIN)? By increasing or
decreasing productivity soil resource manipulation may alter the intensity of plant competition
and apply directional selection on plant body size. The direction of this selection, however, is
contested by two contrasting theories of plant competition. Traditional plant competition theory
— the ‘size-advantage’ hypothesis — would predict that the proportion of relatively large
species should increase. Conversely, the ‘reproductive economy advantage’ hypothesis would
predict that directional selection would occur in the opposite direction and the proportion of
relatively small species should increase. Nevertheless, both hypotheses would predict that as
competition intensifies directional selection on plant body size should strengthen.
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(5) Does large mammal herbivory modify the relationships between soil resource
availability and each of the previous four dimensions of plant community structure and
functioning? The previously outlined complexities of herbivory in general, and the selective
grazing of white-tailed deer make formulating predictions for this research question a
challenging task. Nevertheless, it is likely that any potential effects of deer herbivory on plant
community structure and functioning is expected to be greater in more fertile communities — i.e.
potentially when soil moisture and nutrients are more abundant. Furthermore, the direction of
any herbivory-induced effects on species diversity and composition will depend on whether or
not dominant plant species are foraged.
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TABLE 1. Summary of previous experimental studies of effects of soil moisture manipulation
on productivity or diversity in natural, temperate-mesic grassland / old-field (herbaceous)
vegetation. The table includes the following information on each experiment: duration of study
(length); vegetation type; location’s mean annual precipitation (MAP [mm]); soil moisture
manipulations (“+W” for added, “-W” for reduced [i.e. with rainout shelters]); soil nutrient
manipulations (“+N” for added nitrogen, “+NPK” for added nitrogen/phosphorus/potassium);
herbivory manipulations (“clipping” for simulated herbivory by clipping); effects on productivity
(above-ground only); and effects on species diversity (or only species richness for some studies).
Studies are ranked by MAP, then by duration of study, and then by publication date. Instances
where effects on productivity and diversity were tested but not identified are depicted with “—”.
The direction of statistically significant effects (P < 0.05) on productivity and diversity are
represented with “ê” for decreases and “é” for increases.
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Huber 1994
3

3

Length
(years)
3
3

White et al. 2014

5

Source
Study reference
White et al. 2014
White et al. 2014

Sternberg et al.
1999
Grime et al. 2000

4
19

Vegetation Type
Grassland
Grassland
Shallow calcareous
old-field grassland
Grassland
680

-/+W

-/+W

MAP
Moisture
Nutrient
Herbivory
Effects on
(mm) Manipulations Manipulations Manipulations
Productivity
386.3
-W
Clipping
Clipping ê
431.3
-W
Clipping
-W ê
Clipping ê
433
+W
+NPK
Clipping
+W✕+NPK int. é
Clipping ê
506.5
-W
Clipping
-W ê
Clipping ê
+W é
680

-W ê
+W é
—
—
—
+W é
+N é

Effects on Diversity

Clipping ê richness
-W ê richness
clipping ê richness
—

-W ê richness
clipping ê richness
+W é richness

-/+ W composition
divergence

—
—

-W
+W

+NPK

+N

835
835

+W
+W

+NPK

-/+W
-W
-W
+W
+W

835
924

+W

+NPK é
Clipping ê
+W é

762
833
835
835
835

Tallgrass prairie
Lowland tallgrass
prairie
Upland tallgrass prairie
Old-field

930

+W
+NPK

-W ê richness

Old-field;
early succession
Old-field;
early succession
Highland grassland
Successional grassland
Tallgrass prairie
Tallgrass prairie
Upland tallgrass prairie

19
1

Old-field

967

+W

+W é in dry year
not in wet
+NPK é
—

-W ê

—

3

1150

-/+W

-W ê

—
—

1

Old-field tallgrass
prairie
Old-field

1194

-/+W

+W é
+W✕+NPK int. é

2

Old-field

1300

—

—
+W é
+NPK ê
+ NPK ê
clipping é

2

Old-field

Clipping

13

5
2
1
2
4

1

Holub et al. 2015
Fry et al. 2014
Fay et al. 2000
Wilcox et al. 2015
Owensby et al.
1970
Harper et al. 2005
Collins et al. 2012
Collins et al. 2012
Stevens et al.
2006
Dickson and
Foster 2008
Sherry et al. 2008
Carson and
Pickett 1990
Hoeppner and
Dukes 2012
Grime et al. 2008
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CHAPTER 2: METHODS
STUDY SITE
This study was conducted at Queen’s University Biological Station (QUBS) using an old-field
meadow on a section of QUBS property known locally as the Bracken Tract (44°38' N, 76°20' W), situated near Newboro, Ontario, Canada. The field is roughly rectangular in shape,
150 x 200 m, and surrounded by a mix of shrubland and mature woodland. The field was last
tilled and sown (with an unknown forage seed mix) sometime in the early half of the last century,
and was used periodically for light cattle grazing and occasional hay harvest until 2010 (Frank
Phelan, pers comm.). A survey of the field in 2010 recorded 63 resident species (Appendix A). A
4-foot high barbed wire fence was installed around the field’s perimeter in 2010 to prevent
possible grazing by livestock, but without affecting accessibility by large wild herbivores, the
most important in the region being white-tailed deer (MacMillan and Aarssen 2017).

EXPERIMENTAL DESIGN
In 2010, 240 field plots were set up in 16 parallel rows (separated by 8 m), with 15 plots
(separated by 7 m) per row, that were grouped into 10 blocks (24 plots per block). Each plot is
1.95 m in diameter (2.95 m2), delineating the circular treatment area, centered over a 1x1 m plot,
representing the sampling/harvest area. The plots were assigned to one of 12 treatments
representing a factorial combination of 3 watering (soil moisture) levels x 2 soil nutrient levels x
2 herbivore exclosure levels (present and absent) — with 2 replicates per treatment randomly
designated within each block (n = 20 replicates per treatment in total).
The three soil moisture levels were: reduced (using rainout shelters); control (receiving
only ambient precipitation); and increased (through regular watering). Rainout shelters consisted
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of a 2 m x 2 m peaked wood frame covered with clear polyethylene plastic (0.006 inches thick),
positioned 1.85 m above the ground and centered over the circular treatment area (Appendix J).
Beginning in 2011, the plastic was installed each year near the end of May and maintained in
place until early September. The plot water addition treatment was applied weekly each year
(beginning in 2011), between the beginning of June and the end of August, using water from a
nearby pond that was chemically similar to the region’s natural precipitation (Appendix B). This
water was pumped into a transportable watering tank and delivered individually to each plot
through a hand-held hose and spray nozzle at the rate 50 litres per plot treatment area (17 litres
per m2) (Appendix I). The latter approximates the average local rainfall received during this
three-month (June – August) period across the years 2000-2010 based on climate data from
Environment Canada’s Kingston Pumping weather station for 2000 – 2007 and Kingston Climate
weather station for 2009 – 2010 (Appendix C). Accordingly, the total water (added plus ambient
precipitation) received by the watered plots was approximately double than normally (on
average) received by precipitation only. Analyses of light intensity and air and soil temperature
determined that the soil moisture treatment apparatuses did not alter a plot’s microclimate to a
biologically significant degree (Appendix D).
The two soil nutrient treatment levels included a control (no added nutrients) and the
addition (to the plot treatment area) of 71.4 g per m2 of 14:13:13 NPK slow release fertilizer
(Nutricote 14-13-13 Type 100; Plant Products), which releases nutrients at a more uniform rate
and over a greater period of time than quick release fertilizer, near the end of May in each year
beginning in 2010. For the herbivore exclosure treatment, permanent wire fencing (1 m high with
10 cm x 5 cm opening grid) — effective for excluding white-tailed deer, rabbits, and groundhogs
in particular, but also (less commonly found locally in old-field meadows) raccoons, porcupines,

15

and skunks — was installed around the perimeter of the 2.95 m2 circular treatment areas
containing the plots (Appendix I).

DATA COLLECTION
Plot Volumetric Water Content (VWC)
VWC was recorded (using a Campbell Scientific HydroSense Probe) for the 120 unharvested
plots immediately before each of 12 weekly watering events (and hence 7 days after the previous
weekly watering) during the 2016 summer (June-July-August) season (Figure D1).
Measurements were also taken after the July 28 watering event, five days later on August 2, and
prior to watering on August 4 (Figure D3). Each plot’s VWC measurement is the average of four
readings (taken from NE, NW, SW, and SE plot corners).

Plot standing biomass and species composition
In July of 2015, 10 replicate plots of each of the 12 treatments (1 replicate chosen randomly from
each of the 10 blocks) were selected for harvest of standing above-ground biomass (both live and
dead). Each selected 1x1 m plot was partitioned into four equal quadrants (0.25 m2 each) and all
vegetation within each quadrat was cut at ground level and placed into a separate plastic bag and
stored at (-5 °C) for later lab processing. The plant material of two of the plastic bags (from
opposite quadrants, selected randomly) for each plot was transferred to a paper bag, oven-dried
at 70°C in a fan-assisted oven for a minimum of 48 hours to achieve constant mass, and than
weighed to determine total harvested plant dry mass per 0.5 m2. The remaining two bags from
each plot were sorted to separate the biomass by species identity (Appendix E), and also to
separate standing dead biomass. This standing dead biomass is likely a combination of senesced
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plant material produced during the current year and plant material produced in previous years.
The sorted material was then oven-dried as above to determine total harvested dry mass per
species (and total standing dead dry mass) per 0.5 m2. Total ‘live’ (only) above-ground plant dry
mass for the entire 1 m2 harvest plot was determined by adjusting the pooled dry mass of all four
0.25 m2 sections based on the relative standing dead measurements (i.e. the proportion of each
plot’s total biomass that was standing dead) available from the two sorted quadrats. Total plot
‘live’ (only) above-ground plant dry mass is hereafter described simply as total community (plot)
biomass.
Beta diversity, Shannon diversity, species richness, and Evar (Smith and Wilson's
evenness) values were calculated on a 0.5 m2 scale (based on the two sorted quadrants) for each
plot to quantify treatment-induced changes in community composition.

Species body size metrics
Data estimates of absolute MAX and MIN for each observed species were identified from an
assemblage of seven absolute MIN / MAX datasets (Nishizawa and Aarssen 2013; Stephens and
Aarssen 2014; Tracey and Aarssen 2014; Serafini and Aarssen 2015; Morris et al. 2016; A.
Tracey, personal communication, May 6, 2017). These datasets were generated using natural
populations of herbaceous species located in the vicinity of Kingston, Ontario, Canada, involving
a range of habitats including old-field meadows, roadside edges, and woodlands. Each
population was then surveyed to locate the absolute largest (MAX) and/or smallest (MIN)
reproductive plants based on measurements of height and lateral canopy extent. For each MAX
and MIN specimen, the above-ground biomass was harvested, dried at 70°C for a minimum of
48 hours, and then weighed to obtain dry mass. This metric of above-ground biomass was
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selected since it removes the impact of any variation in water concentration between and within
species.

Covariates
Several additional pre-existing sources of environmental variation were measured that could also
affect plot-level variation in soil moisture availability, and hence plot productivity and species
composition: plot elevation, soil depth, and soil texture (Appendix F). Elevation (metres above
mean sea level) measurements were recorded at the center of each plot using standard land
surveying instrumentation. Soil depth (cm) was recorded as the median of four soil depth probe
measurements taken along each plot’s perimeter. Soil texture composition (percent clay, sand,
silt content) was determined using particle size analysis (method adapted from Gee 1986). Each
covariate is independent of the experimental treatments (Appendix G).

STATISTICAL ANALYSES
Plot VWC
2016 growing season VWC data was analyzed using mixed model analyses of covariance
(ANCOVA) with Type II sums of squares. Each model included the experimental factors soil
moisture treatment and date of measurement and a two-way interaction between them as fixed
factors. Plot elevation, soil depth, and percent clay content were included as covariates and the
terms “block” and “plot” were included as a random factors in the model. Percent clay content
was selected as the measurement of soil texture as it correlated most strongly with 2016 plot
VWC (Figure H2). Pairwise differences among treatments were tested using LSMEANS with
Tukey’s HSD post-hoc tests. The functions ‘lmer’ (package lme4; Bates et al. 2015), ‘Anova’
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(package car; Fox and Weisberg 2011), and ‘lsmeans’ (package lsmeans; Lenth 2016) were
respectively used to fit linear mixed models, and to perform ANCOVAs and post-hoc tests.

Plant biomass relationships
Measurements of plot total living biomass, relative standing dead biomass, and species’ total and
relative biomasses were analyzed in the same manner using mixed model ANCOVAs with Type
II sums of squares. For each model the experimental factors (soil moisture treatment, soil
nutrients treatment, and herbivory treatment), all two-way interactions, and a three-way
interaction were analyzed as fixed factors. Plot elevation, soil depth, and a measurement of soil
texture (percent clay, sand, and silt content) were included as covariates and the “block” term
was included as a random factor in the model. Each component of soil texture (clay, sand, and
silt) was separately tested in mixed model ANCOVAs for each response variable (results not
shown) and the soil texture component with the strongest significance level — i.e the lowest P
value — was used in model analyses. Percent clay content was the best predictor of all plant
biomass measurements (plot total living biomass, relative standing dead biomass, and species’
total and relative biomasses). This method of selecting a component of soil texture was applied
to all subsequently described analyses that include the soil texture covariate. Pairwise differences
among treatments were tested using LSMEANS with Tukey’s HSD post-hoc tests. The functions
‘lmer’ (package lme4; Bates et al. 2015), ‘Anova’ (package car; Fox and Weisberg 2011), and
‘lsmeans’ (package lsmeans; Lenth 2016) were respectively used to fit linear mixed models, and
to perform ANCOVAs and post-hoc tests.
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Species composition relationships
Plant community divergence under the different experimental conditions was visualized using
two-dimensional non-metric multidimensional scaling (NMDS) ordinations and computed using
1,000 random starts using the function ‘metaMDS’ (package vegan; Oksanen 2017). This
function applies data transformations, selects a dissimilarity index, and performs multiple NMDS
at random starting configurations to find the minimum stress solution, which is then scaled and
rotated. 2010 and 2015 species presence/absence ordinations used Bray-Curtis distances with
untransformed data while the 2015 species biomass ordination used Bray-Curtis distances with
Wisconsin double standardized and square-root transformed data. The Wisconsin double
standardization and square root transformation are generally applied when subsets of the data
points are disproportionally large — i.e. if strong dominance by one or more species is detected.
Ellipses showing 95% confidence intervals of the mean were overlain with the function
‘ordiellipse’ (package vegan) to assist the comparison of each treatment’s community.
Beta diversity was used to determine “the extent of change in community composition, or
degree of community differentiation, in relation to a complex-gradient of environment, or a
pattern of environments” (Whittaker 1960) by comparing Sorensen pair-wise dissimilarity values
— a monotonic transformation of Beta diversity — among the experimental treatments.
Sorensen pair-wise dissimilarity (i.e. total dissimilarity) was partitioned into its two components
— nestedness-resultant dissimilarity and spatial turnover — using the function ‘beta.pair’
(package betapart; Baselga et al. 2017). Nestedness-resultant dissimilarity — the nested loss or
gain of species — was measured as the nestedness-fraction of Sorensen pair-wise dissimilarity.
Spatial turnover — the replacement of certain species by others — was measured as Simpson
pair-wise dissimilarity. Total dissimilarity, nestedness-resultant dissimilarity, and spatial
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turnover were then evaluated using Permutational Multivariate Analyses of Variance
(PERMANOVA, Anderson 2001) with 10,000 permutations using the function ‘adonis’ (package
vegan).

Species diversity relationships
Shannon index, and Evar index scores were analyzed using mixed model ANCOVA in the same
fashion as the analyses of plant biomass, with the sole difference being that percent sand content
instead of percent clay content was the selected component of soil texture. Plot species richness
was modeled using a generalized linear model (GLM) with a Poisson distribution, a log link and
an estimated scale parameter (i.e. quasi-Poisson GLM) to account for under-dispersion (ϕ =
0.41). The quasi-Poisson GLM included the experimental factors (soil moisture treatments, soil
nutrients treatment, and herbivory treatment), all two-way interactions, and a three-way
interaction as fixed factors. Plot elevation, soil depth, and sand content were included as
covariates. Treatment effects were tested using an ANCOVA with Type II sums of squares
(function ‘Anova’; package car) and pairwise differences among treatments were tested using
LSMEANS with Tukey’s HSD post-hoc tests (function ‘lsmeans’; package lsmeans). A
generalized linear mixed model (GLMM) on species richness that included the random term
‘block’ was tested but not used because model convergence could only be achieved when the
covariates were excluded. This may suggest that the included covariates may require rescaling.
However, a more likely explanation is that the random effect is unnecessary as its variance is
negligible.
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Species body size relationships
The relationship between above-ground biomass and species richness was tested using type I
linear regression. Likewise, type I linear regression was used to test the relationship between an
individual species’ MAX / MIN and its mean above-ground biomass across all experimental
plots in which it was recorded. Both analyses were conducted at two scales: across all
experimental plots harvested in 2015 (n = 119) and within the six soil moisture and soil nutrients
treatment combinations (natural soil nutrients and reduced soil moisture [n = 19], increased soil
nutrients and reduced soil moisture [n = 20], natural soil nutrients and natural soil moisture [n =
20], increased soil nutrients and natural soil moisture [n = 20], natural soil nutrients and
increased soil moisture [n = 20], and increased soil nutrients and increased soil moisture [n =
20]). Each species’ MIN / MAX and corresponding mean above-ground biomass was log
transformed.
All analyses were conducted in R 3.2.3 (R Core Team, 2015). The applied statistical
significance level was α = 0.05. Statistical model specification did not involve test-qualified
pooling — dropping non-significant terms following statistical testing — as recommended by
Colegrave and Ruxton (2017). Data for each of the above categories of analysis was visually
inspected for homogeneity of variance using residuals vs. fitted plots, normality using quantilequantile (QQ) plots, and outliers using leverage plots.
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CHAPTER 3: RESULTS
SOIL MOISTURE TREATMENT EFFECTS ON PLOT SOIL MOISTURE WATER
CONTENT
Across the 2016 growing season, plot VWC varied significantly between measurement dates and
soil moisture treatments and there was a significant interaction between these two factors (Table
2, Figure 1). Specifically, rainout shelters reduced mean plot VWC by 5% while watering
significantly increased mean plot VWC by 2% (Tukey HSD, P < 0.05). This difference in plot
VWC between the watered and control plots is, however, the minimum effect size because soil
moisture readings were taken prior to each watering event (i.e. a week after the previous
watering event). In comparison, the July 28th watering event significantly increased the mean
VWC of water addition plots by 8% (Tukey HSD, P < 0.05; Table 3; Figure 2). The soil
moisture treatments altered the relationships between plot VWC and the selected model
covariates (Appendix F). The relationships between each soil texture component (clay, sand, and
silt) and plot VWC were significantly correlated in plots with rain shelters but not in natural and
increased soil moisture plots.

PLOT STANDING DEAD RELATIVE BIOMASS
The reduced soil moisture treatment significantly increased relative standing dead biomass from
19% to 26% (Tukey HSD, P < 0.05). Relative standing dead biomass did not vary in response to
increased soil moisture, soil nutrient additions, or the presence of herbivore exclosures (Table 4;
Figure 3).
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TOTAL COMMUNITY (PLOT) BIOMASS
Soil nutrient additions significantly increased plot biomass by 36% (~116 g/m2) (Table 5; Figure
4). The rain shelters significantly decreased plot biomass by 35 % (~151 g/m2) (Tukey HSD, P
< 0.05). The herbivore exclosures (Table 5; Figure 4) and water additions (Tukey HSD, P >
0.05), however, did not alter plot biomass. A significant interaction between the soil moisture
treatments and soil nutrients treatments was present for total plot biomass, because, although soil
nutrients addition increased plot biomass at all soil moisture levels, the soil nutrients response
was greatest at increased levels of soil moisture (Figure 5).
Inclusion of plot standing biomass with live plant biomass yielded the same results as the
analysis of live plant biomass alone except that there was no significant interaction between the
soil moisture and soil nutrients treatments (results not shown). Plots that received both increased
soil moisture and nutrients were, nevertheless, still on average the most productive.

BETA DIVERSITY
The PERMANOVA analyses of Beta Diversity and its components for the 2010 dataset revealed
that prior to the onset of the experimental manipulations, the plots displayed no significant
variation in total dissimilarity, nestedness-resultant dissimilarity, or spatial turnover (Tables 6, 7,
and 8 respectively). Conversely, the soil moisture and nutrients manipulations caused significant
divergence in total dissimilarity (Table 9) and nestedness-resultant dissimilarity (Table 10), but
not spatial turnover (Table 11). The herbivore exclosures, however, only had a marginal effect
on nestedness-resultant dissimilarity (Table 10).
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NON-METRIC MULTIDIMENSIONAL SCALING
The NMDS ordination on the 2010 species presence/absence data (Figure 6) depicts no
significant differences in community composition prior to the implementation of the
experimental treatments. In contrast, the NMDS ordinations on both the species
presence/absence (Figure 7) and species biomass (Figure 8) data depict significant community
composition divergence under the soil moisture and nutrients manipulations but not in response
to the herbivore exclosures.

DIVERSITY INDICES
Shannon diversity significantly decreased in response to soil nutrient additions but was not
affected by the herbivore exclosure treatment (Table 12). The rain shelters significantly
decreased Shannon diversity (Tukey HSD, P < 0.05) while the water addition treatment caused a
near to significant increase (P = 0.051).
The rank abundance curves depict how differences in species richness are likely the sole
cause of the observed difference in Shannon Index, as community dominance structure was not
altered by the experimental treatments (Figure 9). The analysis of plot Evar scores confirms this
observation as none of the experimental treatments affected plot evenness (Table 12). In
comparison, species richness was significantly reduced by an average of 1.02 species / 0.5 m2 in
response to nutrient additions and 0.53 species / 0.5 m2 when herbivore exclosures were present
(Table 12; Figure 10). The soil moisture manipulations also altered species richness with post
hoc analyses revealing a significant decrease (1.57 species / 0.5 m2) in response to reduced soil
moisture availability and a significant increase (1.38 species / 0.5 m2) in response to enhanced
soil moisture availability. (The discrepancy between the PERMANOVA on nestedness-resultant
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dissimilarity and the quasi-Poisson ANCOVA in regards to the effects of the herbivore
exclosures is likely because the quasi-Poisson model accounts for underdispersion while the
PERMANOVA does not. Accordingly, the quasi-Poisson model is likely the superior method of
analyzing variation in species richness). As a consequence of these dissimilarities in plot species
richness, species pool size (the number of species existing across habitats of similar ecological
conditions e.g. this study’s treatment groups) varied in response to the experimental treatments
with the greatest differences occurring between the soil moisture treatments (Table 12; Appendix
H). The species pool size decreased by 50% in response to reduced soil moisture and increased
by 60% with the addition of soil moisture.

SPECIES’ ABSOLUTE AND RELATIVE BIOMASS
Analyses of total and relative species biomass were restricted to nine species whose occurrence
among all plots harvested in 2015 was sufficiently frequent for statistical analyses. These nine
species and their respective total occurrences are: Bromus inermis (119), Vicia cracca (116), Poa
pretensis (115), Linaria vulgaris (61), Asclepias syriaca (50), Galium mollugo (40), Cerastium
arvense (32), Hieracium spp. (29), and Carex livida (27). The absolute and / or relative
biomasses of eight of these nine species were significantly altered by the experimental treatments
(Tables 13 and 14). The fertilizer additions enhanced the absolute biomasses of Bromus inermis,
Asclepias syriaca, and Cerastium arvens; decreased the absolute biomass of Hieracium spp. and
Carex livida; and decreased the relative biomass of Vicia cracca and Poa pretensis. The water
addition treatment decreased the absolute and relative biomasses of Cerastium arvense and
Carex livida. Rain shelters decreased the absolute and relative biomasses of Poa pratensis and
increased the relative biomass of Bromus inermis. Herbivore exclosures decreased the absolute
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biomass of Cerastium arvense and increased the absolute and relative biomass of Gallium
mollugo.

TOTAL BIOMASS VS SPECIES RICHNESS
Across all experimental plots sampled in 2015, species richness per 0.5 m2 was positively
correlated with total live biomass per 0.5 m2 (r2 = 0.084, P = 0.0014; Figure 11). However, only
the increased soil moisture and nutrients plots displayed a positive relationship between plot
species richness and total live biomass per 0.5 m2 (r2 = 0.29, P = 0.014; Figure 12b).

SPECIES BODY SIZE METRICS VS MEAN BIOMASS
Species’ LOG maximum potential body size (MAX) and minimum reproductive threshold size
(MIN) were both unrelated to LOG species mean above-ground biomass when analyzed across
all experimental plots harvested in 2015 (Figure 13) and also within each soil moisture and
nutrients treatment combination (Figure 14).
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TABLE 2. Mixed model ANCOVA for plot volumetric water content (vol %). Factors in this
analysis include decreased (n = 40), natural (n = 40), and increased (n = 40) soil moisture
treatments (watering treatment), and 12 watering dates across the 2016 growing season (date).
Plot elevation, soil depth, and clay content were included as covariates. Block (proportion of
variance explained = 16%) and plot (proportion of variance explained = 51%) were included as
random factors in the model.
Source
Watering Treatment
Date
Plot Elevation
Plot Soil Depth
Clay Content
Watering Treatment × Date

F
87.31
540.18
0.49
2.66
4.14
100.49

df
2
11
1
1
1
22

Residual df
105.37
1287.00
70.98
110.03
111.82
1287.00

P
< 0.0001
< 0.0001
0.48
0.11
0.044
< 0.0001

TABLE 3. Mixed model ANCOVA for plot volumetric water content (vol %). Factors in this
analysis include decreased (n = 40), natural (n = 40), and increased (n = 40) soil moisture
treatments (watering treatment), and July 28 pre-watering, July 28 post-watering, August 2, and
August 4 watering date (date). Plot elevation, soil depth, and clay content were included as
covariates. Block and plot were included as random factors in the model.
Source
Watering Treatment
Date
Plot Elevation
Plot Soil Depth
Clay Content
Watering Treatment × Date

F
60.10
293.41
0.0017
3.48
12.83
203.59

df
2
3
1
1
1
6
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Residual df
105.45
351.00
59.16
111.00
112.86
351.00

P
< 0.0001
< 0.0001
0.97
0.065
0.00050
< 0.0001

TABLE 4. Mixed model ANCOVA for plot standing dead relative biomass. Factors in this
analysis include decreased (n = 39), natural (n = 40), and increased (n = 40) soil moisture (soil
moisture), natural (n = 59) and increased (n = 60) soil nutrients (soil nutrients), and the absence
(n = 60) or presence (n = 59) of herbivore exclosures (exclosure). Plot elevation, soil depth, and
clay content were included as covariates. Block was included as a random factor in the model
(proportion of variance explained = 0%).
Source
Soil Moisture
Soil Nutrients
Exclosure
Plot Elevation
Plot Soil Depth
Clay Content
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure

F
4.38
0.00018
1.86
0.30
0.00073
1.28
0.85
0.71
0.41

df
2
1
1
1
1
1
2
2
1

Residual df
28.86
74.71
103.97
18.56
97.81
81.37
83.77
103.60
103.34

P
0.022
0.99
0.18
0.59
0.98
0.26
0.43
0.49
0.53

0.10

2

103.67

0.90

TABLE 5. Mixed model ANCOVA for total plot above-ground live plant dry biomass (g / m2).
Factors in this analysis include decreased (n = 39), natural (n = 40), and increased (n = 40) soil
moisture (soil moisture), natural (n = 59) and increased (n = 60) soil nutrients (soil nutrients),
and the absence (n = 60) or presence (n = 59) of herbivore exclosures (exclosure). Plot elevation,
soil depth, and clay content were included as covariates. Block was included as a random factor
in the model (proportion of variance explained = 24%).
Source

F

df

Residual df

Soil Moisture
Soil Nutrients
Exclosure
Plot Elevation
Plot Soil Depth
Clay Content
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure

36.70
44.88
0.0009
0.16
12.51
0.20
3.47
1.24
0.74
1.04

2
1
1
1
1
1
2
2
1
2

95.17
95.61
95.73
68.76
101.95
102.93
95.76
95.44
95.47
95.46
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P
< 0.0001
< 0.0001
0.98
0.69
0.00061
0.66
0.035
0.29
0.39
0.36

TABLE 6. PERMANOVA on the dissimilarity matrix accounting for total dissimilarity of 2010
(‘initial’) plant species composition among plots that were subsequently assigned to: three soil
moisture treatments (decreased [n = 39], natural [n = 40], and increased [n = 40]), two nutrients
treatments (natural [n = 59] and increased [n = 60]), and two herbivore exclosure treatments
(absent [n = 60] versus present [n =59]).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Herbivory
Residuals
Total

df
2
1
1
2
2
1
2

SS
0.21
0.12
0.12
0.17
0.17
0.041
0.28

MS
0.11
0.12
0.12
0.086
0.084
0.041
0.14

107
118

12.98
14.10

0.12

F
0.88
0.99
1.02
0.71
0.69
0.34
1.16

R2
0.015
0.0085
0.0088
0.012
0.012
0.0029
0.020

P
0.59
0.44
0.43
0.75
0.77
0.91
0.31

0.92
1.00

TABLE 7. PERMANOVA on the dissimilarity matrix accounting for nestedness-resultant
dissimilarity of 2010 (‘initial’) plant species composition among plots that were subsequently
assigned to: three soil moisture treatments (decreased [n = 39], natural [n = 40], and increased [n
= 40]), two nutrients treatments (natural [n = 59] and increased [n = 60]), and two herbivore
exclosure treatments (absent [n = 60] versus present [n =59]).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals
Total

df
2
1
1
2
2
1
2

SS
0.020
0.018
0.034
0.0034
0.0070
0.00064
0.066

MS
0.0098
0.018
0.034
0.0017
0.0035
0.00064
0.033

107
118

1.20
1.35

0.011
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F
0.87
1.62
3.06
0.15
0.31
0.057
2.95

R2
0.014
0.013
0.025
0.0026
0.0052
0.00047
0.049
0.89
1.00

P
0.47
0.25
0.10
0.77
0.70
0.72
0.073

TABLE 8. PERMANOVA on the dissimilarity matrix accounting for spatial turnover of 2010
(‘initial’) plant species composition among plots that were subsequently assigned to: three soil
moisture treatments (decreased [n = 39], natural [n = 40], and increased [n = 40]), two nutrients
treatments (natural [n = 59] and increased [n = 60]), and two herbivore exclosure treatments
(absent [n = 60] versus present [n =59]).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals
Total

df
2
1
1
2
2
1
2

SS
0.13
0.026
0.067
0.12
0.065
0.030
0.089

MS
0.064
0.026
0.067
0.060
0.032
0.030
0.044

107
118

8.28
8.81

0.077

F
0.83
0.34
0.87
0.78
0.42
0.39
0.57

R2
0.015
0.0030
0.0077
0.014
0.0073
0.0034
0.010

P
0.60
0.81
0.53
0.63
0.86
0.77
0.77

0.94
1.00

TABLE 9. PERMANOVA on the dissimilarity matrix accounting for total dissimilarity of 2015
plant species composition among plots assigned to: three soil moisture treatments (decreased [n
= 39], natural [n = 40], and increased [n = 40]), two nutrients treatments (natural [n = 59] and
increased [n = 60]), and two herbivore exclosure treatments (absent [n = 60] versus present [n
=59]).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals
Total

df
2
1
1
2
2
1
2

SS
0.98
0.26
0.090
0.17
0.085
0.036
0.082

MS
0.49
0.26
0.090
0.084
0.043
0.036
0.041

107
118

5.62
7.33

0.053

31

F
9.36
5.03
1.71
1.61
0.81
0.69
0.78

R2
0.13
0.036
0.012
0.023
0.012
0.0049
0.011
0.77
1.00

P
< 0.0001
0.0015
0.16
0.13
0.59
0.61
0.61

TABLE 10. PERMANOVA on the dissimilarity matrix accounting for nestedness-resultant
dissimilarity of 2015 plant species composition among plots (n = 119) assigned to: three soil
moisture treatments (decreased [n = 39], natural [n = 40], and increased [n = 40]), two nutrients
treatments (natural [n = 59] and increased [n = 60]), and two herbivore exclosure treatments
(absent [n = 60] versus present [n =59]).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals
Total

df
2
1
1
2
2
1
2

SS
1.17
0.17
0.046
0.091
0.055
0.019
-0.0053

MS
0.58
0.17
0.046
0.045
0.027
0.019
-0.0026

107
118

1.73

0.016

F
36.10
10.67
2.86
2.81
1.70
1.20
-0.16

R2
0.36
0.053
0.014
0.028
0.017
0.0059
-0.0016

P
< 0.0001
0.0021
0.097
0.061
0.20
0.29
0.97

0.53

TABLE 11. PERMANOVA on the dissimilarity matrix accounting for spatial turnover of 2015
plant species composition among plots (n = 119) assigned to: three soil moisture treatments
(decreased [n = 39], natural [n = 40], and increased [n = 40]), two nutrients treatments (natural [n
= 59] and increased [n = 60]), and two herbivore exclosure treatments (absent [n = 60] versus
present [n =59]).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals
Total

df
2
1
1
2
2
1
2

SS
-0.30
-0.0035
0.011
0.061
0.0039
0.017
0.062

MS
-0.15
-0.0035
0.011
0.030
0.0020
0.017
0.031

107
118

2.61
2.46

0.024
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F
-6.22
-0.14
0.43
1.24
0.080
0.70
1.27

R2
-0.12
-0.0014
0.0043
0.025
0.0016
0.0070
0.025
1.06
1.00

P
1.00
0.77
0.64
0.39
0.80
0.56
0.38

TABLE 12. Mean ± 1 SE of plant community diversity indexes and total species pool sizes.
Treatments
Shannon Index
Evar
Species Richness
Species Pool
Soil moisture
Reduced (n=39)
0.96 ± 0.044 a
0.19 ± 0.021 a
3.88 ± 0.20 a
10
Natural (n=40)
1.19 ± 0.043 bc
0.20 ± 0.021 a
5.45 ± 0.24 b
20
Increased (n=40)
1.31 ± 0.043 c
0.19 ± 0.021 a
6.83 ± 0.27 c
32
Soil Nutrients
Natural (n=59)
1.20 ± 0.038 a
0.21 ± 0.017 a
5.78 ± 0.21 a
30
Increased (n=60)
1.10 ± 0.038 b
0.18 ± 0.017 a
4.76 ± 0.18 b
24
Exclosure
Absent (n=60)
1.18 ± 0.038 a
0.20 ± 0.017 a
5.52 ± 0.20 a
29
Present (n=59)
1.12 ± 0.039 a
0.19 ± 0.017 a
4.99 ± 0.19 b
23
Different letters denote significantly different treatment levels (P < 0.05) based upon ANCOVA
(soil nutrients and exclosure treatments) or Tukey HSD post hoc tests (soil moisture treatments).
Complete ANCOVA results for Shannon Index, Evar, and species richness can respectively be
found Appendix Tables I1, I2, and I3.
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P

P

P

Vicia cracca
Absolute Biomass
Relative Biomass

P

Poa pratensis
Absolute Biomass
Relative Biomass

TABLE 13. Mean ± 1 SE of species’ absolute (g / 0.5 m2) and relative biomass across the experimental treatment groups and their
associated P-values from mixed model ANCOVAs. The bold fonts indicate significant P-values (< 0.05). The nine included species
had the greatest level of occurrence across all experimental plots and are ordered in this table by occurrence.

P

Bromus inermis
Absolute Biomass
Relative Biomass

0.10 ± 0.010
0.055 ± 0.010 <0.001

Mean ± SE
P
0.026 ± 0.012
0.11 ± 0.012 <0.001
0.10 ± 0.012

0.17

<0.001
16.83 ± 2.06
12.86 ± 2.04

0.085 ± 0.0099
0.072 ± 0.010

Mean ± SE
2.44 ± 2.52
21.10 ± 2.49
20.99 ± 2.49
0.021

0.41

0.086
0.058 ± 0.0071
0.037 ± 0.0070

16.08 ± 2.03
13.61 ± 2.05

Mean ± SE
0.045 ± 0.0084
0.051 ± 0.0083
0.047 ± 0.0083
0.24

0.24

0.12

9.60 ± 1.35
7.71 ± 1.34

0.053 ± 0.0070
0.043 ± 0.0071

Mean ± SE
6.42 ± 1.58
10.40 ± 1.56
9.15 ± 1.56

Mean ± SE
0.70 ± 0.038
0.56 ± 0.037
0.52 ± 0.037
0.20

0.14

0.0021

Treatment
Mean ± SE
Soil Moisture Reduced 92.82 ± 7.52
Natural 113.93 ± 7.44
Increased 110.14 ± 7.44
0.57 ± 0.031
0.62 ± 0.031
9.81 ± 1.34
7.50 ± 1.35

0.86

P

P

0.38

106.31 ± 6.39
104.95 ± 6.44

0.059

Soil Nutrients Natural 85.29 ± 6.45
Increased 125.97 ± 6.40 <0.001
0.65

Absent
Present

0.60 ± 0.031
0.58 ± 0.031

Exclosure

P

Gallium mollugo
Absolute Biomass
Relative Biomass
P

Asclepias syriaca
Absolute Biomass
Relative Biomass

0.30

P

0.055 ± 0.014
0.033 ± 0.014

0.017

P

Linaria vulgaris
Absolute Biomass
Relative Biomass

0.50

0.020 ± 0.014
0.068 ± 0.014

0.27
8.98 ± 2.45
6.55 ± 2.43

0.017

Mean ± SE
0.056 ± 0.017
0.021 ± 0.017
0.054 ± 0.017
0.033

3.49 ± 2.42
12.04 ± 2.45

0.17
0.056 ± 0.025
0.11 ± 0.025

0.082

P
Mean ± SE
P
0 ± 0.0056
0.0039 0.0024 ± 0.0055 0.029
0.020 ± 0.0055

Mean ± SE
8.22 ± 3.00
3.56 ± 2.96
11.51 ± 2.96
0.016

0.061 ± 0.025
0.11 ± 0.025

Mean ± SE
0 ± 0.64
0.53 ± 0.63
2.90 ± 0.63

0.012 ± 0.0046
0.082 0.0027 ± 0.0045 0.15

0.31
11.36 ± 6.08
29.38 ± 6.03

0.078

P
Mean ± SE
P
0.00027 ± 0.0045
0.078 0.0078 ± 0.0045 0.11
0.013 ± 0.0045

1.78 ± 0.52
0.50 ± 0.52

0.65

Mean ± SE
0.057 ± 0.028
0.11 ± 0.028
0.091 ± 0.028
0.17

13.85 ± 6.02
26.88 ± 6.06

0.014 ± 0.0037
0.024 0.00074 ± 0.0037 0.015

1.31 ± 0.52
0.96 ± 0.52

0.055

0.069 ± 0.025
0.11 ± 0.025

0.65

Mean ± SE
0.039 ± 0.60
1.46 ± 0.60
1.81 ± 0.60

0.013 ± 0.0037
0.034
0.0018 ± 0.0037

Mean ± SE
8.11 ± 7.11
29.19 ± 7.04
23.80 ± 7.04

Mean ± SE
21.70 ± 6.96
18.12 ± 6.90
17.05 ± 6.90
0.14

0.093 ± 0.025
0.081 ± 0.025

Treatment
Mean ± SE
P
Mean ± SE
P
Soil Moisture Reduced 0.0029 ± 0.53
< 0.0001 ± 0.0019
Natural
0.39 ± 0.53 0.0034 0.0020 ± 0.0019 0.0027
Increased 2.35 ± 0.53
0.0087 ± 0.0019

1.89 ± 0.50
0.32 ± 0.50

0.012

0.32

Treatment
Soil Moisture Reduced
Natural
Increased
14.26 ± 6.23
23.66 ± 6.20
0.97

0.0011 ± 0.0016
0.023 0.0060 ± 0.0016 0.028

1.96 ± 0.50
0.25 ± 0.50

Mean ± SE
0.11 ± 0.028
0.081 ± 0.028
0.066 ± 0.028

Soil Nutrients Natural
Increased
19.07 ± 6.20
18.84 ± 6.22

Carex spp.
Absolute Biomass
Relative Biomass

0.0056 ± 0.0016
0.055
0.0015 ± 0.0016

0.82

Absent
Present

Hieracium spp.
Absolute Biomass
Relative Biomass

0.21 ± 0.44
1.63 ± 0.44

0.040

Exclosure

Cerastium arvense
Absolute Biomass
Relative Biomass

Soil Nutrients Natural
Increased

1.53 ± 0.43
0.30 ± 0.44

0.0072 ± 0.0045
0.93
0.0075 ± 0.0046

Absent
Present

Exclosure
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TABLE 14. Post hoc Tukey HSD tests of soil moisture treatment intergroup comparisons on the
absolute (g / 0.5 m2) and relative biomass of species where mixed model ANCOVA identified
soil moisture as a significant factor (Table 13).
Reduced – Natural
Soil Moisture
Species
Bromus inermis
Absolute Biomass
Relative Biomass
Poa pratensis
Absolute Biomass
Relative Biomass
Cerastium arvense
Absolute Biomass
Relative Biomass
Carex livida
Absolute Biomass
Relative Biomass

Reduced – Increased
Soil Moisture

Natural – Increased
Soil Moisture

Mean
Difference

P

Mean
Difference

P

Mean
Difference

P

–
0.14

–
0.023

–
0.18

–
0.0023

–
0.041

–
0.71

-18.66
-0.080

< 0.0001
< 0.0001

-18.55
-0.078

< 0.0001
< 0.0001

0.11
0.0016

1.00
1.00

-0.39
-0.0020

0.86
0.73

-2.35
-0.0087

0.0050
0.0032

-1.96
-0.0068

0.022
0.027

-0.55
-0.0025

0.81
0.95

-2.92
-0.020

0.0044
0.036

-2.36
-0.017

0.025
0.075
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Soil Moisture Treatment
Decreased
Natural
Increased

Volumetric Water Content (vol %)

20

15

10

5

0
Jun 9

Jun 15

Jun 23

Jun 29

Jul 6

Jul 13

Jul 20

Jul 28

Aug 4

Aug 10

Aug 17

Aug 24

Date

FIGURE 1. Effects of soil moisture treatments (decreased [n = 40], natural [n = 40], and
increased [n = 40]) on weekly plot volumetric water content measurements (vol %) across the
2016 growing season (June, July, August). Points represent least square means (function
‘lsmeans’; package lsmeans) with 95 % confidence intervals (CIs). Produced with ggplot2
(Wickham 2009).
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Volumetric Water Content (vol %)

15

Soil Moisture Treatment
Decreased
Natural
Increased

10

5

0
July 28
Pre-Watering

July 28
Post-Watering

August 2

August 4

Date

FIGURE 2. Effects of soil moisture treatments (decreased [n = 40], natural [n = 40], and
increased [n = 40]) on plot volumetric water content measurements (vol %) across a week of
measurements (July 28 pre/post watering, August 2, August 4). Points represent least square
means (function ‘lsmeans’; package lsmeans) with 95 % confidence intervals (CIs). Produced
with ggplot2 (Wickham 2009).
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Reduced Soil Moisture

Natural Soil Moisture

Increased Soil Moisture

Standing Dead Relative Biomass (%)

40

30

20

10

0
no NPK

+ NPK

no exclosure

no NPK

+ NPK

+ exclosure

no NPK

+ NPK

no exclosure

no NPK

+ NPK

+ exclosure

no NPK

+ NPK

no exclosure

no NPK

+ NPK

+ exclosure

Treatment Combination

FIGURE 3. Effects of soil moisture (reduced, natural and increased), soil nutrients (natural
levels [no NPK, white points] and increased [+ NPK, black points]), and herbivore exclosure
treatments (exclosure absent [no exclosure, square points] and exclosure present [+ exclosure,
circle points]) on plot standing dead relative biomass (%). Points represent least square means
(function ‘lsmeans’; package lsmeans) with 95 % confidence intervals (CIs). Produced with
ggplot2 (Wickham 2009).
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Reduced Soil Moisture

Natural Soil Moisture

Increased Soil Moisture

Above-ground Live Plant Dry Biomass (g / m2)

800

600

400

200

0
no NPK

+ NPK

no exclosure

no NPK

+ NPK

+ exclosure

no NPK

+ NPK

no exclosure

no NPK

+ NPK

+ exclosure

no NPK

+ NPK

no exclosure

no NPK

+ NPK

+ exclosure

Treatment Combination

FIGURE 4. Effects of soil moisture (reduced, natural and increased), soil nutrients (natural
levels [no NPK, white points] and increased [+ NPK, black points]), and herbivore exclosure
treatments (exclosure absent [no exclosure, square points] and exclosure present [+ exclosure,
circle points]) on total plot above-ground dry mass (g / m2). Points represent least square means
(function ‘lsmeans’; package lsmeans) with 95 % confidence intervals (CIs). Produced with
ggplot2 (Wickham 2009).
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Above-ground Live Plant Dry Biomass (g / m2)

600

Soil Nutrients
Treatment
No NPK

500

+ NPK

400

300

200
Reduced Soil Moisture

Natural Soil Moisture

Increased Soil Moisture

Soil Moisture Treatment

FIGURE 5. Soil moisture treatment × soil nutrients treatment interaction plot. Symbols
represent means of soil moisture and soil nutrient treatment combinations averaged over the
exclosure treatment levels. Produced with ggplot2 (Wickham 2009).
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FIGURE 6. Nonmetric multidimensional scaling (NMDS) plots showing 2010 (‘initial’) plant
species composition similarity (Bray-Curtis, presence/absence species matrix) among plots that
were subsequently assigned to: (a) all twelve treatment combinations, (b) three soil moisture
treatments (decreased [n = 39], natural [n = 40], and increased [n = 40]), (c) two nutrients
treatments (no NPK [n = 59] and + NPK [n = 60]), and (d) two herbivore exclosure treatments
(exclosure absent [n = 60] versus present [n = 59]). Ellipses are 95% confidence intervals of the
mean for each treatment level. Each dot (119 in total) represents a 1 × 1 m plot.
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FIGURE 7. NMDS plots showing 2015 plant species composition similarity (Bray-Curtis,
presence/absence species matrix) among plots assigned to: (a) all twelve treatment combinations,
(b) three soil moisture treatments (decreased [n = 39], natural [n = 40], and increased [n = 40]),
(c) two nutrients treatments (no NPK [n = 59] and + NPK [n = 60]), and (d) two herbivore
exclosure treatments (exclosure absent [n = 60] versus present [n = 59]). Ellipses are 95%
confidence intervals of the mean for each treatment level. Each dot (119 in total) represents a 1 ×
1 m plot.
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FIGURE 8. NMDS plots showing 2015 plant species composition similarity (Bray-Curtis,
species’ harvested above-ground biomass (abundance) matrix, Wisconsin double standardized
and square-root transformed data) among plots assigned to: (a) all twelve treatment
combinations, (b) three soil moisture treatments (decreased [n = 39], natural [n = 40], and
increased [n = 40]), (c) two nutrients treatments (no NPK [n = 59] and + NPK [n = 60]), and (d)
two herbivore exclosure treatments (exclosure absent [n = 60] versus present [n = 59]). Ellipses
are 95% confidence intervals of the mean for each treatment level. Each dot (119 in total)
represents a 1 × 1 m plot.
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FIGURE 9. Species rank abundance curves for contrasting (a, d) soil moisture treatments
(decreased [n = 39], natural [n = 40], and increased [n = 40]), (b, e) soil nutrients treatments (no
NPK [n = 59] and + NPK [n = 60]), and (c, f) herbivore exclosure treatments (exclosure absent
[n = 60] versus present [n = 59]). Y-axes in (a – c) are log-transformed in (d – f) respectively.
Produced with ggplot2 (Wickham 2009). Complete treatment species pools and proportional
abundances can be found in Appendix H.
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FIGURE 10. Effects of soil moisture (reduced, natural and increased), soil nutrients (natural
levels [no NPK, white points] and increased [+ NPK, black points]), and herbivore exclosure
treatments (exclosure absent [no exclosure, square points] and exclosure present [+ exclosure,
circle points]) on plot species richness per 0.5 m2. Points represent least square means (function
‘lsmeans’; package lsmeans) with 95 % CIs. Produced with ggplot2 (Wickham 2009).
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r2 = 0.084
P = 0.0014
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FIGURE 11. Total above-ground dry live biomass (g / 0.5 m2) versus species richness per 0.5
m2 for all experimental plots harvested in 2015 (n = 119). r2 and P-value and regression line are
from type I linear regression analysis. Produced with ggplot2 (Wickham 2009).
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FIGURE 12. Total above-ground dry live biomass (g / 0.5 m2) versus species richness per 0.5
m2 for experimental plots harvested in 2015 assigned to: (a) natural soil nutrients and increased
soil moisture, (b) increased soil nutrients and increased soil moisture, (c) natural soil nutrients
and natural soil moisture, (d) increased soil nutrients and natural soil moisture, (e) natural soil
nutrients and reduced soil moisture, (f) increased soil nutrients and reduced soil moisture (n [a –
d, f] = 20, n [e] = 19). r2 and P-values and regression lines are from type I linear regression
analyses. (Regression lines are shown only for plots with P < 0.10). Produced with ggplot2
(Wickham 2009).
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FIGURE 13. Species (n = 29) mean above-ground dry mass (g / 0.5 m2; log transformed) versus
(a) species MAX and (b) species MIN across all plots harvested in 2015. r2 and P-values are
from type I linear regression analyses. Produced with ggplot2 (Wickham 2009).
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FIGURE 14. Species mean above-ground dry mass (g / 0.5 m2; log transformed) versus (a, b, e,
f, i, j) species MAX and (c, d, g, h, k, l) species MIN for plots harvested in 2015 assigned to: (a,
c) natural soil nutrients and increased soil moisture (n = 20), (b, d) increased soil nutrients and
increased soil moisture (n = 16), (e, g) natural soil nutrients and natural soil moisture (n = 17), (f,
h) increased soil nutrients and natural soil moisture (n = 12), (i, k) natural soil nutrients and
reduced soil moisture (n = 9), and (j, l) increased soil nutrients and reduced soil moisture (n = 7).
r2 and P-values are from type I linear regression analyses. Produced with ggplot2 (Wickham
2009).
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CHAPTER 4: DISCUSSION
Our findings suggest that community level productivity was primarily limited by soil nutrients
but maximized when soil nutrients and moisture were added in combination, and reduced when
soil moisture was reduced below ambient levels. Soil nutrient induced changes in diversity were
in accordance with the predicted unimodal relationship between productivity and diversity but
those of soil moisture were not. Community differentiation in response to soil moisture and
nutrient level manipulation was caused by nested gains and losses of species and not by changes
in species identity or evenness. The exclusion of medium to large herbivores decreased species
richness but had no effect on productivity. Species biomass representation was not predicted by
species body size metric (i.e. maximum potential body size or minimum reproductive threshold
size) under any of the experimental manipulations. However, soil resource manipulations altered
the biomass of the three most dominant plant species — each of agricultural and ecological
significance.

COMMUNITY PRODUCTIVITY
The NPK fertilizer additions increased plot biomass while the water additions had no effect —
suggesting that community level productivity is naturally limited by soil nutrients alone (Figure
4). Considering that nitrogen limitation (LeBauer and Treseder 2008) and nutrient co-limitation
of grassland productivity (Borer et al. 2017) is both common and globally distributed it is not
surprising the NPK fertilizer additions increased plot biomass. However, this finding does
eliminate the possibility that soil moisture may limit productivity at our research site in some
years but not others. For instance, a study by Carson and Pickett (1990) situated in an old-field
found that water additions only increased productivity during a drought year. Model analysis
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identified a significant interaction between the soil moisture and soil nutrients treatments (Figure
5). Specifically, the increased soil moisture and increased soil nutrients treatment caused
significantly greater community biomass accumulation than expected if the treatments had
purely additive effects. There are two foremost explanations for this interaction. Firstly, soil
moisture may begin to limit community productivity only once soil nutrient limitation has been
alleviated and productivity has been augmented. Alternatively, greater productivity may be
occurring because the increased levels of soil moisture are increasing the availability and uptake
of the added soil nutrients (Kozlowski 2012).
The rain shelters significantly reduced plot biomass (Figure 4), which suggests that levels
of soil moisture availability below ambient levels limit community level productivity. This
finding is in accordance with our original predictions and with past literature that found that
decreased soil moisture suppressed ecosystem photosynthesis, soil respiration, and overall net
carbon uptake, which in turn suppress productivity (Wu et al. 2011). However, a number of
alternative explanations for this finding exist. For instance, plant communities under the rain
shelters might have reduced their total growth rates and demand for soil moisture as a strategy to
buffer water stress (Barkaoui et al. 2017). As well, drought-like conditions can increase the rate
of plant mortality, leading to greater plant tissue turnover and litter production (McDowell et al.
2008). This possibility provides a credible explanation for why the proportion of standing dead
biomass was significantly greater in the reduced soil moisture treatment than the ambient and
increased soil moisture treatments (Figure 3). Specifically, the rain shelters may have augmented
the accumulation of standing plant material produced during the harvest year and in the
experiment’s previous 4 years.

52

Furthermore, the reduced soil moisture treatment may indirectly decreasing community
productivity by reducing the availability and uptake of soil nutrients (Farooq et al. 2009), which,
evidently, are naturally limiting productivity at our field site. This possibility was supported by
preliminary nutrients analyses of each plot’s total plant tissue (standing dead and live biomass),
which revealed that the reduced soil moisture treatment appears to have inhibited increased
phosphorous uptake in response to the fertilizer applications (Appendix K). Specifically, the
fertilizer additions did not alter the phosphorous concentrations of plant communities under rain
shelters but caused a nearly twofold increase in the ambient and increased soil moisture plots
(Figure J2). Nitrogen concentrations, in comparison, consistently increased in response to
fertilizer applications, although with much less magnitude than phosphorus, irrespective of the
watering treatment (Figure J1).
Finally, the presence of herbivore exclosures did not alter community level productivity
(Figure 4). The herbivore exclosures lack of effect suggests that the natural herbivory intensity
produced by medium to large herbivores, the most notable being white-tailed deer, has no effect
on community level productivity. To date very little research has documented the effects of
white-tailed deer on ecosystem properties such as productivity (Russell et al. 2001). This reality
is most likely due to the area of research having received little study but it may also suggest that
in general the impact of white-tailed deer on community level productivity is not noteworthy —
as suggested by our findings.

THE ‘HUMPED-BACK’ MODEL
The analyses on nestedness-resultant dissimilarity and species richness point to the same
conclusion: the experimental treatments altered community composition (Figure 6 and 7) by
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causing nested gains or losses of species. There was, conversely, no indication of treatmentinduced changes in community evenness or species replacement. Specifically, the NPK fertilizer
additions, rain shelters, and herbivore exclosures all reduced species richness and pool size. In
contrast, the water additions caused mean species richness and total species pool size to increase
(Table 12). Also, the magnitudes of these changes suggest that soil moisture is a stronger
regulator of species diversity than soil nutrients or herbivory. For example, the fertilizer
additions reduced species pool size by six species while the reduced soil moisture and increased
soil moisture treatments respectively caused a ten species decrease and twelve species increase.
In accordance with the HBM we predicted a unimodal relationship between productivity and
diversity with the maximum levels of diversity being observed at ambient productivity levels.
With respect to the NPK fertilizer addition and rain shelter treatments this predicted relationship
between productivity and diversity was observed. Specifically, as reported above, fertilizer
additions and rain shelters increased and decreased productivity (Figure 4), respectively, but both
treatments reduced diversity (Figure 10). These decreases in diversity might have been driven by
reduced ‘niche dimensionality’ (Harpole et al. 2017) and the extirpation of species that lack traits
suited to abnormal levels of abiotic stress or productivity. In particular, the observed changes in
species composition may be acting along one of the primary axis of functional variation in plant
species: the nutrient acquisition / conservation tradeoff (Grime et al. 1997). Specifically, high
resource availability typically favors species with rapid growth rates (Laliberte et al. 2012) and
increases the ratio of above-ground to below-ground biomass; thereby decreasing light
penetration and intensifying competition for light (Wilson and Tilman 1991; Müller et al. 2000;
Borer et al. 2014). Increased light competition and reduced environmental heterogeneity then
causes the random loss of rare species irrespective of their traits or the loss of species of
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functional groups poorly adapted to high fertility and low light conditions (Suding et al. 2005).
Importantly, diversity declines in response to nutrient addition even when the effect of light
competition is controlled for — providing support that the ‘niche dimensionality’ hypothesis
(Borer et al. 2017). Conversely, at low resource availability slow growing species with leaf
attributes that conserve soil resources tend to dominate (Laliberte et al. 2012). This increased
importance of resource conservation and successful below ground competition can increase
competitive exclusion by further promoting the success of already dominant species or ‘drought
specialists’ and disadvantaging rare species or ‘soil moisture generalists’. Additionally, shifts in
composition towards relatively slow growing species may further explain the previously outlined
ability of plant communities to buffer water stress.
The predicted unimodal productivity diversity relationship was, in contrast, not observed
when soil moisture availability was increased or when herbivore exclosures were present. Firstly,
the water additions did not alter productivity yet, unexpectedly, did increase species richness.
Two previous soil manipulation experiments in temperate-mesic vegetation found that the
addition of soil moisture increased both productivity and diversity (Sternberg et al. 1999;
Stevens et al. 2006) (Table 1). Specifically, both studies determined that soil moisture additions
lessened the risk of summer desiccation thereby reducing seedling mortality and prolonging the
life span of adult plants. Thus, ambient soil moisture availability may not be limiting total
community productivity but may instead be limiting the ability of rare species to persist within
the community — species that, evidently, negligibly contribute to the plant community’s total
biomass. This change may be occurring because increased soil moisture availability is decreasing
below-ground competition while not increasing above-ground biomass and consequent
competition for light. Accordingly, total resource competition is decreasing and so is the
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competitive exclusion of rare species by competitively dominant species. In brief, these findings
indicate that the relationship between productivity and diversity may differ between gradients of
soil moisture and nutrient availability.
The positive effect of natural herbivory on species richness (Table 12; Figure 10) and
neutral effect on productivity (Table 5; Figure 4) may be a consequence of the previously
described selective nature of white-tailed deer herbivory. White-tailed deer may be targeting
dominant species and thereby counteracting competitive exclusion to the benefit of marginal
species within the plant community. One important caveat that must be considered is that
because the greatest changes in deer density occurred more than a century ago (Hahn 1945;
Leopold et al. 1947; Redding 1995) present day vegetation might have already experienced the
most dramatic changes that white-tailed deer herbivory can induce. Consequently, the species
most susceptible to white-tailed deer browsing may now be largely extirpated from the local
species pool of southeastern Ontario. Other regions that have yet to undergo dramatic increases
in white-tailed deer abundance may correspondingly experience greater changes in plant
diversity and potentially even productivity.
Lastly, we identified a weak but positive relationship between plot species richness and
total biomass across all sampled plots (Figure 11). This relationship is in agreement with a recent
meta-analysis of grassland experiments that manipulated soil nutrients and moisture. The metaanalysis determined that diversity’s positive effects on productivity are robust to altered soil
resource availability (Craven et al. 2016). No relationship between richness and productivity
was, however, found when individual soil nutrients and moisture treatment groups were analyzed
(Figure 12). This seemingly contradictory result is likely solely a product of a change in sample
size as the strength of each analyses effect sizes were relatively similar.
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SPECIES BIOMASS COMPARISONS
The community structure across all experimental treatment combinations is characterized by low
evenness and the consistent dominance of one plant species — smooth brome (Bromus inermis)
— whose average relative biomass was 59%. Smooth brome is one of North America’s most
important agricultural grass species — being extensively used in pasture and hay fields (Carlson
and Newall 1985) — but it is also one of its most concerning invasive plants (Catling and
Mitrow 2005). For example, smooth brome’s invasion of Mountain National Park, Manitoba
rapidly altered the diversity and functioning of fescue prairies (Otfinowski et al. 2007). Research
has found that smooth brome primarily reduces diversity through reduced evenness and not
richness (Fink and Wilson 2011). It is, accordingly, unsurprising that Bracken Tract exhibits low
levels of evenness.
One of the foremost challenges of managing smooth brome is that it often cohabitates with
another, arguably more invasive, cool-season perennial grass species — Kentucky bluegrass
(Poa pratensis). For example, Kentucky bluegrass and smooth brome together account for 10%
of the United States’ Great Plains’ total plant species cover and, respectively, 56% and 37% of
its exotic species cover (Cully et al. 2003). And as with smooth brome, the cover and diversity of
native forbs and grasses are significantly lower in plant communities dominated by Kentucky
bluegrass (Dekeyser et al. 2009; Miles and Knops 2009). By consequence of smooth brome’s
and Kentucky bluegrass’ extensive coexistence, research and management decisions often
consider the two species jointly. However, joint management efforts often fail to effectively
control both species because the timing of their phenological susceptibility to management does
not align (Sather 1987).Managing smooth brome and Kentucky bluegrass must consequently
begin by understanding their relative proportions and spatial distributions.
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The relative abundances of smooth brome and Kentucky bluegrass is potentially a
product of competition — more specifically, competition for belowground resources (Gerry and
Wilson 1995). Nevertheless, little research has explored how alterations to the available soil
moisture and nutrients affect the relative proportions of smooth brome and Kentucky bluegrass
when the two species are in direct competition with each other in a natural setting. At Bracken
Tract, Kentucky bluegrass is the second most dominant species after smooth brome with an
average relative biomass across all experimental plots of 8%.
Our research identified that NPK fertilizer additions caused a significant 48% increase in
smooth brome’s absolute biomass and a directional increase in its relative biomass but
significantly reduced Kentucky bluegrass’ relative biomass by an average of 4.5%. Furthermore,
smooth brome’s relative biomass experienced a significant 14% increase on average in response
to reduced soil moisture availability while both the absolute and relative biomass of Kentucky
bluegrass significantly decreased by respectively 88% and 8.4%. In summary, decreased soil
moisture and increased soil nutrient availability enhances the relative proportion of smooth
brome but weakens that of Kentucky bluegrass. This treatment-induced variation in relative
biomass may be a consequence of differing abilities of the two species to handle abiotic stress.
Kentucky bluegrass is widely considered to have poor heat and drought tolerance (Jiang and
Huang 2000; Karcher et al. 2007; Richardson et al. 2009). Comparatively, smooth brome has
long been valued as a forage and pasture crop because of its relatively superior drought tolerance
(Malte 1915) and was used extensively in revegetation efforts following the Dust Bowl of the
1930s (Thomson 1937).
An alternative possibility is that the differences in relative biomass is a consequence of
competitive exclusion rather than differing abiotic stress tolerances (Nernberg and Dale 1997).

58

Specifically, smooth brome is a strong competitor for below-ground resources and is able to
suppress the establishment of competing grass and broadleaf seedlings even after the removal of
its shoots (Gerry and Wilson 1995). For example, increased level of soil nitrogen promotes
smooth brome’s productivity and its competitive advantage over native plants (Leyshon and
Campbell 1995, Wilson and Gerry 1995). This competitive ability is likely a consequence of
smooth brome’s rooting system that can reach a maximum depth of roughly 5 feet (Dibbern
1947) and total densities that are more than double what is typically found in native grasslands
(Fink and Wilson 2011). With time the accumulation of dead rhizomes at the soil surface causes
smooth brome fields to become ‘sod bound’ — shoot development falters and the soil substrate
becomes nitrogen deficient (Benedict 1941; Meyers and Anderson 1942). Moreover, smooth
brome also has a strong ability to compete for light — a characteristic that has been considered
the reason for alfalfa’s limited ability to establish itself in smooth brome pastures (Groya and
Sheaffer 1981). Regardless of what mechanism is at play it appears likely that decreased summer
precipitation and increased soil nutrient enrichment by anthropogenic causes will likely enhance
the relative proportions of smooth brome at the expense of Kentucky bluegrass in invaded
grasslands. Likewise, increased frequencies of summer drought may further promote the
agricultural usage of smooth brome and, consequently, inadvertently augment its spread into
grasslands and old-field meadows. Accordingly, future efforts to preserve southeastern Ontario’s
native grassland species will likely need to increasingly direct their efforts towards controlling
smooth brome.
Another pasture species of great agricultural importance that was affected by the soil
resource manipulations was the legume cow vetch (Vicia cracca) (Graham and Vance 2003).
Specifically, the fertilizer additions significantly reduced cow vetch’s relative biomass. This
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finding is in agreement with the well-documented negative influence of nitrogen additions on
legume relative biomass in pastures (Thornley et al. 1995; Hartwig 1998). Specifically, the
competitive advantage of nitrogen fixing legumes is typically lost in nutrient rich soil where
competition for light is of primary importance (Suding et al. 2005). Furthermore, fertilization
weakens resource partitioning and facilitative grass-legume interactions (Roscher et al. 2016) —
e.g. reduced competition for soil nitrate and direct nitrogen transfer between plants (Temperton
et al. 2007). In summary, atmospheric nitrogen deposition — a product of human activity — is
likely to negatively impact the abundance of legumes such as cow vetch. This prospective will
probably make effective management of environmental nitrogen, a key component of
agricultural sustainability (Graham and Vance 2000), an even more daunting challenge.

SPECIES BODY SIZE METRICS
We predicted that the soil resource manipulations might apply directional selection on plant body
size by altering the intensity of plant competition. Specifically, intensified competition (resulting
from resource manipulations) may either increase the proportion of relatively large species in
accordance with the ‘size-advantage’ hypothesis or increase the proportion of relatively small
species as predicted by the ‘reproductive economy advantage’ hypothesis. Surprisingly then, this
study found no relationship between a species’ MAX or MIN and its mean above-ground
biomass when analyzed across all experimental plots harvested in 2015 and also within each soil
moisture and nutrients treatment combination.
This result is in line with a recent study by Goldberg et al. (2017), which determined that
a invader’s competitive ability is a unimodal rather than a monotonic function of MAX — i.e.
both relatively large and small MAX are disadvantageous to invasion success. However, in
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contrast with our findings, this study found that optimal plant MAX increased with nutrient
availability and above-ground productivity. The discrepancy between this finding and ours may
in part be a consequence of our plant communities including both clonal and sexually
reproducing species while those of Goldberg et al. were exclusively clonal. Research on two oldfield perennial species, each present at our research site, identified MINs for sexual reproduction
but not for clonal growth (Schmid et al. 1995). This finding may be due to there being no
fundamental difference between clonal growth and vegetative shoot growth (Schmid et al. 1995).
Consequently, a parent plant can initiate clonal growth at a very small size while producing
reproductive structures requires a certain amount of accumulated resources. Accordingly, by
restricting the ability of plants to reach their MIN, competition may place greater negative
selection on body size for sexually reproducing than clonally reproducing species. The
relationship between optimal plant MAX and nutrient availability may, therefore, vary between
plant communities of differing reproductive strategies.
However, if species of small and large body size contribute relatively equally to
neighbourhood biomass then we could potentially assume that small species contribute more
individuals to the community than larger species — i.e. smaller species have superior
reproductive success. In agreement with this possibility, a recent study conducted in a temperate
old-field meadow found that plant species of relatively small MIN had high resident plant
abundance (Tracey et al. 2017). Accordingly, this study may in actuality lend support for the
‘reproductive economy advantage’ hypothesis even if species body size was not found to be a
significant predictor of community biomass contribution.
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CONCLUDING REMARKS
By the end of this century southeastern Ontario is projected to experience up to a 30% decrease
in summer soil moisture by consequence of warming and decreased summer precipitation (Kling
et al. 2003). In response to these environmental changes our findings suggest that southeastern
Ontario’s grasslands may become less productive and less species-rich. Furthermore, the
magnitudes of these soil moisture-induced changes were greater than those of nutrients. Reduced
soil moisture availability also altered the proportional abundances of agriculturally and
ecologically important species. These developments are likely to negatively impact the value of
Ontario’s hay and pasture lands by reducing yields and forcing more resources into managing
species composition and water stress. However, a fundamental limitation of these extrapolations
is that our study was conducted in a natural old-field and not an intensively managed hay field or
a pasture, which are often heavily engineered in terms of species composition and soil resource
availability. From an ecological perspective, reduced species richness and the expansion of
invasive species, such as smooth brome, in response to reduced soil moisture will likely further
alter the structure and functioning of Ontario’s mesic grasslands.
An additional key finding of this research warranting further investigation is how the
relationship between productivity and diversity differed between the soil moisture and nutrient
availability gradients. Specifically, it appears as though soil moisture additions do not decrease
‘niche dimensionality’ in the same fashion as soil nutrient additions. Finally, this research adds
to a growing body of literature documenting how plant species that possess relatively large body
sizes do not have superior competitive ability — as traditional plan competition theory would
predict. Relatively smaller species may instead possess a ‘reproductive economy advantage’ as
they contribute equally to community biomass.
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APPENDICES
Appendix A. List of 63 species recorded within the full 240 experimental plots at the Bracken
field site across the 2010 growing season (prior to treatments). Nomenclature follows Gleason
and Cronquist (1991).
Achillea millefolium L.
Agropyron repens (L.) Beauv.
Agrostis stolonifera L.
Antennaria neglecta Greene.
Apocynum androsaemifolium L.
Asclepias syriaca L.
Barbarea vulgaris R. Br.
Bromus inermis Leysser.
Carex blanda (Dewey) Boott.
Carex gracillima Schwein.
Carex granularis Muhl.
Carex pensylvanica Lam.
Centaurea jacea L.
Cerastium arvense L.
Cerastium fontanum L.
Cirsium vulgare (Savi) Tenore.
Dactylis glomerata L.
Danthonia spicata (L.) F. Beauv.
Daucus carota L.
Dianthus armeria L.
Echium vulgare L.
Erigeron annuus (L.) Pers.
Erysimum cheiranthoides L.
Festuca rubra L.
Fragaria virginiana Duchesne.
Gallium mollugo L.
Hieracium aurantiacum L.
Hieracium caespitosum Dumort.
Hypericum perforatum L.
Inula helenium L.
Juncus tenuis Willd.
Lepidium campestre (L.) R. Br.
Leucanthemum chrysanthemum L.
Linaria vulgaris Hill.
Lotus corniculata L.
Medicago lupulina L.
Melilotus alba Desr.
Oxalis stricta L.
Phleum pratense L.
Physalis heterophylla Nees.

Plantago lanceolata L.
Poa compressa L.
Poa pretensis L.
Potentilla argentea L.
Potentilla recta L.
Prunella vulgaris L.
Ranunculus abortivus L.
Ranunculus acris L.
Rumex acetosella L.
Rumex crispus L.
Satureja vulgaris (L.) Fritsch.
Sisyrinchium montanum Greene.
Solidago Canadensis L.
Taraxacum officinale Weber Ex Wiggers.
Tragopogon dubius Scop.
Trifolium dubium Sibth.
Trifolium hybridum L.
Trifolium pratense L.
Trifolium repens L.
Veronica serpyllifolia L.
Vicia cracca L.
Vicia tetrasperma (L.) Moench.
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Appendix B. Comparison of Bracken pond surface water quality to natural precipitation.
The water used for the water addition treatments was collected from a pond adjacent to
Bracken Field and compared to natural precipitation in Westport, Ontario (Table B1). The water
added to the plots was of more neutral pH, contained lower levels of nitrate and ammonium, but
had greater levels of potassium than Westport Precipitation. Specifically, the Potassium
concentration of the Bracken pond water was roughly 245 times greater than Westport
precipitation and equivalent to the addition of approximately 2,500 mg / m2 over the course of
the 13-week growing season. However, in contrast with the Bracken pond water potassium
concentrations, a 120-year fertilization experiment determined that potassium concentrations
typically found in the top 20 cm of temperate grassland soil is approximately 20,000 mg / m2 —
an eight fold difference (Kidd et al. 2017). Moreover, this study determined that annual additions
of 6,700 mg / m2 of potassium did not alter hay yield, grass cover, herb cover, legume cover, or
species richness (Kidd et al. 2017). It is, accordingly, unlikely that the potassium concentration
difference in between the Bracken pond water and Westport precipitation is biologically
significant — i.e. sufficient to stimulate plant growth or alter competitive interactions. This
conclusion is supported by the fact that the water addition treatment of our study (and its
incidental additions of potassium) did not alter total plot biomass.
TABLE B1. Comparison of elevated contents of the water used in the water addition treatments
with precipitation in Westport, Ontario, which is located less than 10 km from Bracken Tract.
Parameter
Bracken Pond Surface Water*
Westport Precipitation**
pH
7.17
5.01
Nitrate (N)
0.1 mg / L
2.27 mg / L
Ammonium (N)
< 0.05 mg / L
0.55 mg / L
Potassium
11.2 mg / L
0.046 mg / L
* Bracken Tract Pond surface pond water was sampled on August 11th, 2009 at 12:30 pm and
analyzed by Caduceon Environmental Laboratories. ** Westport precipitation values are the
average of all precipitation readings taken in 2010 at the Westport weather station (site ID:
CAPMCAON1WPT; Environment and Climate Change Canada 2017c).
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Appendix C. Historical total summer (June, July, and August) precipitation (2000 – 2015)
recorded by Environment Canada near the study site.
Mean weekly summer (June, July, and August) precipitation for the pre-treatment period
(2000 – 2010) was 15.87 mm (i.e. L / m2). Accordingly, each 2.95 m2 experimental plot would
have historically received an average of 46.82 L of precipitation weekly during the months of

Total June-July-August Precipitation (mm)

June, July, and August.

400

Time Period
Treatment
Pre-treatment
300

200

100

0
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year

FIGURE C1. Total Kingston, ON summer precipitation (June, July and August) for the treatment
period (2011 – 2015) and for 11 years prior to the treatment period (no data was available for
2008). Data sourced from Environment Canada’s Kingston Climate weather station (44.223, 76.599) for 2009 – 2015 and Kingston Pumping weather station (44.244, -76.481) for 2000 –
2007 (http://climate.weather.gc.ca/prods_servs/cdn_climate_summary_e.html). Produced with
ggplot2 (Wickham 2009).

77

Appendix D. Effects of the soil moisture treatment on plot microclimates.
Methods:
Soil temperature, air temperature, and light penetration readings were taken around midday on
July 27, 2016, a clear and calm day, to determine whether the soil moisture treatment — i.e.
rainout shelters and water additions — altered plot microclimates. The soil temperature
measurements were taken using a digital thermometer (Model No. 7867; Fisher Scientific) at two
depths (2 cm and 10 cm) for each of 60 unharvested plots (20 reduced soil moisture plots, 20
natural soil moisture plots, and 20 increased soil moisture plots). Each measurement is the
average of four readings (NE, NW, SW, and SE corners).
For each of 10 rainout shelter plots, air temperature was recorded using a Digi-Sense
temperature probe (Model No. 8528-30; Cole-Parmer Instrument Co.) and photosynthetically
active radiation (PAR) was recorded using a Quantum Sensor (Model No. LI-190R; LI-COR
Biosciences) at a height of 1 m above ground and centered underneath the rainout shelter, and
also (at the same time) outside of and adjacent to the rainout shelter. Each measurement is the
average of three readings.
Paired t-tests were used to analyze the light penetration and air temperature data. Soil
temperature data was analyzed using a two-way analysis of variance (ANOVA) with Type II
sums of squares and measurement depth and soil moisture treatment as fixed factors (function
‘Anova’; package car). Pairwise differences among treatments were tested using LSMEANS
with Tukey’s HSD post-hoc tests (function ‘lsmeans’; package lsmeans).
Results:
The rainout shelters significantly reduced light intensity by 26.4 % (t9 = 6.30, P = 0.00014).
Light intensity was not, however, reduced below the light saturation points of Bromus inermis or
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Poa pratensis — two of the most abundant plant species (Figure D1). No difference in air
temperature was found inside or outside the rainout shelters (t9 = 0.87, P = 0.41; Figure D2). As
expected, soil temperature was significantly lower at the 10 cm than the 2 cm measurement depth
(Table D1). Across the two measurement depths soil temperature varied significantly between
soil moisture treatments with post hoc analyses revealing that the increased soil moisture
treatment significantly reduced soil temperature by 1.75 °C on average (Table D2, Figure D3).

TABLE D1. Analysis of variance (ANOVA) for plot soil temperature (°C). Factors in this
analysis include 2 cm and 10 cm measurements depths (measurement depth), and decreased (n =
20), natural (n = 20), and increased (n = 20) soil moisture treatments (watering treatment). Plot
elevation, soil depth, and clay content were included as covariates.
Source
Measurement Depth
Watering Treatment
Measurement Depth ×
Watering Treatment
Residuals

SS
2915.60
27.74
6.66

df
1
2
2

MS
2915.60
13.87
3.33

418.42

114

3.66

F
794.36
3.78
0.91

P
< 0.0001
0.026
0.41

TABLE D2. Tukey HSD post hoc test on the pairwise differences in plot soil temperature among
the soil moisture treatment groups.
Comparison
W0 – W-1
W1 – W-1
W1 – W0

Mean Soil
Temperature Diff.
0.90
-0.86
-1.75

SE

t ratio

P

0.61
0.61
0.61

1.48
-1.41
-2.89

0.30
0.34
0.0126
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FIGURE D1. Light intensity (µmol PAR m-2 s-1) outside of and underneath of the rainout
shelters. Dashed lines represent Bromus inermis and Poa pratensis light saturation points
(LSPTs) (Smith and Knapp 2001). Points represent least square means (n = 10) (function
‘lsmeans’; package lsmeans) with 95 % confidence intervals (CIs). Produced with ggplot2
(Wickham 2009).
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FIGURE D2. Air temperature (°C) outside of and underneath of the rainout shelters. Points
represent least square means (n = 10) (function ‘lsmeans’; package lsmeans) with 95 %
confidence intervals (CIs). Produced with ggplot2 (Wickham 2009).
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FIGURE D3. Plot soil temperature (°C) under contrasting soil moisture treatments and two soil
temperature measurement depths. Points represent least square means (n = 20) (function
‘lsmeans’; package lsmeans) with 95 % confidence intervals (CIs). Produced with ggplot2
(Wickham 2009).
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Appendix E. List of 33 species recorded at the Bracken field site within the 120 plots harvested
in 2015. Four additional distinct but very rare species were recorded but identification was not
possible. Nomenclature follows Gleason and Cronquist (1991).
Agrostis stolonifera L.
Asclepias syriaca L.
Aster lanceolatus Willd.
Aster novae-angliae L.
Aster umbellatus Miller.
Barbarea vulgaris R. Br.
Bromus inermis Leysser.
Carex livida
Centaurea jacea L.
Cerastium arvense L.
Cerastium fontanum L.
Erigeron annuus (L.) Pers.
Festuca rubra L.
Gallium mollugo L.
Hieracium spp.
Hypericum perforatum L.
Linaria vulgaris Hill.
Lotus corniculata L.
Panicum linearifolium Scribn.
Phleum pratense L.
Physalis heterophylla Nees.
Plantago lanceolata L.
Poa pretensis L.
Potentilla recta L.
Ranunculus acris L.
Silene vulgaris (Moench) Garcke.
Solidago rugosa Mill.
Solidago Canadensis L.
Stellaria media (L.) Villars.
Taraxacum officinale Weber Ex Wiggers.
Trifolium dubium Sibth.
Trifolium pratense L.
Vicia cracca L.
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Appendix F. Relationships between plot soil moisture and the selected model covariates.
Methods:
The relationships between the selected covariates — plot soil depth, elevation, and soil texture
(percent clay, sand, and silt content) — and plot soil volumetric water content (VWC) was
explored using correlation matrices for five VWC datasets: (1) May 10th, 2010 VWC across all
240 experimental plots; (2) mean 2016 growing season VWC across all 120 unharvested plots;
(3) mean 2016 growing season VWC across all 40 unharvested natural soil moisture plots; (4)
mean 2016 growing season VWC across all 40 unharvested reduced soil moisture plots; and (5)
mean 2016 growing season VWC across all 40 unharvested increased soil moisture plots. 2010
soil moisture measurements were collected on May 7th, 2010 and are an average of two readings
(NW and SE corners) for each of the 240 plots. Soil moisture measurements for the 120
unharvested plots are an average of four readings (NE, NW, SW, and SE corners) and were taken
before 12 weekly watering events of the 2016 June-July-August growing season. The correlation
matrices for each soil moisture treatment group were created because the moisture treatments
significantly altered plot VWC (Table 1). Each correlation matrix includes bivariate scatterplots
and Pearson correlation coefficients with corresponding significance levels.
Results:
May 10, 2010 plot VWC was significantly positively correlated with soil depth and clay content,
and significantly negatively correlated with plot elevation (Figure F1). In contrast only clay
content was significantly correlated with mean plot VWC in 2016 (Figure F2). The differences
between the 2010 and 2016 correlation matrices is likely to due 2016’s extensive variation in
plot VWC (Figure 1). Subsetting the 2016 mean plot VWC revealed that the soil moisture
treatments altered the relationships between plot VWC and the covariates. Specifically, when
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only natural soil moisture plots were considered no significant correlations were found (Figure
F3). In comparison, the reduced soil moisture treatment significantly strengthened the
relationships between soil texture and plot VWC (Figure F4) while the increased soil moisture
treatment weakened the relationships between plot VWC and all covariates (Figure F5).
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FIGURE F1. Correlation matrix for May 10, 2010 plot VWC (volumetric water content [%]),
plot soil depth (cm), plot elevation (m), and plot clay content (%), sand content (%), and silt
content (%) (n = 240). Bivariate scatterplots, Pearson correlation coefficients and significance
levels (*P < 0.05, ** P < 0.01, *** P < 0.001) are shown.
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FIGURE F2. Correlation matrix for 2016 mean plot VWC (2016 mean growing season
volumetric water content [%]), plot soil depth (cm), plot elevation (m), and plot clay content (%),
sand content (%), and silt content (%) (n = 120). Bivariate scatterplots, Pearson correlation
coefficients and significance levels (*P < 0.05, ** P < 0.01, *** P < 0.001) are shown.
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FIGURE F3. Correlation matrix for natural soil moisture plot mean 2016 VWC (2016 mean
growing season volumetric water content [%]), soil depth (cm), elevation (m), clay content (%),
sand content (%), and silt content (%) (n = 40). Bivariate scatterplots, Pearson correlation
coefficients and significance levels (*P < 0.05, ** P < 0.01, *** P < 0.001) are shown.
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FIGURE F4. Correlation matrix for reduced soil moisture plot mean 2016 VWC (2016 mean
growing season volumetric water content [%]), soil depth (cm), elevation (m), clay content (%),
sand content (%), and silt content (%) (n = 40). Bivariate scatterplots, Pearson correlation
coefficients and significance levels (*P < 0.05, ** P < 0.01, *** P < 0.001) are shown.
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FIGURE F5. Correlation matrix for increased soil moisture plot mean 2016 VWC (2016 mean
growing season volumetric water content [%]), soil depth (cm), elevation (m), clay content (%),
sand content (%), and silt content (%) (n = 40). Bivariate scatterplots, Pearson correlation
coefficients and significance levels (*P < 0.05, ** P < 0.01, *** P < 0.001) are shown.
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Appendix G. Covariate independence of experimental treatments.
Methods:
The independence of each covariate — plot soil depth, elevation, and soil texture (percent clay,
sand, and silt content) — from the experimental treatments was analyzed using three-way
analyses of variance (ANOVA) with Type II sums of squares (function ‘Anova’; package car).
Each linear model included the experimental factors (soil moisture treatment, soil nutrients
treatment, and exclosure treatment), all two-way interactions, and a three-way interaction as
fixed factors.

Results:
All covariates were independent of the experimental treatments — i.e. there was no
significant variation in plot soil depth (Table G1, G2, G3, G4), plot elevation (Table G5, G6, G7,
G8), percent clay content (Table G9, G10, G11, G12), percent sand content (Table G13, G14,
G15, G16), and percent silt content (Table G17, G18, G19, G20) between any of the
experimental treatments.
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TABLE G1. Means and standard deviations on the measure of plot soil depth as a function of
watering treatment.
Soil Moisture Treatment
Reduced Soil Moisture
Natural Soil Moisture
Increased Soil Moisture

Plot Biomass inventory score
M (g / 1 m2)
SD
45.51
11.76
45.40
12.37
44.39
11.96

n
40
40
40

TABLE G2. Means and standard deviations on the measure of plot soil depth as a function of
nutrients treatment.
Nutrients Treatment
Natural Nutrients
Increased Nutrients

Plot Biomass inventory score
M (g / 1 m2)
SD
45.66
44.54
12.34
11.62

n
60
60

TABLE G3. Means and standard deviations on the measure of plot soil depth as a function of
exclosure treatment.
Exclosure Treatment
Exclosure Absent
Exclosure Present

Plot Biomass inventory score
M (g / 1 m2)
SD
44.96
45.24
12.01
11.98

n
60
60

TABLE G4. ANOVA for plot soil depth. Factors in this analysis include decreased (n = 40),
natural (n = 40), and increased (n = 40) soil moisture (soil moisture), natural (n = 60) and
increased (n = 60) soil nutrients (soil nutrients), and the absence (n = 60) or presence (n = 60) of
herbivore exclosures (exclosure).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals

SS
30.46
35.43
2.53
35.60
279.63
80.43

df
2
1
1
2
2
1

F
0.10
0.23
0.017
0.12
0.92
0.53

P
0.91
0.63
0.90
0.89
0.40
0.47

53.30
16318.67

2
107

0.17

0.84
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TABLE G5. Means and standard deviations on the measure of plot elevation as a function of
watering treatment.
Soil Moisture Treatment
Reduced Soil Moisture
Natural Soil Moisture
Increased Soil Moisture

Plot Biomass inventory score
M (g / 1 m2)
SD
99.21
0.61
99.24
0.72
99.22
0.71

n
40
40
40

TABLE G6. Means and standard deviations on the measure of plot elevation as a function of
nutrients treatment.
Nutrients Treatment
Natural Nutrients
Increased Nutrients

Plot Biomass inventory score
M (g / 1 m2)
SD
99.24
0.64
99.21
0.71

n
60
60

TABLE G7. Means and standard deviations on the measure of plot elevation as a function of
exclosure treatment.
Exclosure Treatment
Exclosure Absent
Exclosure Present

Plot Biomass inventory score
M (g / 1 m2)
SD
99.28
0.68
99.17
0.67

n
60
60

TABLE G8. ANOVA for plot elevation. Factors in this analysis include decreased (n = 40),
natural (n = 40), and increased (n = 40) soil moisture (soil moisture), natural (n = 60) and
increased (n = 60) soil nutrients (soil nutrients), and the absence (n = 60) or presence (n = 60) of
herbivore exclosures (exclosure).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals

F
30.46
35.43
2.53
35.60
279.63
80.43

df
2
1
1
2
2
1

Residual df
0.10
0.23
0.017
0.12
0.92
0.53

P
0.91
0.63
0.90
0.89
0.40
0.47

53.30
52.27

2
107

0.17

0.84
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TABLE G9. Means and standard deviations on the measure of plot percent clay content as a
function of watering treatment.
Soil Moisture Treatment
Reduced Soil Moisture
Natural Soil Moisture
Increased Soil Moisture

Plot Biomass inventory score
M (g / 1 m2)
SD
14.98
4.06
15.13
4.04
14.83
3.54

n
40
40
40

TABLE G10. Means and standard deviations on the measure of plot percent clay content as a
function of nutrients treatment.
Nutrients Treatment
Natural Nutrients
Increased Nutrients

Plot Biomass inventory score
M (g / 1 m2)
SD
15.37
4.41
14.59
3.21

n
60
60

TABLE G11. Means and standard deviations on the measure of plot percent clay content as a
function of exclosure treatment.
Exclosure Treatment
Exclosure Absent
Exclosure Present

Plot Biomass inventory score
M (g / 1 m2)
SD
14.65
3.05
15.31
4.53

n
60
60

TABLE G12. ANOVA for plot percent clay content. Factors in this analysis include decreased (n
= 40), natural (n = 40), and increased (n = 40) soil moisture (soil moisture), natural (n = 60) and
increased (n = 60) soil nutrients (soil nutrients), and the absence (n = 60) or presence (n = 60) of
herbivore exclosures (exclosure).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals

F
1.86
18.55
13.44
1.18
9.73
2.96

df
2
1
1
2
2
1

Residual df
0.059
1.17
0.85
0.037
0.31
0.19

P
0.94
0.28
0.36
0.96
0.74
0.67

17.41
1689.14

2
107

0.55

0.58
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TABLE G13. Means and standard deviations on the measure of plot percent sand content as a
function of watering treatment.
Soil Moisture Treatment
Reduced Soil Moisture
Natural Soil Moisture
Increased Soil Moisture

Plot Biomass inventory score
M (g / 1 m2)
SD
45.70
7.64
45.67
9.30
45.08
8.69

n
40
40
40

TABLE G14. Means and standard deviations on the measure of plot percent sand content as a
function of nutrients treatment.
Nutrients Treatment
Natural Nutrients
Increased Nutrients

Plot Biomass inventory score
M (g / 1 m2)
SD
46.28
10.24
44.70
6.37

n
60
60

TABLE G15. Means and standard deviations on the measure of plot percent sand content as a
function of exclosure treatment.
Exclosure Treatment
Exclosure Absent
Exclosure Present

Plot Biomass inventory score
M (g / 1 m2)
SD
44.25
8.18
46.74
8.73

n
60
60

TABLE G16. ANOVA for plot percent sand content. Factors in this analysis include decreased
(n = 40), natural (n = 40), and increased (n = 40) soil moisture (soil moisture), natural (n = 60)
and increased (n = 60) soil nutrients (soil nutrients), and the absence (n = 60) or presence (n =
60) of herbivore exclosures (exclosure).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals

F
10.85
75.73
188.85
41.04
30.01
19.41

df
2
1
1
2
2
1

Residual df
0.072
1.01
2.51
0.27
0.20
0.26

P
0.93
0.32
0.12
0.76
0.82
0.61

133.43
8052.31

2
107

0.89

0.42
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TABLE G17. Means and standard deviations on the measure of plot percent silt content as a
function of watering treatment.
Soil Moisture Treatment
Reduced Soil Moisture
Natural Soil Moisture
Increased Soil Moisture

Plot Biomass inventory score
M (g / 1 m2)
SD
39.31
11.36
39.20
12.67
40.09
11.75

n
40
40
40

TABLE G18. Means and standard deviations on the measure of plot percent silt content as a
function of nutrients treatment.
Nutrients Treatment
Natural Nutrients
Increased Nutrients

Plot Biomass inventory score
M (g / 1 m2)
SD
38.35
14.08
40.70
9.11

n
60
60

TABLE G19. Means and standard deviations on the measure of plot percent silt content as a
function of exclosure treatment.
Exclosure Treatment
Exclosure Absent
Exclosure Present

Plot Biomass inventory score
M (g / 1 m2)
SD
41.10
10.79
37.95
12.73

n
60
60

TABLE G20. ANOVA for plot percent silt content. Factors in this analysis include decreased (n
= 40), natural (n = 40), and increased (n = 40) soil moisture (soil moisture), natural (n = 60) and
increased (n = 60) soil nutrients (soil nutrients), and the absence (n = 60) or presence (n = 60) of
herbivore exclosures (exclosure).
Source
Soil Moisture
Soil Nutrients
Exclosure
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals

F
20.45
169.22
303.02
56.02
54.09
37.54

df
2
1
1
2
2
1

Residual df
0.070
1.15
2.06
0.19
0.18
0.26

P
0.93
0.29
0.15
0.83
0.83
0.61

230.56
15704.51

2

0.79

0.46
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Appendix H. Species pools and proportional abundances of each experimental treatment group.
TABLE H1. List of species and respective proportional abundances (% of total plot dry weight
biomass) recorded within the soil moisture treatment groups at the Bracken field site in 2015.
Nomenclature follows Gleason and Cronquist (1991).
Reduced Soil Moisture
Species
%
B. inermis
66
L. vulgaris
15
A. syriaca
5.8
G. mollugo
5.7
V. cracca
4.6
P. pretensis
1.8
C. jacea
0.11
C. livida
0.0059
Hieracium spp.
0.0021
C. fontanum
< 0.001

Natural Soil Moisture
Species
%
B. inermis
54
A. syriaca
14
P. pretensis
9.9
L. vulgaris
8.2
V. cracca
4.9
C. jacea
3.9
A. novae-angliae
1.7
G. mollugo
1.6
P. heterophylla
1.0
Hieracium spp.
0.67
C. livida
0.27
C. arvense
0.18
S. Canadensis
0.083
P. pratense
0.041
Unknown
0.025
H. perforatum
0.012
S. vulgaris
0.0085
C. fontanum
0.0036
R. acris
0.0033
P. recta
< 0.001
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Increased Soil Moisture
Species
%
B. inermis
50
A. syriaca
11
P. pretensis
9.6
L. vulgaris
8.1
G. mollugo
5.4
C. jacea
4.3
V. cracca
4.2
A. novae-angliae
1.8
C. livida
1.3
C. arvense
1.1
Hieracium spp.
0.87
S. Canadensis
0.69
S. rugosa
0.66
A. lanceolatus
0.39
F. rubra
0.38
B. vulgaris
0.079
H. perforatum
0.053
P. pratense
0.036
T. dubium
0.015
P. recta
0.0057
L. corniculata
0.0049
T. pratense
0.0045
A. stolonifera
0.0045
Unknown 1
0.0042
P. lanceolata
0.0038
T. officinale
0.0036
E. annuus
0.0034
S. media
0.0027
P. linearifolium
0.0025
Unknown 2
0.0011
A. umbellatus
< 0.001
Unknown 3
< 0.001

TABLE H2. List of species and respective proportional abundances (% of total plot dry weight
biomass) recorded within the soil nutrient treatment groups at the Bracken field site in 2015.
Nomenclature follows Gleason and Cronquist (1991).
Natural Soil Nutrient Levels
Species
%
B. inermis
52
P. pretensis
11
A. syriaca
7.9
L. vulgaris
7.9
V. cracca
5.8
G. mollugo
5.2
C. jacea
4.1
A. novae-angliae
2.7
C. livida
1.2
Hieracium spp.
1.1
S. Canadensis
0.65
F. rubra
0.32
S. rugosa
0.28
C. arvense
0.12
H. perforatum
0.057
Unknown
0.022
T. dubium
0.013
P. pratense
0.011
P. recta
0.0054
L. corniculata
0.0044
T. pratense
0.0041
A. stolonifera
0.0040
Unknown 1
0.0038
P. lanceolata
0.0034
T. officinale
0.0032
C. fontanum
0.0032
E. annuus
0.0030
R. acris
0.0029
S. media
0.0024
P. linearifolium
0.0023

Increased Soil Nutrient Levels
Species
%
B. inermis
58
A. syriaca
13
L. vulgaris
11
P. pretensis
5.8
V. cracca
3.6
G. mollugo
3.2
C. jacea
2.4
C. arvense
0.76
P. heterophylla
0.68
A. novae-angliae
0.35
A. lanceolatus
0.26
S. rugosa
0.23
H. spp.
0.18
C. livida
0.17
B. vulgaris
0.052
P. pratense
0.043
S. Canadensis
0.032
F. rubra
0.017
S. vulgaris
0.006
Unknown 2
< 0.001
H. perforatum
< 0.001
C. fontanum
< 0.001
A. umbellatus
< 0.001
Unknown 3
< 0.001
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TABLE H3. List of species and respective proportional abundances (% of total plot dry weight
biomass) recorded within the herbivore exclosure treatment groups at the Bracken field site in
2015. Nomenclature follows Gleason and Cronquist (1991).
Herbivore Exclosure Absent
Species
%
B. inermis
57
L. vulgaris
10
P. pretensis
8.3
A. syriaca
7.1
V. cracca
5.3
C. jacea
5.1
G. mollugo
1.8
Hieracium spp.
1.1
C. arvense
0.82
A. novae-angliae
0.75
C. livida
0.63
S. Canadensis
0.59
S. rugosa
0.51
A. lanceolatus
0.30
F. rubra
0.14
P. pratense
0.056
H. perforatum
0.050
T. dubium
0.011
L. corniculata
0.0037
T. pratense
0.0035
A. stolonifera
0.0034
Unknown 1
0.0032
P. lanceolata
0.0029
T. officinale
0.0027
P. recta
0.0027
R. acris
0.0025
P. linearifolium
0.0019
C. fontanum
< 0.001
Unknown 3
< 0.001

Herbivore Exclosure Present
Species
%
B. inermis
53
A. syriaca
14.3
L. vulgaris
9.7
P. pretensis
7.4
G. mollugo
6.2
V. cracca
3.8
A. novae-angliae
1.9
C. jacea
1.2
P. heterophylla
0.78
C. livida
0.58
F. rubra
0.16
C. arvense
0.15
Hieracium spp.
0.12
B. vulgaris
0.060
Unknown
0.019
S. vulgaris
0.0064
P. pratense
0.0034
E. annuus
0.0026
C. fontanum
0.0026
S. media
0.0021
P. recta
0.0019
Unknown 2
< 0.001
A. umbellatus
< 0.001
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Appendix I. Complete ANCOVA results for Shannon Index, Evar, and species richness.
TABLE I1. Mixed model ANCOVA for plot Shannon index. Factors in this analysis include
decreased, natural, and increased soil moisture (soil moisture), natural and increased soil
nutrients (soil nutrients), and the presence or absence of herbivore exclosures (exclosure). Plot
elevation, soil depth, and clay content were included as covariates. Block was included as a
random factor in the model (proportion of variance explained = 10%).
Source
Soil Moisture
Soil Nutrients
Exclosure
Plot Elevation
Plot Soil Depth
Sand Content
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure

F
23.25
5.88
2.10
0.42
2.85
0.41
0.43
2.41
0.21
0.0477

df
2
1
1
1
1
1
2
2
1
2

Residual df
95.38
96.22
97.05
36.79
102.84
91.35
96.26
95.81
96.12
96.53

P
< 0.0001
0.017
0.15
0.52
0.094
0.52
0.65
0.095
0.65
0.95

TABLE I2. Mixed model ANCOVA for plot Evar (Smith and Wilson's evenness) index. Factors
in this analysis include decreased, natural, and increased soil moisture (soil moisture), natural
and increased soil nutrients (soil nutrients), and the presence of absence of herbivore exclosures
(exclosure). Plot elevation, soil depth, and clay content were included as covariates. Block was
included as a random factor in the model (proportion of variance explained = 0%).
Source
Soil Moisture
Soil Nutrients
Exclosure
Plot Elevation
Plot Soil Depth
Sand Content
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure

F
0.18
1.94
0.080
1.56
1.21
0.011
0.096
0.26
0.058
0.054

df
2
1
1
1
1
1
2
2
1
2
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Residual df
95.78
96.92
97.93
20.23
83.96
52.07
96.68
96.37
96.72
97.40

P
0.84
0.17
0.78
0.23
0.28
0.92
0.91
0.77
0.81
0.95

TABLE I3. Quasi-Poisson ANCOVA for plot species richness per 0.5 m2. Factors in this
analysis include decreased, natural, and increased soil moisture (soil moisture), natural and
increased soil nutrients (soil nutrients), and the presence or absence of herbivore exclosures
(exclosure). Plot elevation, soil depth, and clay content were included as covariates.
Source
Soil Moisture
Soil Nutrients
Exclosure
Plot Elevation
Plot Soil Depth
Sand Content
Soil Moisture × Soil Nutrients
Soil Moisture × Exclosure
Soil Nutrients × Exclosure
Soil Moisture × Soil Nutrients
× Exclosure
Residuals
Total

F
33.68
6.31
2.60
4.62
0.43
2.60
1.77
1.60
0.36
0.21

df
2
1
1
1
1
1
2
2
1
2

42.89
97.07

104
118
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Residual df
40.83
15.30
6.31
11.20
1.05
6.29
2.15
1.94
0.86
0.25

P
< 0.0001
< 0.001
0.014
0.0011
0.31
0.014
0.12
0.15
0.36
0.78

Appendix J. Images of experimental design and data collection.

FIGURE J1. Aerial photo of Bracken Tract field experiment.

FIGURE J2. Ground level photo of Bracken Tract field experiment.
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FIGURE J3. Rain shelter of the reduced soil moisture treatment.

FIGURE J4. Water additions for the increased soil moisture treatment.
101

FIGURE J5. Addition of NPK fertilizer.

FIGURE J6. Herbivore exclosure.
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FIGURE J7. Plot above-ground biomass harvest and partitioning into four equal quadrants.
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Appendix K. Plant tissue nitrogen (N) and phosphorus (P) analyses.
Methods:
A subsample of each plot’s oven-dried total harvested shoot plant tissue (i.e. including standing
dead and live biomass) was randomly selected and ground using a mechanical grinder (Retsch
ZM 200). N concentrations were determined by analyzing 40-50 mg subsamples using
combustion and gaseous N detection (Elementar Macrocube, Hanau, Germany). P concentrations
were determined using acid digestion in accordance with Parkinson and Allen (1975). Note that
the N and P concentration datasets consist of 41 and 30 samples respectively across the whole
experiment (n = 120) because of logistical constraints with the analyses, but since these samples
were randomly selected across all the treatments, the conclusions should be robust.
Results:
Fertilizer applications significantly increased plant tissue nitrogen concentration by
approximately 32% overall (Table K1; Figure JK). In addition, the soil moisture treatments also
tended (P < 0.07) to alter plant tissue nitrogen concentrations. By contrast, with regards to
phosphorous concentration there was a significant interaction between the two soil resource
manipulations indicating that the impact of the fertilization treatment depended on the soil
moisture treatment (Table K2; Figure K2). Specifically, fertilizer addition only increased P
concentrations in the ambient or added water treatments, respectively by 91% and 86%,
suggesting that low soil moisture in the rainout treatment prevented plants from acquiring the
fertilizer P (Tukey HSD, P < 0.05).
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TABLE K1. Mixed model ANCOVA for plot plant tissue nitrogen concentration (g N / 100g
DW). Factors in this analysis include decreased (n = 15), natural (n = 10), and increased (n = 16)
soil moisture (soil moisture), and natural (n = 24) and increased (n = 17) soil nutrients (soil
nutrients). Plot elevation, soil depth, and clay content were included as covariates. Block was
included as a random factor in the model (proportion of variance explained = 0%).
Source
Soil Moisture
Soil Nutrients
Plot Elevation
Plot Soil Depth
Clay Content
Soil Moisture × Soil Nutrients

F
2.97
34.76
0.83
0.79
2.91
0.52

df
2
1
1
1
1
2

Residual df
27.43
30.61
29.95
19.07
28.08
29.47

P
0.068
< 0.0001
0.37
0.39
0.099
0.60

TABLE K2. Mixed model ANCOVA for plot plant tissue phosphorus concentration (g P / 100g
DW). Factors in this analysis include decreased (n = 8), natural (n = 14), and increased (n = 8)
soil moisture (soil moisture), and natural (n = 12) and increased (n = 14) soil nutrients (soil
nutrients). Plot elevation, soil depth, and clay content were included as covariates. Block was
included as a random factor in the model (proportion of variance explained = 0%).
Source
Soil Moisture
Soil Nutrients
Plot Elevation
Plot Soil Depth
Clay Content
Soil Moisture × Soil Nutrients

F
24.84
111.57
1.31
1.32
3.15
6.86

df
2
1
1
1
1
2
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Residual df
19.45
20.75
17.57
7.21
20.99
19.60

P
< 0.001
< 0.001
0.27
0.29
0.090
0.0055

Nitrogen Concentration (g N/100g DW)

Reduced Soil Moisture

Natural Soil Moisture

Increased Soil Moisture

3

2

1

0
no NPK

+ NPK

no NPK

+ NPK

no NPK

+ NPK

Soil Nutrient Treatment

FIGURE K1. Effects of soil moisture (reduced [n = 15], natural [n = 10] and increased [n = 16])
and soil nutrients (natural levels [no NPK, white points, n = 24] and increased [+ NPK, black
points, n = 17]) on plot plant tissue nitrogen concentration (g N/100g DW). Points represent least
square means (function ‘lsmeans’; package lsmeans) with 95 % confidence intervals (CIs).
Produced with ggplot2 (Wickham 2009).
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Phosphorous Concentration (g P/100g DW)

Reduced Soil Moisture

Natural Soil Moisture

Increased Soil Moisture

0.3

0.2

0.1

0.0
no NPK

+ NPK

no NPK

+ NPK

no NPK

+ NPK

Soil Nutrient Treatment

FIGURE K2. Effects of soil moisture (reduced [n = 8], natural [n = 14] and increased [n = 8])
and soil nutrients (natural levels [no NPK, white points, n = 12] and increased [+ NPK, black
points, n = 14]) on plot plant tissue phosphorous concentration (g P/100g DW). Points represent
least square means (function ‘lsmeans’; package lsmeans) with 95 % confidence intervals (CIs).
Produced with ggplot2 (Wickham 2009).

107

