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Abstract
Strategies to increase crop yields and drought stress tolerance are urgently needed
to meet future global food demands in a changing climate. Although the effects of
fertilizer application and drought stress in agriculture have each been researched
extensively, the combined impacts of these two factors on crop yield, soil microbes, and
nutrient availability are not well understood. High soil nitrogen availability promotes
rapid plant growth, and increases leaf sap nitrate concentrations, but reduces carbonbased solute concentrations. By contrast, plants accumulate carbon-based solutes in
response to drought. This project evaluates changes in leaf sap composition in response to
fertilizer and water availability, to determine whether a trade-off exists between reduced
leaf sap carbon concentrations associated with rapid plant growth, and subsequent
tolerance to water-limitation. My thesis research centred on a greenhouse experiment to
investigate the effects of nitrogen and potassium fertilizer (NK) additions at three levels
on soil microbes, shoot growth, and leaf sap composition of replicate (n=9) Collard
greens (Brassica oleracea) before and after a moderate water-limitation treatment.
Increasing levels of NK addition progressively enhanced shoot biomass, and the medium
and high levels doubled leaf sap total nitrogen and halved leaf sap carbon concentrations
after 63 days of growth (i.e. at the end of the ‘normal’ trial). However, after three-weeks
of subsequent water-stressed conditions (i.e. at the end of the normal plus waterlimitation phases – the ‘water limitation’ trial), shoot biomass increases maintained a
similar growth pattern to the normal trial, indicating that low leaf sap carbon
concentrations did not reduce the subsequent shoot growth rate under water-limited
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conditions. Soil microbial N accumulation was equivalent across all fertilizer addition
levels at the end of the normal trial, but increased progressively with NK addition after
the water-limitation trial. Finally, leaf sap nitrate correlated closely with soluble soil
nitrate, indicating that the former may provide an effective low-cost in-field test to
determine the status of soluble nitrogen in agricultural soils. Overall, I found new and
important relationships among leaf sap, soil microbial biomass, and bulk soil nutrient
pools that will contribute to the improvement of soil management practices to meet the
agricultural challenges of the future.

iv

Co-Authorship
Harris Ivens conducted all of the data collection and analyses, and writing of this
thesis. Dr. Paul Grogan contributed to the research designs, interpretations, and editing of
this thesis.

v

Acknowledgements
Thank you to my facilitator Paul Grogan, for your guidance and calm positive
approach to life, and my committee members Gary vanLoon and William Plaxton, for
your encouragement, feedback, and insight. I would like to acknowledge my lab mates
and volunteers for your assistance; my presentations were greatly enhanced by your
feedback. To Yvette Chirinian the Grogan lab technician, your insight and exceptional
lab technique contributed substantially to the success of this project. Thank you to the
Queen’s staff, especially Dale Kristensen for your assistance and management of the
phytotron, and Keith Harper for your expertise in translating vague ideas into an
incredible leaf-sap press. Lindsay MacDougall, thank you for your tireless support and
for holding our family together without missing a beat so I could focus on my studies. To
my children, Maeve and Sullivan, my inspiration to learn about the natural world is still
chasing after yours. To my parents, Suzanne Walsh and David Ivens, thank you for the
encouragement to challenge myself and your confidence in my ability to make it. Lastly,
to my friends and family that have provided help and support along the way, all of your
efforts were tremendously productive and warmly appreciated.

vi

Table of Contents
Abstract ............................................................................................................................... ii
Co-Authorship.................................................................................................................... iv
Acknowledgements ..............................................................................................................v
List of Figures ................................................................................................................... vii
List of Tables ..................................................................................................................... ix
List of Abbreviations ...........................................................................................................x
Chapter 1 : Introduction .......................................................................................................1
Chapter 2 : Literature Review ..............................................................................................9
Chapter 3 : Materials and Methods ....................................................................................18
Chapter 4 : Results .............................................................................................................31
Chapter 5 : Discussion .......................................................................................................50
Chapter 6 : Conclusion.......................................................................................................68
Literature Cited ..................................................................................................................71
APPENDIX 1. Descriptions of methods for unit conversions and calculated variables ...85
APPENDIX 2. Visual assessment scale to determine the degree of wilt ..........................89
APPENDIX 3. Experiment photographs of plants, growing area, and degree of wilt ......90
APPENDIX 4. Photograph of press to extract leaf sap .....................................................91

vii

List of Figures
Figure 1.1 Conceptual model of the sources and location of soluble and insoluble
nutrients within the plant-soil system ............................................................... 5
Figure 2.1 Conceptual model of the relationship between increasing soil nitrogen
availability on leaf sap NO3- and soluble carbon concentrations .................... 17
Figure 3.1 Conceptual model depicting the timing and sequence of the normal and
subsequent water-limitation trials in the overall experiment design .............. 29
Figure 4.1 Leaf sap concentrations of total dissolved nitrogen, NO3--N, total dissolved
carbon, and total protein-N ............................................................................. 39
Figure 4.2 .. Ratio of the sum of organic to inorganic solutes in leaf sap of Collard greens
after the normal and water-limitation trials .................................................... 40
Figure 4.3 ..........Plant shoot dry biomass, total shoot moisture content, total leaf tissue C
concentrations, and total leaf tissue N concentrations .................................... 41
Figure 4.4 Soil microbial biomass total dissolved nitrogen, carbon, PO43--P, and NH4+-N
concentrations in soil ...................................................................................... 42
Figure 4.5 Soluble total nitrogen, NO3--N, PO43--P, and organic carbon concentrations in
soil ................................................................................................................... 43
Figure 4.6 Leaf sap NO3--N as measured by a hand-held ion-selective electrode in
relation to soil solution NO3--N ...................................................................... 44
Figure 4.7 Leaf sap NO3--N as measured by a hand-held ion-selective electrode in
relation to leaf sap NO3--N as measured by ion-chromatography .................. 45

viii
Figure 5.1 Segmented bar graph of total soluble nitrogen components in leaf sap as
NO3--N, NH4+-N, protein-N, and non-protein organic-N ............................... 67

ix

List of Tables
Table 1.1 Literature summary of studies that evaluated the impact of inorganic fertilizer
addition on soil microbial biomass ................................................................... 6
Table 1.2 Literature summary of studies that evaluated the impact of water-limitation on
soil microbial biomass ...................................................................................... 8
Table 3.1. Total nitrogen, phophsorus, and potassium fertilizer additions for Collard
greens harvested at the end of the normal and water-limitation trials ............ 30
Table 4.1 Leaf sap NO3--N, NH4+-N, K+, PO43--P, total dissolved solids (TDS), and
electrical conductivity (EC) after the normal and water-limitation trials ....... 46
Table 4.2 Direct comparison of control +P and control -P for soil microbial biomass
PO43--P and leaf sap PO43--P ........................................................................... 47
Table 4.3. Soil moisture, soil solution NH4+-N and the ratio of soil microbial biomass
carbon (MBC) to microbial biomass nitrogen (MBN) ................................... 48
Table 4.4. Summary of leaf sap C:N, total leaf tissue, and leaf sap to total tissue ratios
for C and N of Collard greens ......................................................................... 49

x

List of Abbreviations
EC

Electrical conductivity

MBC

Microbial biomass carbon

MBNH4

Microbial biomass ammonium

MBN

Microbial biomass nitrogen

MBPO43

Microbial biomass phosphate

NK

Nitrogen and potassium

NPK

Represented as total nitrogen, phosphorus as P2O5 and potassium
as K2O in agricultural fertilizer formulations

NUE

Nitrogen use efficiency

TDS

Total dissolved solids

1

Chapter 1: Introduction
Agricultural approaches to reduce fertilizer use, increase yields, and improve
drought and salt tolerance are urgently needed. Since 1960 on a global scale, crop
production has tripled, while nitrogen (N) fertilizer use has increased more than sevenfold, and phosphorus (P) use has doubled (IAASTD 2009, FAO 2017). However, soil
moisture is expected to decline 5-10% by 2090 in some of the most productive
agricultural regions around the world as a result of climate change, while global food
demands are projected to increase 70% by 2050 (Dai 2012, FAO 2009). Therefore,
agricultural production systems of the future will require increased yields from crops that
are stressed by drought.
Increased N fertilizer applications can partially counteract yield losses due to mild
and moderate drought conditions, however this increases the amount of N left behind in
the soil (Gonzalez-Dugo et al. 2010, Hammad et al. 2015). Consequently, N losses from
agriculture due to run-off and volatilization may be enhanced and lead to eutrophication
of aquatic systems and increased release of harmful N-based greenhouse gasses to the
atmosphere (Zhang et al. 2015, Saravia et al. 2016). While increasing fertilizer
applications in response to water-limited growing conditions is an effective strategy to
ensure crop yields, the additional economic and environmental costs imply that this is not
a globally appropriate solution to address the predicted future reductions in soil moisture
levels in some of the most productive agricultural regions around the world.
New management strategies that maximize the effectiveness of N applications are
important to minimize losses under normal and water-limited conditions. Crop growth
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rate and therefore N uptake are highly dependent on sunlight intensity, temperature, and
water availability and can vary considerably between weeks, seasons, and years in field
soils. This variability can lead to differences between projected and actual crop demands
for N and results in farmers frequently over-applying N fertilizer to ensure an adequate
yield (Gastal and Lemaire 2002, Xia et al. 2017). However, over-application of fertilizer
increases the proportion of applied N left in the soil resulting in a lower N use efficiency.
Nitrogen use efficiency (NUE) is the proportion of N incorporated into the crop
compared to the amount of applied fertilizer (Marschner 2012). A high NUE represents a
large amount of applied N being used by the crop, while a low NUE indicates that soil N
availability is in excess of crop demand. Optimizing crop NUE under normal and waterlimited conditions requires a combination of soil and plant management strategies to
lower fertilizer applications on a per hectare basis (Lawlor 2002). This thesis project is
aimed at determining the optimal rates of N for plant growth under water-limited
conditions by examining how the plant and its soil responds as an integrated system to
fertilizer addition and water-limitation. Also, I will evaluate the potential of an in-field
plant tissue testing method to indicate soil N availability.
1.1.1 Comparing metabolic nutrient pools between plant and soil to improve NUE
and crop growth response during water-limited conditions
Plants and their soil function as a tightly interconnected system. Chemical, physical
and biological properties of soil can strongly influence plant growth by modifying
nutrient and water availability (Brady and Weil 2014). Soil biological properties are
largely a result of soil microorganism activity (Ingham et al. 1985), and therefore these
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microorganisms can provide a living comparison to plants in terms of how each may
respond to changes in environmental conditions. Both soil microorganisms and plants
rely on water and nutrient availability for turgor pressure, growth, and reproduction, and
on a cellular basis, may share similar responses to changes in environmental variables
such as nutrient availability and water-limitation. Plant responses to these variables have
been well studied, but the combined effects of nutrient availability and water-limitation
on soil microorganisms are not well understood (Tables 2.1, 2.2). Similar to plants, the
soil microbial biomass can accumulate significantly more N and P than is available in the
soil for crop uptake at a given time (Brookes et al. 1985, Lundquist et al. 1999).
However, previous studies have not examined the accumulation potential of soil
microorganisms across a fertility gradient and water-limitation condition. Therefore, a
comparison between the metabolic pools of nutrients within leaves and soil
microorganisms in response to the availability of nutrients and water, may provide new
insights into optimizing fertilizer management strategies to meet future agricultural
challenges.
Metabolically active nutrients perform simultaneous functions as sources of solutes
for turgor pressure, metabolic pathway intermediates, and many are also involved in
cellular signaling (Gouesbet et al. 2006, Coskun et al. 2017). While specific molecular
interactions between metabolites are unique and complex, measuring the nutrient
composition of metabolic pools by using existing laboratory techniques is relatively
simple. Measuring the nutrients in the soil microbial biomass can be determined using the
chloroform fumigation technique to lyse the cells of soil microorganisms and measure the
amount of nutrients released (Brookes et al. 1985). Leaf sap extraction involves
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expressing sap by exerting pressure on leaf tissue to cause the cells to rupture and release
soluble nutrients and metabolites from the cytosol, vacuolar, and extracellular fluids (Shi
and Livne 1967, Scaife and Stevens 1983). By specifically analyzing metabolically active
nutrient pools separated from insoluble nutrients assimilated into structural leaf tissues, I
can provide a direct comparison of responses between metabolic pools of nutrients in
plants and soil microorganisms at similar levels of water and nutrient availability (Fig.
1.1). To the best of my knowledge, this is the first study to compare changes in
metabolically active nutrient pools between the cells of plants and soil microorganisms
when grown together.
Nutrient concentrations in metabolic pools of plants and soil organisms change in
response to environmental factors. Fertilizer (Blom-Zandstra and Lampe 1983) and water
availability (Ma et al. 2004) have been shown to consistently affect nutrient
concentrations in leaf metabolic pools. Responses in the metabolic nutrient pools of soil
microorganisms to nutrient and water availability occur but are not well understood
(Tables 2.1, 2.2). Leaf sap and soil microbial biomass nutrient pools may serve as novel
indicators of fertilizer availability that are sensitive to small changes in environmental
conditions in the plant-soil system. Using a greenhouse experiment, this project addresses
three research questions that assess the impacts of fertilizer and water availability on the
plant-soil system:
-

Do the reduced carbon concentrations in the leaf sap as a result of fertilizer
addition affect plant growth during a period of water-limitation?

-

How are metabolic nutrient pools of soil microorganisms affected by the
interaction of NK fertilizer addition and water-limitation?

-

Can leaf sap be used as an indicator of soil soluble nutrient status?
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FIGURE 1.1. Conceptual model of the sources and location of soluble and insoluble
nutrients within the plant-soil system. This study is focused on comparisons between the
soluble pools of nutrients in the leaf sap and soil microbial biomass.
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TABLE 1.1. Literature summary of studies that evaluated the impact of inorganic fertilizer addition on soil microbial biomass.
Experiment
focus
Monosodium
phosphate effects

Fertilizer
Gradient
Yes

Response summary

System

Reference

Increasing P addition did not affect MBC or
MBP under normal growing conditions.

Laboratory
incubation with field
soil

Spohn and Widdig
2017

Soil respiration &
fine root
production

Yes

Annual applications for 7 years lead to
reductions in microbial biomass (MBC and
MBN) with increased fertilization.

Pine & cottonwood
plantation in a field
soil

Lee and Jose 2003

Organic and
inorganic fertilizer
comparison

Yes

MBN accumulated more N only at a high (of
four) inorganic N addition level. Authors
suggest increase explained by a shift towards
greater bacterial dominance from fungal
dominance at high N addition.

Greenhouse pots
with field soil and
plant

Fauci and Dick
1989

Three soil types
with inorganic
fertilizer
comparison

1 of 3
fields

MBC correlated with plant growth,
suggesting that fertilizer can increase MBC
indirectly through increased root growth
which can increase C availability in the soil.

Long-term field
experiment

Insam et al. 1991
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Experiment
focus
Comparison of
four different
organic fertilizers

Fertilizer
Gradient
No

Response summary

System

Reference

C:N ratio of fertilizer influences microbial
growth response.

Potted plants

Heijboer et al. 2016

Conventional &
organic
management
comparison

No

MBC & MBN were significantly lower with
inorganic fertilizer use under conventional
management.

Field & greenhouse
soils

Ge et al. 2013

Organic and
inorganic fertilizer
comparison

No

Inorganic N addition did not affect microbial
biomass. Organic N addition increased
microbial biomass.

Laboratory
incubation of field
soil

Stark et al. 2007

Organic and
inorganic fertilizer
comparison

No

Fertilizer increased MBC compared to the
control. Organic fertilizer doubled MBC
over inorganic fertilizer additions.

16-year field
experiment with
plants

Chu et al. 2007
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TABLE 1.2. Literature summary of studies that evaluated the impact of water-limitation on soil microbial biomass.
Experiment
focus
Planted &
unplanted
comparison

Fertilizer
gradient
No

Response summary

System

Reference

MBC increased under water-limitation in planted Greenhouse pot with
pots only.
field soil

Xue et al. 2017
*No nutrient addition

NO3- & PO43No
uptake in plant-soil
system

Uptake of NO3- was less in plants than
microorganisms under drought conditions.
Uptake of PO43- was greater in microorganisms
than plants under drought conditions.

Greenhouse with
grassland plant &
soil samples

Dijkstra et al. 2015

Soil moisture
availability effects
on microbial
biomass

No

Lower microbial biomass as a result of drought
and a positive correlation of microbial biomass
and soil moisture content.

Field experiment

Zeglin et al. 2013
*No nutrient addition

Comparison with
and without
organic
amendment
addition

No

Amendment increased microbial biomass but the
180-day incubation reduced microbial biomass
in amended and amended soils under waterlimited conditions.

Growth chamber,
unspecified semiarid soil

Hueso et al. 2012
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Chapter 2: Literature Review
2.1 Do the reduced carbon concentrations in the leaf sap as a result of fertilizer
addition affect plant growth during a period of water-limitation?
Soil nutrient availability has been shown to have a strong effect on the
concentrations of nutrients, especially nitrate (NO3-), within the soluble metabolic pools
of leaves (Turan and Sevimli 2005, Zhang et al. 2015). It is important to note that NO3only exists in plant tissues in a soluble active form because it cannot be rendered
insoluble without assimilation into another N-form. Previous research has identified a
consistent inverse relationship between increasing NO3- and decreasing carbon-based
solutes (i.e. carbohydrates, proteins) in leaf sap in response to increasing soil N
availability and environmental factors (Nowakowski and Cunningham 1966, BlomZandstra and Lampe 1985, Behr and Wiebe 1992, Chen et al. 2004, Burns et al. 2010)
(Fig. 2.1). However, these studies were conducted under normal water availability,
leaving an important research gap in our understanding of how differences in
concentrations of NO3- and carbon (C) in leaf sap may affect plant growth during periods
of water-limitation.
A growing number of sustainable agriculture consultants encourage practices to
increase leaf sap C concentrations as a means to improve plant stress tolerance to
diseases, pests, and environmental extremes (Kniffen 2014, Sait 2015). These practices
are based on field observations and lack clear scientific support. Studies have
demonstrated that simple C-based solutes (e.g. sugars) accumulate in plant tissues
growing under water-limited environments and have important roles in maintaining
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turgor pressure as well as reducing oxidative stress (Gouesbet et al. 2006, Keunen et al.
2013). However, I could not find any studies that compared different soluble C
concentrations as altered by fertilizer availability under normal growing conditions, on
subsequent water-limitation stress tolerance. The effects of reduced concentrations of Cbased solutes in leaf sap as a result of fertilizer addition may negatively affect metabolic
functioning during periods of limited water availability.
Plants respond to water-limitation by accumulating organic and inorganic solutes
(Kemble and MacPherson 1954, Blum 2016). Inorganic solutes (e.g. NO3-) can interfere
with cellular metabolic processes in the cytoplasm at high concentrations leading to their
accumulation in cell vacuoles (Leigh 1997). C-based and inorganic solutes in leaf sap
serve as both a source of osmotic solutes to maintain turgor pressure and fill expanding
cells, as well as a dynamic pool of substrates for plant growth and metabolic processes
(Coskun et al. 2017). Nutrients that are assimilated from leaf sap into tissues during plant
growth require replacement with inorganic nutrients from the soil or through the
production of C-based metabolites to maintain sufficient concentrations for plant turgor
(Burns et al. 2010). A balance of solutes is required to maintain metabolic function and
turgor pressure while adapting to environmental stresses and avoiding excessive
concentrations of inorganic solutes which can disrupt metabolic processes (Hare et al.
1998). Together, these factors suggest that optimizing rates of N fertilization to maximize
growth, N uptake from the soil, and C-based solute concentrations in leaf sap may
provide a novel approach to enhancing plant growth during periods of reduced water
availability.
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The interpretation of research findings is complicated by experimental designs for
drought treatments that vary widely and often do not reflect field conditions (Gilbert and
Medina 2016). Drought is the net impact of a combination of environmental factors (i.e.
temperature, sunlight, precipitation) associated with, and leading to plant stress from
water-limitation (Gilbert and Medina 2016). Increased fertilizer use enhances tolerance to
drought (Gonzalez-Dugo et al. 2010, Hammad et al. 2015) and can be attributed, at least
in part, to greater N uptake that enables increased root growth thereby reducing the
degree of water-limitation stress (Aulakh and Malhi 2005). While relevant to field
conditions, equal water dosing across a range of plant sizes, likely results in an uneven
degree of metabolic water-limitation stress and complicates the comparison of research
results between studies. This experiment evaluates whether reduced leaf sap C
concentration, as a result of fertilizer addition, affects plant growth rate measured before
and after a period of water-limitation that accounts for differences in plant size.
2.2 How are metabolic nutrient pools of soil microorganisms affected by the
interaction of NK fertilizer addition and water-limitation?
With increased climate variability and reduced soil moisture in key agricultural
regions around the world, there is an urgent need to improve our understanding of soil
microbial nutrient cycling under these conditions. Soil microorganisms generally
outcompete plants for soluble mineral forms of N in the soil and exhibit a preference for
ammonium uptake over NO3- (Jackson et al. 1989). Nevertheless, their short lifespan
results in the repeated turnover of microbial N and its release back into the soil solution
allowing plants to accumulate and retain more N over time (Hodge et al. 2000, Morte and
Varma 2014, Schimel and Bennett 2015). Soil microbes have been shown to contain 2-5
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times the soil solution N available for crop uptake at a specific point in time (Brookes et
al. 1985) and can accumulate nutrients in response to water-limitation (Harris 1981).
Therefore, soil microbes have a central role in the relationship between a plant and its
surrounding soil.
Previous studies that evaluated the impacts of fertilizer addition on soil microbial
biomass focussed on comparing different types of fertilizer inputs and have neglected to
compare the effects of increasing amounts of the same input type (Table 1.1). In addition,
few studies have included a synthetic chemical control or comparison (e.g. ammonium
nitrate) and therefore the effects of the nutrient addition alone (i.e. without its organic
components) cannot be interpreted from the results. Previous research findings have left
important gaps in our understanding of how soil microbes respond to various levels of
nutrient availability (Heijboer et al. 2016) during mild and moderate water-limitation
stress treatments that are shorter in duration, yet agriculturally relevant (Table 1.2).
In this study, I examine how fertilizer and water availability can impact the
concentrations of nutrients within the soil microbial biomass to contribute to our
understanding of soil nutrient cycling under water-limited conditions. To my knowledge,
this is the first study to compare metabolic nutrient pools of plants and soil
microorganisms, both individually and combined, across a fertilizer gradient and a waterlimitation condition. By testing the plant and soil as an integrated system, I expect to gain
insight into improving agricultural management practices that can increase NUE and crop
growth during water-limited conditions.

13
2.3 Can leaf sap analysis be used as an indicator of soil soluble nutrient status?
Due to the low cost of fertilizer relative to the gross income of the crop, and
variability between predicted and actual crop yields, farmers often over-apply N to
maximize their yield at the cost of reducing NUE which results in N losses to the
ecosystem (Gastal and Lemaire 2002, Xia et al. 2017). To reduce excessive fertilizer
applications, farmers can use plant and soil testing to predict the nutrient needs of the
crop and can take corrective action by calibrating fertilizer applications to maximize yield
and minimize fertilizer losses to the ecosystem. Typical agricultural tissue test methods
use a laboratory to analyze the total amount of nutrients in a dried leaf tissue sample to
determine the nutrient status of the crop. This approach is limited to farmers with access
to commercial laboratories and sufficient income to afford the test. While current
methods of translating tissue test results into N fertilizer applications show some
effectiveness, improvements are necessary to reduce the variation between projected and
actual yields (Lawlor 2002, Thompson et al. 2017).
Testing leaf petioles (i.e. leaf stems) instead of leaf tissue for nutrient
concentrations of suitable crops (largely vegetables) is an alternative approach to
improving crop N fertilizer assessment that has been researched and applied with success
(Hochmuth 1994, 1999, Carson et al. 2016). For stem-based crops, dried petiole testing
can provide a reasonable indicator of the current amount of N available in the soil by
indicating the concentrations of nutrients that have been recently taken up by the plant
and contained within the xylem (Goffart et al. 2008, Peña-Fleitas et al. 2015).
Furthermore, expressing the sap from petioles isolates the metabolically active pool of
soluble nutrients present in the xylem and phloem. This sap is tested without the
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insoluble nutrients contained in the structural tissue material and has shown potential as a
low-cost in-field test that can provide timely results for low and high-tech farming
systems (Munoz-Huerta et al. 2013). In addition, soluble metabolic nutrient pools of NO3are responsive to localized factors such as climate, crop variety, and soil nutrient
availability (Blom-Zandstra et al. 1988, Goffart et al. 2008). Therefore when compared
with dried tissue analysis (i.e. leaf or petiole tissue), sap analysis may register changes on
shorter time scales and provide greater sensitivity by isolating the metabolic nutrient pool
which could enhance the accuracy of methods to determine optimal crop N applications
(Kubota et al. 1996).
Compared with petiole sap, leaf sap testing presents several potential advantages
that have not yet been evaluated in the literature. Petiole sap testing is not applicable for
crop plants without petioles that account for most of the global crop yield (e.g. corn,
wheat, rice). While, petiole sap extraction isolates a specific metabolic nutrient pool in
the phloem and xylem, it is limited to indicating levels of current N uptake from the soil.
In contrast, leaf sap includes vacuolar and cytoplasmic nutrient pools which turn over on
longer timescales (Granstedt and Huffaker 1982) and may provide a more robust
assessment of N. In addition, because C levels in leaf sap vary with soil N availability,
ratios between C and NO3- may provide additional insights into crop and soil nutrient
status. Affordable, low-tech methods that demonstrate potential for in-field use are paper
test strips (Scaife and Stevens 1983), hand-held ion-selective electrodes (Carson et al.
2016), and refractometers (Slavik 1959, Kleinhenz and Bumgarner 2012). However,
further research is required to determine appropriate methods specifically for leaf sap.
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Typical leaf and petiole tests are designed to determine the nutrient status of the
crop and whether further fertilizer applications are required to maximize yields. In
contrast, I evaluate the potential of leaf sap NO3- concentrations to determine soil NO3status. Accumulations of NO3- in the soil solution are likely when microbial and plant
demands are fulfilled. In this study, I will evaluate whether leaf sap NO3- can indicate
when plant demand for N is satisfied and therefore, when accumulations of N are likely
to occur in the soil solution which can lead to reduced NUE and greater N losses to the
environment.
2.4 Research questions and hypotheses
In this study, I will specifically assess how metabolic nutrient concentrations in a
plant-soil system are affected by fertilizer and water availability. By comparing the
analysis of leaf sap, soil solution, and soil microbial biomass nutrient concentrations, I
will test the following research questions and hypotheses:

1) Do the reduced carbon concentrations in the leaf sap as a result of fertilizer
addition affect plant growth during a period of water-limitation?
Hypothesis 1 - Plants that have been grown with a high level of NK fertilizer
addition will have the lowest leaf sap carbon and highest leaf sap NO3- concentrations,
and will produce less shoot biomass relative to lower levels of NK fertilizer additions
during a period of subsequent water-limitation stress.
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2) How were metabolic nutrient pools of soil microorganisms affected by the
interaction of NK fertilizer addition and water-limitation?
Hypothesis 2 - Soil microbial biomass nitrogen will increase in response to soil NK
fertilizer additions under normal growing conditions, and microbial biomass carbon and
nitrogen will increase during a subsequent period of water-limitation.

3) Can leaf sap analysis be used as an indicator of soil soluble nutrient status?
Hypothesis 3 - Increasing leaf sap NO3- concentrations will correlate with increases
in soluble soil NO3- concentrations as a result of increasing NK fertilizer addition.
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FIGURE 2.1. Conceptual model of the relationship between increasing soil nitrogen
availability on nitrate (NO3-) and carbon concentrations in leaf sap under normal growing
conditions with sufficient water availability (Nowakowski and Cunningham 1966, BlomZandstra and Lampe 1985, Behr and Wiebe 1992, Chen et al. 2004, Burns et al. 2010).
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Chapter 3: Materials and Methods
3.1 Experiment overview
A greenhouse experiment was used to examine the effects of a gradient of N and
potassium fertilizer (NK) on shoot growth, leaf sap nutrient composition, soil microbial
biomass, and soil nutrient pools of replicate (n=9) Collard green plants before and after a
water-limitation phase. My experiment involved two separate trials: the normal trial
where plants were grown and harvested only with sufficient water availability, and the
water-limitation trial where plants were grown for the duration of the normal trial plus an
additional three weeks of growth under water-limited conditions (Fig. 3.1). The plants
were grown for 84 days from May 3rd and July 25th 2016 in the phytotron at Queen’s
University, Kingston, Ontario, Canada. Supplemental lighting was added to maintain 16
hours per day. Natural light intensity at plant height averaged 50.6 W m-2 (approximately
6.64 µmol phot m-2 s-1) from 5 am - 8 pm for the duration of the experiment based on
weather station data from above the phytotron (Appendix 1). The average relative
humidity was 39.8% for both trials. Average temperatures were higher than expected
during the normal growing trial (24.2°C) and the subsequent three-week water-limitation
trial (27.6°C) due to a malfunction of the cooling system
As a heat tolerant bi-annual vegetable crop, Collard greens (Brassica oleracea var.
acephala) persist in a vegetative growth phase rather than progressing towards flowering
under environmental stress. In addition, as a member of the Crucifer family Collard
greens do not readily form mycorrhizal associations, therefore, nutrient absorption is
confined to direct root uptake. Collard greens are capable of accumulating NO3- and
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produce large leaves that contain a very substantial proportion of the biomass and
metabolic nutrient pools of the whole plant (Maynard et al. 1976). The Champion variety
was selected as a stress tolerant non-hybridized variety that is used commercially in
North America (Olson and Freeman 2013). Individual plants were grown in 8” pots in a
heavy potting mix (1.8 L) formulated to resemble a natural agricultural soil (by volume:
52% peat moss, 20% clay soil, 13% sand, 13% perlite). Sand and soil were important
components of the potting mix to establish a functioning plant-soil system that resembled
infield agricultural conditions.
The largest seeds were visually selected in triplicate before planting into each pot.
The largest seedling was chosen after one week, and the others were removed. The plants
were watered 2-3 times daily during the normal growing period. Plants received reverse
osmosis water throughout the experiment to avoid uncontrolled additions of chlorine
from the municipal water supply, a potentially confounding inorganic solute. Individual
collection plates below each pot collected excess water and nutrients, and were rinsed
weekly into their corresponding pot to avoid unaccounted for nutrient loss. The treatment
identity was double-blind until laboratory analysis was complete, and pot location in the
greenhouse was randomized weekly to account for minor environmental variation.
3.2 Fertilizer additions to plant and soil microbial nutrient pools
To assess how the plant-soil system would respond to nutrient addition, I applied
three levels of fertilizer additions of nitrogen and potassium (NK) with two controls
(Table 3.1). The amount of NK fertilizer applied to each treatment was increased by 15%
for the first three weekly additions to maintain a consistent solute adjustment as plant size
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increased, thereby holding treatment addition proportions constant at 50%, 100%, and
150% for the adequate supply of N and K to meet growth demands in the field for
Collard greens (100% 60 kg N P2O5 K2O ha-1, Hemphill 2010) for the duration of the
experiment (Table 3.1). The medium NK level (100%) resembles a 10-10-10 NPK
fertilizer formulation, while the low and high treatments have a 5-10-5 and 15-10-15 ratio
of fertilizer respectively. Similar to the N:K ratio in Hoagland’s solution, an agricultural
NPK fertilizer was formulated for the experiment with equal parts N and K using
potassium nitrate (52%) and ammonium nitrate (48%) (Hoagland and Arnon 1950). A
fully replicated control with no added P (control -P) was included to test for the effects of
the P addition alone. The control with the same level of added P as the NK addition
groups (control +P) is labeled, used, and referred to as the control in all graphs, statistical
comparisons, and text unless otherwise indicated. All treatments (except the control -P)
received the medium rate of P to avoid toxicity and to limit confounding effects due to
the potential substitution of phosphate (PO43-) with inorganic solutes of NO3- and K+. The
P rate was more than double the corresponding concentration in Hoagland’s solution for
roughly equal concentrations of NK and is therefore unlikely to have limited growth even
at the high NK addition (Hoagland and Arnon 1950).
I incorporated low solubility forms of calcium and sulphur by adding gypsum
(calcium sulphate), and magnesium with clay pasture soil (containing calcium and
magnesium) into the potting mix to minimize the potential uptake of competing solutes
while ensuring a sufficient supply to the plants. Each pot received a micronutrient
addition at seeding based on a common greenhouse fertilizer formulation (Plant Products
10 – 10 – 10). All of the plants were grown under normal water availability until day 63
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when half of the plants in each treatment and both controls were harvested for analysis
concluding the normal trial (Fig. 3.1). The remaining plants were harvested after 21 days
of additional growth under water limited conditions to conclude the water-limitation trial.
During this three-week period, NK fertilizer additions were continued for a total of six
weekly additions (Fig. 3.1).
3.3 Similar water-limitation stress for plants and soil microbes
The water-limitation phase was designed to provide a metabolically similar degree
of water-limitation stress across all treatments. The water-limitation phase was designed
to account for variation in plant size by calculating individual water additions for each
pot. Larger plants received more water than smaller plants. However, each plant received
individually calculated water additions to develop a similar degree and duration of wilt
across all experimental groups in time for the next watering. To apply the water stress
treatment, I recorded the weight of each pot when an apparent change in leaf angle due to
wilt occurred between measured water additions (Appendix 3). The difference in pot
weight between water additions approximated the rate of transpiration. Measured water
losses from soil evaporation were minimal and not accounted for. Based on transpiration
rates, each pot received a calculated water addition to supply sufficient water to regain
turgor and wilt again in time for the next watering. Wilt was assessed by a visible change
in leaf angle (Appendix 2, Level 2-3) with the goal of having each plant demonstrate the
same degree of wilt for the same duration.
During the water-limitation phase, replicates were fully turgid most of the day but
displayed mild to moderate wilt for 1-2 hours before each watering, three to four times
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daily. Adjustments were made daily to the calculated water additions to account for the
expected amount of heat and sunlight which affected transpiration rates and the timing of
leaf wilt appreciably. Extreme wilt events occurred infrequently due to unexpected
increases in the intensity of sunlight and heat when cloud cover had been predicted.
Visible tissue damage did not occur as a direct result of these events. The waterlimitation phase ensured a substantial degree of water stress was applied while
minimizing tissue loss and accounted for differences in water requirements due to plant
size (Granier et al. 2006, Ripley et al. 2010, Lawlor 2013).
3.4 Plant harvest and leaf sap extraction
Leaf sap composition can vary throughout the day as C accumulates from
photosynthesis, and so each harvest was conducted at the same time of day between 12
and 3 pm on well-watered, fully turgid plants with no visual signs of wilt. Watering
plants to full turgidity immediately before each harvest allowed for the comparison of
plant sap composition between the normal and water-limitation trials.
To conduct each harvest, physical measurements were taken (leaf area, number,
and stem height) before the shoot was cut at the soil surface and weighed. Leaves were
stripped from the stem and their midribs were removed, weighed separately, and a subsample (~10 g) was weighed and set aside to determine moisture content after 24 hours of
oven-drying at 70°C. The remaining leaf tissue from each pot was laid flat in a large
plastic bag with shoot and stem materials, and frozen at -20°C within 20 minutes of
harvest. Each sample was thawed and the leaf sap extracted from leaf material within two
months of harvest using a 2” stainless steel cylinder and a custom-built stainless-steel
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press (Appendix 4) with a consistent pressure of 80 psi applied to the sample using a
torque wrench. Each press component was washed and triple rinsed between uses.
The extracted leaf sap was weighed, homogenized by stirring, and stored in plastic
vial aliquots at -20°C for analysis. The remaining solid-pressed leaf material after
extraction was weighed, oven-dried at 70°C for 36 hours and re-weighed to determine the
remaining moisture content, and then ground for total C and N analysis (Elementar,
Hanau, Germany). The percentage of moisture in the solid-pressed leaf material was used
to account for the residual soluble nutrients remaining in the tissue to determine the total
amounts of C and N in soluble and insoluble pools (Appendix 1). Total leaf
concentrations of tissue C and N were calculated by adding the extracted sap and pressed
leaf tissue C and N contents (Appendix 1). Plant stem and leaf midribs were oven dried
for 64 hours. The weight of each shoot component was added to determine the total shoot
dry-weight biomass which also accounted for the weight of solids extracted in the leaf
sap pressed from the leaf tissue. Weight checks were performed during oven drying to
ensure a constant mass. Total shoot wet and dry weights were used to determine total
shoot percent moisture content.
3.5 Soil solution and microbial biomass nutrient extraction
After the shoot was cut at the soil surface, the bulk of root biomass was removed
from the soil in each pot and was then mixed by hand. Root biomass was not measured.
Approximately half of the soil was sieved (4 mm) to remove coarse material, remaining
roots, and homogenize for sampling. Soil samples for wet-to-dry weight comparison used
10 g of fresh soil and were oven-dried at 102°C for 24 hours. Soil microbial biomass C
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and N were determined using the chloroform fumigation method with 10 g of fresh soil
and 50 ml of distilled water for subsequent extraction (Brookes et al. 1985). This method
was modified by replacing a weak potassium sulphate solution (K2SO4) as the soilextractant with distilled water to reduce corrosion on laboratory equipment and has been
demonstrated as an adequate substitution (Michelsen, University of Copenhagen,
unpublished data). Fresh soil samples were placed in a darkened vacuum chamber and
exposed to chloroform for a 24-hour period to lyse the cells of soil microorganisms,
releasing their contents before extraction. Separate non-fumigated fresh soil samples of
15 g were extracted with 75 ml of distilled water maintaining a 1:5 soil to water
extraction ratio for fumigated and non-fumigated soil samples (Clemmensen et al. 2008).
All soil solution extracts were placed on a rotary shaker for one hour and left to settle for
30 minutes before being filtered (Glass fiber, Fisher G4; 1.2 µm pore space) and then
frozen at -20°C until required for laboratory analysis. Nutrient concentrations were
corrected for differences in soil moisture to account for variation between fresh weight
samples and are reported on a per gram of soil dry weight basis.
3.6 Plant and soil nutrient analyses
Individual aliquots of leaf sap were centrifuged at 627 x g for two minutes and the
supernatant was diluted (10x – 150x) in distilled water to fall within detectable ranges of
laboratory instruments. Soil and leaf sap PO43 and ammonium (NH4+) concentrations
were determined by automated flow spectrophotometry (SEAL AutoAnalyzer III) using
and the molybdate–ascorbic acid (Kuo 1996) and indo-phenol (Mulvaney 1996) methods
respectively. In summary, these methods use reagents appropriate for soil sample
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matrices that react with the desired nutrient to produce a subtle change in the solution
colour of the sample. The degree of colour change and therefore light absorbance is
measured at a specific wavelength by the spectrophotometer and compared against a
standard curve to determine the nutrient concentration of the sample. Soil and leaf sap
NO3- were determined by Ion Chromatography (ICS-3000 Dionex, Thermo Scientific) by
the Analytical Services Unit at Queen's University using a method developed for
measuring NO3- in soil and waste water samples (Rice et al. 2012). Ion-chromatography
separates anions based on the amount of molecular charge to allow quantification against
known standards, and does not involve the use of reagents. Total dissolved carbon in soil
solution and leaf sap was determined by combustion and infrared gas analysis of released
CO2 (TOC-V Shimadzu, Japan) and N by chemiluminescence for detection of released N
gasses (TN Shimadzu, Japan). The units of the raw data values provided by ionchromatography for NO3--N, segmented flow analysis of PO43--P and NH4+-N, and by
combustion for total dissolved C and total dissolved N were in µg ml-1 as presented in
tables and graphs.
Leaf sap electrical conductivity, K+, and NO3- were assessed by hand-held ionselective electrode meters (LaquaTwin, Horiba Scientific) using diluted sap for EC and
NO3- and undiluted sap for K+. NO3- was converted to NO3--N (i.e. N as NO3-) by
multiplying the meter result by the % N (22.6%) in NO3-. Each meter provided readings
in parts per million for K+ and NO3- which are equivalent to the units presented in graphs
and tables as µg per ml-1. Handheld meters were re-calibrated with commercial standards
every nine samples as per the direction of the manufacturer. Undiluted supernatant from
centrifuged aliquots was used to determine the percent total dissolved solids (TDS) with a
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handheld refractometer (EV175, Lee Valley) that was calibrated with distilled water.
Total protein concentration in leaf sap was determined in triplicate from the supernatant
of leaf sap samples centrifuged at 2700 x g for four minutes, using the Bradford method
with a gamma globulin standard on a 96 well-plate spectrophotometer (Bradford 1976).
The Bradford method is selective of protein in the presence of a matrix with amino acids
except for arginine (Compton and Jones 1985, Jones et al. 1989). The remaining dried
pressed leaf tissue was ground using a mortar and pestle and analyzed for C and N by
combustion with an elemental analyzer. Briefly, this analyzer determined elemental
concentrations by separating and comparing the thermal conductivity of the C and N
gasses released after combustion and provided the raw data in the units as presented
(Elementar, Hanau, Germany).
3.7 Calculations and conversions
Protein concentration was multiplied by 103 to convert from the raw data unit of µg
µl-1 to µg ml-1. Protein-N (i.e. the amount of N as protein) was determined by multiplying
the protein concentration by 0.16, a general estimate of the proportion of N in protein
(Appendix 1) (Merrill and Watt 1973). This conversion factor assumes all N is in protein
form, and would not be appropriate for determining protein concentrations in leaf tissue
or sap that contains accumulations of inorganic N (Fujihara et al. 1982). Here, I have
isolated the protein concentration in leaf sap using the Bradford assay to determine the
amount of N as protein for comparison with other analyzed N forms.
The ratio of organic-to-inorganic solutes in leaf sap was calculated by dividing the
% of inorganic solutes by the total dissolved solids, obtained with a refractometer. To
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calculate the total percentage of inorganic solutes in leaf sap, I converted the electrical
conductivity (ms cm-1) to total dissolved inorganic solutes (mg L-1) by multiplying the
conductivity by a generalized factor of 640 and dividing by 1x104 (Rhoades 1996)
(Appendix 1). This conversion factor is generalized because inorganic ions differ
somewhat in their conductivity (Haynes 2012) and I am assuming any differences are
minimal.
Microbial biomass C, N, NH4+ or PO43- were not multiplied by correction factors
which are typically used to account for residual nutrients in microbial tissues that are not
released into the soil solution by chloroform fumigation (Jenkinson et al. 2004).
Therefore, microbial biomass C and N data are assumed to represent the soluble
metabolic nutrient pools within the cells of the soil microorganisms.
3.8 Statistical analyses
I used two-way ANOVAs to evaluate the fixed effects of the NK addition treatment
and trial (i.e. normal growing trial and water-limitation trial), and their interaction. Total
sample size was N=90 with n=9 replicates at each NK addition level in each of the two
trials. The impacts of NK addition and trial, the two main effects, and their interaction
were assessed on a total of 34 independent variables using an alpha of 0.05. Statistical
analyses were performed using R 3.3.3 (R Core Team 2016) and Tukey's Honest
Significant Difference test was used to analyze pairwise differences when the NK
addition and trial interaction was statistically significant. The control +P and control -P
were compared in separate two-way ANOVAs using the main effects of trial and P
addition on all independent variables. All statistically significant results including
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interactions from all of the above analyses are reported in the text. Visual inspection of
the data for all variables used residual vs fitted plots to determine the homogeneity of
variance and QQ plots for the normality of residuals. No outliers were removed from an
analysis unless stated as a result of inspection with residuals-vs-leverage plots. Log+1
transformations were performed where necessary to meet model assumptions, but
transformed data is only presented and indicated if the significance of the results was
affected by the transformation.
3.9 Experimental variables with incomplete data sets
Out of ninety experimental units, one to three data points were not available due to
various sampling errors for some variables and are represented in the statistical results as
degrees of freedom. Analytical errors resulted in removing data points in a few isolated
circumstances. One total pressed leaf tissue C and N sample was removed because of
analytical error. An extremely fine white precipitate formed during leaf sap analysis of
NH4+-N in both trials and resulted in analytical errors for 17 samples (n=3-9). Soil
solution NO3--N detection by ion-chromatography was assumed to be very close or below
the detectable limit (0.05 µg ml-1) in the control +P groups in both trials, 5 of 9 samples
were selected at random from the control +P group in each trial to avoid unnecessary
analysis (n=5). In addition, control -P groups were not analyzed for leaf sap or soil
solution NO3-.
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FIGURE 3.1. Conceptual model depicting the timing and sequence of the normal and
subsequent water-limitation trials. The plants in the water-limitation trial grew for an
additional three weeks after the conclusion of the normal trial under water-limited
conditions and continued to receive fertilizer additions.
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TABLE 3.1. Total nitrogen, phosphorus, and potassium fertilizer additions for Collard greens harvested at the end of the normal and
water-limitation trials (i.e. the water-limitation trial includes additions made during the normal trial along with additions made during
the water-limitation phase). Data are represented as mill moles L-1 and grams L-1 (in brackets).

Treatment
Control -P

Normal trial
N
P
0.0 (0)
0.0 (0)

K
0.0

Water-limitation trial
N
P
0.0 (0)
0.0 (0)

K
0.0 (0)

Control +P

0.0 (0)

8.0 (0.25)

0.0 (0)

0.0 (0)

17.1 (0.53)

0.0 (0)

Low +NK

20.4 (0.29)

8.0 (0.25)

5.9 (0.23)

43.7 (0.61)

17.1 (0.53)

11.8 (0.45)

Medium +NK

40.8 (0.57)

8.0 (0.25)

11.8 (0.46)

87.4 (1.22)

17.1 (0.53)

23.6 (0.99)

High +NK

61.1 (0.86)

8.0 (0.25)

17.8 (0.69)

131.0 (1.84)

17.1 (0.53)

35.6 (1.49)
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Chapter 4: Results
4.1 Do the reduced carbon concentrations in the leaf sap as a result of fertilizer
addition affect plant growth during a period of water limitation?
4.1.1 Effects of fertilizer addition and water limitation on leaf sap nutrient
composition
Total dissolved nitrogen in leaf sap (i.e. the sum of organic and inorganic soluble N
forms) was enhanced by NK addition (F3,68 = 44.5, P < 0.0001; Fig. 4.1 a) and this effect
was stronger in the water-limitation trial (F1,71 = 62.2, P < 0.0001), and a significant
interaction occurred (F3,68 = 9.1, P <0.0001). The low NK addition level did not increase
leaf sap total dissolved nitrogen concentrations when compared with the control in either
growing period, while the medium and high NK addition levels had disproportionate
increases. Likewise, NO3- in the leaf sap for the control and low NK addition groups was
less than 4 µg ml-1 with disproportionate increases to 476 µg ml- at the high NK addition
level (F3,66 = 50.0, P <0.0001; Fig. 4.1 b, Table 4.1). Using untransformed data, leaf sap
NO3- did not differ between trials (F3,51 = 3.2, P = 0.0809) but transforming the data
resulted in a significant difference (F3,51 = 7.2, P = 0.0092; log + 1 transformation)
suggesting that NO3- was reduced in the water-limitation trial, but no interaction occurred
with transformed or untransformed data. NH4+ in leaf sap was enhanced overall with NK
addition (F3,51 = 17.3, P <0.0001; Table 4.1) and increased 19% overall after the waterlimitation trial compared to the normal trial (F1,54 = 9.9, P = 0.0029), and again there was
no significant interaction.
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Total dissolved carbon in leaf sap was reduced by the NK fertilizer addition (F3,68 =
15.0, P <0.0001; Fig. 4.1 c) with a linear decline of 33% between the control and high
NK treatments. Leaf sap total dissolved C was 52% higher overall after the waterlimitation trial (F1,71 = 77.4, P <0.0001), rising to similar levels across the NK addition
levels, and again there was no significant interaction. Leaf sap protein concentrations
were enhanced by increasing levels of NK addition (F3,68 = 29.0, P < 0.0001; Fig. 4.1 d)
but did not differ between the trials. Post-hoc analysis of the main effect of NK addition
alone (which is only appropriate because there was no significant interaction)
demonstrated significant increases in protein concentration in the medium and high NK
additions compared to the control.
Remarkably, leaf sap K+ concentrations were lowered by NK addition when
compared to the control which had the highest concentration in both trials (F3,68 = 14.2, P
< 0.0001; Table 4.1) without a significant interaction. Post-hoc analysis of the NK
addition effect alone demonstrated an increasing trend between the low and high NK
levels for leaf sap K+. Furthermore, K+ concentrations were 16% higher overall after the
water-limitation trial compared to the normal trial (F1,71 = 13.4, P = 0.0005).
Leaf sap PO43- was decreased by NK addition, with a reduction of 60% in the high
treatment compared to the control (F3,68 = 46.2, P < 0.0001; Table 4.1). Leaf sap PO43was 34% higher overall after the water-limitation trial compared with the normal trial,
and there was no interaction with NK addition (F1,71 = 22.4, P = <0.0001; Table 4.1).
When comparing the control without P (control -P) and the control with P (control +P,
i.e. the control used as the NK addition treatment control), mean leaf sap PO43-
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concentrations were enhanced by 1400% with the addition of P fertilizer (F1,32 = 356.3, P
< 0.0001; Table 4.2) without a significant effect of trial or an interaction.
Leaf sap total dissolved solids (TDS) (i.e. the total concentration of organic and
inorganic solutes) were reduced by the NK additions (F3,68 = 16.5, P < 0.0001; Table
4.1), and were higher after the water-limitation trial compared to the normal trial (F1,71 =
79.2, P < 0.0001), and a significant interaction occurred (F3,68 = 4.1, P = 0.0099). Posthoc analysis of the trial and NK addition interaction showed a linear decrease in TDS
with NK addition in the normal trial only, while NK levels were not significantly
different to the control in the water-limitation trial. To my surprise, the electrical
conductivity (EC) of leaf sap was generally reduced by NK addition (F3,67 = 4.8, P =
0.0044; Table 4.1) and did not differ between trials. Post-hoc analysis of NK addition
alone demonstrated a decreasing trend of leaf sap EC across NK levels, with a significant
difference between the low and high NK addition levels. The ratio of dissolved organicto-inorganic solutes in leaf sap (calculated using TDS and EC measurements; Appendix
1) was reduced by NK addition overall (F3,67 = 4.0, P = 0.0111; Fig. 4.2) and increased
25% in the water-limitation trial (F1,70 = 56.9, P = <0.0001). However, post-hoc analysis
of the interaction indicated that there was no effect of NK addition in the water limitation
trial (F3,67 = 3.0, P = 0.0363).
4.1.2 Shoot biomass growth response between the normal and water-limitation trial
Shoot growth was evaluated between the normal and water-limitation trials against
the differences in leaf sap nutrient composition as a result of NK addition. Shoot dryweight biomass was enhanced by NK addition (F3,68 = 241.2, P < 0.0001; Fig. 4.3 a), and
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differed between trials (F1,71 = 449.2, P < 0.0001). An interaction between trial and NK
addition for dry-weight shoot biomass also occurred, likely as a result of no difference
between the control group in each trial (F3,64 = 628.9 P < 0.0001). Shoot dry-weight
biomass in each of the NK addition levels was approximately doubled in the waterlimitation trial compared to the normal trial, with dry shoot biomass in the medium and
high NK addition levels reaching clear asymptotes in both trials (Fig. 4.3 a). Shoot water
content was enhanced by NK addition (F3,68 = 139.8, P < 0.0001; Fig. 4.3 b) and was
22% lower overall after the water-limitation trial compared to the normal trial (F1,71 =
254.0, P < 0.0001) and a significant interaction occurred (F3,68 = 3.2, P = 0.0281).
Finally, soil moisture levels at harvest were similar across all NK addition levels within
each trial but were lower by 22 % overall compared to the normal trial (F1,71 = 20.0, P <
0.0001; Table 4.3).
4.2 How were metabolic nutrient pools of soil microorganisms affected by the
interaction of NK fertilizer addition and water-limitation
Soil microbial biomass nitrogen (MBN) was enhanced overall by NK addition (F3,67
= 15.6, P < 0.0001; Fig. 4.4 a) and trial (F1,70 = 17.8, P <0.0001). However, a post-hoc
analysis of a significant interaction demonstrated no difference between NK treatments
during the normal trial and a linear increase with NK addition after the water-limitation
trial (F3,67 = 3.8, P = 0.0136). Overall, MBC was increased by NK addition (F3,67 = 6.44,
P = 0.0007; Fig. 4.4 b) and trial (MBC: F1,70 = 17.7, P < 0.0001) without an interaction
between these two factors.
NK addition alone did not alter microbial biomass phosphate (MBPO43--P),
although a significant interaction of NK addition and trial occurred (F3,67 = 3.9, P =
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0.0127; Fig. 4.4 c). Post-hoc analysis demonstrated significant increases in MBPO43--P
for the control and low NK treatment in the water-limitation trial. Overall, MBPO43--P
concentrations were 135% higher after the water-limitation trial (F1,70 = 33.6, P <
0.0001). To determine the effect of the P fertilizer addition, I directly compared the two
controls (control -P and control +P), and found a significant interaction (F1,31 = 12.2, P =
0.0014) between the P fertilizer addition (F1,31 = 16.8, P = 0.0003; Table 4.2) and trial
(F1,31 = 11.8, P = 0.0017). Post-hoc analysis indicated similar MBPO43--P concentrations
for the control -P and control +P in the normal trial, and the control -P in the waterlimitation trial, but a large (6x) and significant increase in the control +P in the waterlimitation trial.
Microbial biomass ammonium (MBNH4+-N) represented 17% of the total microbial
N pool and a significant interaction occurred (F3,66 = 5.41, P = 0.0023; Fig. 4.4 d)
between NK addition (F3,66 = 29.2, P < 0.0001) and trial (F1,69 = 17.9, P < 0.0001). Posthoc analysis demonstrated that MBNH4+-N was uniformly increased from the control
across all NK addition levels by the same magnitude during the normal trial. However,
MBNH4-N increased with increasing levels of NK addition after the water-limitation trial.
In summary, microbial biomass nutrient pools had minimal or no response to NK
fertilizer addition in the normal trial but responded strongly to the NK additions in the
water-limitation trial. Analysis of microbial biomass NO3--N was attempted but usable
results could not be obtained. The fumigated NO3--N samples resulted in negative
biomass NO3--N calculations at medium and high NK addition levels.
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4.3 Soil soluble nutrient pools in response to fertilizer addition and water-limitation
Total dissolved soil nitrogen was progressively enhanced by the NK addition levels
(F3,66 = 21.3, P < 0.0001; Fig. 4.5 a) but did not differ between trials. Soil solution NO3-N
increased overall with NK addition, primarily at the high NK addition level (F3,58 = 10.9,
P < 0.0001; Fig. 4.5 b). However, transformation of the soil solution NO3-N data (log+1)
to meet model assumptions resulted in a difference for the effect of trial (F1,61 = 10.9, P =
0.0160) compared with no effect between trials from the untransformed data, and
therefore both analyses are reported. Soil solution NH4+-N accounted for approximately
6% of total dissolved soil solution N in each treatment and was enhanced by NK addition
(F3,66 = 32.5, P = 0.0002; Table 4.3), and was 41% higher after the water-limitation trial
compared to the normal trial (F1,69 = 7.02, P = 0.0102). Soil solution PO43--P
concentrations were significantly affected by an interaction (F3,67 = 9.20, P < 0.0001; Fig.
4.5 c) between NK addition (F3,67 = 27.3, P < 0.0001) and trial (F3,67 = 5.41, P = 0.0023).
Post-hoc analysis of the interaction indicates that the elevated PO43--P levels in the waterlimitation treatment were greatest in the low NK addition and control groups. Total
dissolved soil solution C was higher in the NK addition levels when compared to the
control (F3,66 = 5.95, P = 0.0012; Fig. 4.5 d) and did not differ between the normal and
water-limitation trials.
4.4 Soluble C and N in total biomass as a proportion of total leaf tissue C and N
Total leaf tissue C (i.e. including leaf sap) was enhanced by NK addition (F3,65 =
16.2, P < 0.0001; Fig. 4.3 c) and was similar across both trials (Appendix 1). Total leaf
tissue N increased linearly with NK addition (F3,66 = 53.2, P <0.0001; Fig. 4.3 d).
Comparing the normal trial to the water-limitation trial, overall total N in leaf tissue was
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reduced by 21% (F1,69 = 17.4, P < 0.0001) and no interaction occurred. The total leaf
tissue C:N ratio (i.e. including leaf sap C and N) was lowered by NK addition (F3,65 =
49.8, P <0.0001; Table 4.4) but was 47% higher overall after the water-limitation trial
compared to the normal trial (F1,68 = 23.0, P < 0.0001), and a significant interaction
occurred (F3,65 = 7.9, P < 0.0001) that was driven by a near doubling of the C:N ratio in
the control of the water-limitation trial.
Leaf sap C:N ratios across the NK addition levels decreased linearly with
increasing amounts of NK fertilizer addition (F3,68 = 95.3, P < 0.0001; Table 4.4) and
were the same overall between the two trials. NK addition at the medium and high levels
increased the proportion of N in soluble compared to insoluble pools (F3,66 = 5.6, P =
0.0017; Table 4.4), and this proportion was further increased by 47% comparing the
water-limitation trial to the normal trial (F1,69 = 16.4, P = 0.0001) and no interaction
occurred. The proportion of soluble C to total leaf tissue C did not differ across the NK
addition levels or between the two trials (Table 4.4), but a significant interaction was
observed due to a cross-over effect from a decrease in the control and an increase at the
high NK level between trials (F3,65 = 3.1, P = 0.0342). However, post-hoc analysis
revealed no significant differences between any groups. Soluble pools of C and N in fresh
leaf tissue accounted for an average of 17% and 16% of total leaf tissue concentrations
respectively (Table 4.4).
4.5 Can leaf sap analysis be used as an indicator of soil soluble nutrient status?
The hand-held ion-selective electrode (ISE) method for leaf sap NO3- was
significantly correlated to soil NO3- concentrations in the normal trial (r2 = 0.55, P <
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0.0001; log+1 transformed; Fig. 4.6 a) with a potential outlier for soil solution NO3--N
(63.0 µg ml-1) and without the outlier (r2 = 0.87, P < 0.0001; log+1 transformed). Two
potential soil solution NO3- outliers were identified in the water-limitation trial (47.6 &
57.4 µg NO3- ml-1), therefore the analysis is presented with (r2 = 0.47, P < 0.0001; log+1
transformed) and without the potential outliers (r2 = 0.58, P < 0.0001; log+1 transformed)
while the figure includes these data points (Fig. 4.6 b). The precision of the ISE for NO3detection in leaf sap was tested by correlating its data with the ion-chromatography
method in both the normal trial (r2 = 0.87, P < 0.0001; log+1 transformed; Fig. 4.7 a) and
the water-limitation trial (r2 = 0.64, P < 0.0001; log+1 transformed; Fig. 4.7 b).

39

FIGURE 4.1. Leaf sap concentrations of total dissolved nitrogen (a), nitrate (NO3-N) (b),
total dissolved carbon (c), and total protein-N (d) in Collard greens after the normal and
water-limitation trials. Data are means and standard errors (n=9). Data points that do not
share superscript letters in common are significantly different in post-hoc Tukey HSD
analyses.
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FIGURE 4.2. Ratio of the sum of organic (i.e. carbon-based) to inorganic solutes (e.g.
NO3-, Cl-. K+, etc.) in leaf sap of Collard greens after the normal and water-limitation
trials. Data are means and standard errors (n=9) based on concentrations of organic (%)
and inorganic (%) solutes (Appendix 1). Data points that do not share superscript letters
in common are significantly different in post-hoc Tukey HSD analyses.
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FIGURE 4.3. Plant shoot dry biomass (a), total shoot moisture content (b), total leaf C
concentrations (c), and total leaf N concentrations (d) in Collard greens after the normal
and water-limited trials. Data are means and standard errors (n=8-9). Data points that do
not share superscript letters in common are significantly different in post-hoc Tukey HSD
analyses.
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FIGURE 4.4. Soil microbial biomass total dissolved nitrogen (a), carbon (b), phosphate
(PO43--P) (c), and ammonium (NH4+-N) (d) concentrations in soil of Collard greens after
the normal and water-limitation trials. Points are means and standard errors (n=8-9). Data
points that do not share superscript letters in common are significantly different in posthoc Tukey HSD analyses.
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FIGURE 4.5. Soluble total nitrogen (a), nitrate (NO3--N) (b), phosphate (PO43--P) (c),
and organic carbon (d) concentrations in soil of Collard greens after the normal and
water-limitation trials. Data are means and standard errors (n=9). Data points that do not
share superscript letters in common are significantly different in post-hoc Tukey HSD
analyses.
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FIGURE 4.6. Leaf sap nitrate (NO3--N) as measured by a hand-held ion-selective
electrode (ISE) in relation to soil solution NO3--N after the normal (a) and waterlimitation trials (b) (n=5-9). Symbols represent NK addition levels: control (○), low ( ),
medium (+), high ( ). Lines are linear regression and shading 95% confidence intervals.
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FIGURE 4.7. Leaf sap nitrate (NO3--N) as measured by a hand-held ion-selective
electrode (ISE) in relation to leaf sap NO3--N as measured by ion-chromatography (IC)
after the normal (a) and water-limitation trials (b) (n=5-9). Symbols represent NK
addition levels: control (○), low ( ), medium (+), high ( ). Lines are linear regression
and shading 95% confidence intervals.
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TABLE 4.1. Leaf sap nitrate (NO3--N) as measured by ion-chromatography, NH4+-N, K+, PO43--P, total dissolved solids (TDS), and
electrical conductivity (EC) in Collard greens after the normal and water-limitation trials. Data are means (n=3-9) with standard errors
(in brackets).
Trial average
Variable

Unit

Normal
trial

Leaf sap NO3-

µg NO3--N ml-1

181.6

Waterlimitation
trial
124.7

Leaf sap NH4+

µg NH4+-N ml-1

54.2

Leaf sap K+

µg K+ ml-1

Leaf sap PO43-

Normal trial

Water-limitation trial

Ctrl.

Low
+NK

Med.
+NK

High
+NK

Ctrl.

Low
+NK

Med.
+NK

High
+NK

1.28
(0.35)

3.88
(1.43)

164.4
(37.5)

556.8
(85.4)

1.34
(0.25)

0.68
(0.44)

101.7
(36.1)

395.1
(80.7)

64.6

37.0
(1.85)

53.5
(2.70)

65.4
(3.71)

60.7
(6.02)

46.3
(6.30)

61.0
(4.18)

64.7
(3.65)

86.6
(2.51)

2408

2797

2800
(67.6)

2189
(87.4)

2178
(57.7)

2467
(202.1)

3456
(111.1)

2311
(132.3)

2489
(285.8)

2933
(67.6)

µg PO43--P ml-1

805

1079

1440
(130.2)

823
(65.5)

567
(54.8)

390
(63.3)

1553
(55.1)

1035
(88.2)

914
(52.1)

811
(108.6)

Total Dissolved
Solids

% TDS

6.0

7.6

7.3
(0.26)

6.3
(0.23)

5.4
(0.29)

4.8
(0.35)

8.1
(0.26)

7.5
(0.26)

7.5
(0.14)

7.1
(0.26)

Electrical
Conductivity

ms cm-1

32.5

32.0

33.7
(1.08)

34.2
(1.01)

31.9
(1.09)

30.3
(0.86)

33.1
(1.14)

32.9
(0.96)

32.4
(1.00)

29.8
(1.18)
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TABLE 4.2. Direct comparison of control +P (control with added P) and control –P (control without added P) for leaf sap phosphate
(PO43-) and soil microbial biomass PO43- of Collard greens after the normal and water-limitation trials. Data are means (n=9) with
standard errors (in brackets).

Variable
Leaf sap PO43-

Unit
µg PO43--P ml-1

Microbial biomass PO43-

µg PO43--P g dw soil-1

Normal trial
Control -P
103.3
(12.6)

Control +P
1439.7
(130.2)

Water-limitation trial
Control -P
Control +P
152.6
1553
(29.4)
(55.1)

1.97
(0.12)

2.67
(1.02)

2.02
(0.22)

12.8
(2.64)
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TABLE 4.3. Soil moisture, soil solution ammonium (NH4+), and the ratio of soil microbial biomass carbon (MBC) to microbial
biomass nitrogen (MBN) from pots of Collard greens after the normal and water-limitation trials. Data are means (n=8-9) with
standard errors (in brackets).

Variable

Unit

Soil moisture

% H2 O

Soil solution NH4+

µg NH4+-N
g dw soil-1

MBC:MBN ratio

Trial average
WaterNormal
limitation
trial
trial
38.6
30.0

Normal trial

0.38
6.67

Water-limitation trial

Ctrl.

Low
+NK

Med.
+NK

High
+NK

Ctrl.

Low
+NK

Med.
+NK

High
+NK

37.8
(5.17)

42.5
(3.74)

38.8
(2.18)

35.2
(2.94)

30.6
(1.00)

31.4
(0.77)

30.1
(1.69)

28.1
(1.53)

0.53

0.13
(0.02)

0.22
(0.04)

0.45
(0.10)

0.70
(0.13)

0.17
(0.04)

0.30
(0.06)

0.54
(0.06)

1.12
(0.13)

6.78

7.83

6.26

6.31

6.64

8.57

7.51

6.51

5.79
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TABLE 4.4. Summary of leaf sap C:N, total leaf tissue, and leaf sap to total tissue ratios for C and N of Collard greens after the
normal and water-limitation trials. Data are means (n=8-9) with standard errors (in brackets).

Variable
Leaf tissue C:N ratio

Trial average
Normal
WaterUnit trial
limitation
trial
14.5
21.3

Normal trial
Ctrl.
Low
+NK

Med.
+NK

High
+NK

Water-limitation trial
Ctrl.
Low
Med.
+NK +NK

High
+NK

23.0
(3.48)

15.4
(0.56)

10.7
(0.24)

8.8
(0.29)

41.9
(4.00)

17.9
(0.55)

14.2
(2.29)

11.2
(1.50)

Leaf sap C:N ratio

20.4

19.5

35.9
(2.82)

23.7
(1.19)

13.7
(1.00)

8.4
(0.62)

31.9
(2.84)

23.9
(1.19)

13.8
(0.79)

8.5
(0.63)

Leaf sap N / Total leaf N %

13.2

19.3

11.4

11.3

14.2

15.9

18.8

14.2

18.0

26.5

Leaf sap C / Total leaf C

16.9

17.7

17.3

17.2

18.0

15.2

14.3

18.9

18.8

18.9

%
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Chapter 5: Discussion
This experiment demonstrates unique relationships between soil nutrients, soil
microbial biomass, and expressed leaf sap that will contribute to the improvement of
sustainable agricultural practices. Substantial differences in leaf sap C and NO3concentrations from NK fertilizer addition occurred in the normal trial. However, the
pattern of shoot growth rates in relation to the fertilizer levels after the normal trial was
not affected by the additional three weeks of growth in the water-limitation trial.
Belowground, soil microbial biomass PO43- and C concentrations were unaffected by the
NK addition levels in the normal trial. However, microbial biomass N and NH4+ rose
equivalently with NK addition but increased linearly with NK addition level in the waterlimitation trial. Leaf sap and soil solution NO3- were significantly correlated, suggesting
that leaf sap NO3- may be an effective indicator of soil solution NO3- concentration. In
summary, plants and soil microorganisms demonstrated similar patterns of N
accumulation with increasing levels of NK fertilizer addition, but only in the waterlimitation trial.
Concluding the trials at different times allowed me to determine the impact of NK
addition on leaf nutrient and shoot biomass variables immediately before (normal trial)
and after the three-week water-limitation phase (water-limitation trial). My experimental
design did not include an adequately watered (i.e. unstressed) control during the threeweek water-limitation phase. It is already well established that water-limitation reduces
plant growth (Claeys and Inzé 2013). My primary interests were in knowing the
differences in leaf sap C and N concentrations as a result of the NK fertilizer additions in
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the normal trial, and whether these differences influenced plant growth responses in the
water-limitation trial. Caution is required when interpreting comparisons between the two
trials because the water-limitation trial included an additional three-weeks of growth. In
summary, the key research questions in this study are focused on testing whether a
significant interaction occurred between trial and NK fertilizer addition. My
interpretation of this interaction assumes that it is unlikely to be the result of time alone.
5.1 Do the reduced carbon concentrations in the leaf sap as a result of fertilizer
addition affect plant growth during a period of water-limitation?
Increasing levels of NK fertilizer additions significantly affected all nutrient
concentrations measured in leaf sap. In particular, leaf sap C concentrations linearly
decreased with increasing levels of NK addition while NO3- concentrations in leaf sap
were extremely low in the control and low NK groups, but increased dramatically in the
medium and high groups (Fig. 4.1 b,c). My first hypothesis predicted that changes in leaf
sap NO3- and C concentrations in the normal trial would result in significantly reduced
shoot biomass increases (on a total or relative growth rate basis) for the high NK addition
group in relation to the low or medium NK groups at the end of the water-limitation trial.
Despite significant differences in C and NO3- concentrations in leaf sap, shoot growth
reached clear asymptotes at the end of both trials, demonstrating typical plant growth
responses to a gradient of soil N availability. After three weeks of additional growth, dry
weight biomass was doubled in the water-limitation trial compared to the normal trial at
each of the NK addition levels. Therefore, my results demonstrate that differences in leaf
sap concentrations of C and NO3- at multiple fertilizer levels in Collard greens did not
affect shoot growth during a period of water-limitation. These results have at least two
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possible interpretations, solute composition changes as a result of NK fertilizer addition
generally had no effect on shoot growth rates, or solute composition changes did affect
shoot growth rates, but the water-limitation stress was not sufficient to reduce shoot
growth.
5.1.1 Leaf sap solute composition changes as a result of NK fertilizer addition did
not affect shoot growth rates
After three weeks of additional growth, shoot biomass doubled in the waterlimitation trial at all NK addition levels. NK addition levels varied significantly in leaf
sap C and NO3- concentrations in both trials, but these differences did not affect shoot
growth rates. Leaf sap C concentrations were reduced linearly (by 50%) between the
control and high NK addition groups after the normal trial (Fig. 4.1 c). The medium and
high NK additions had the largest relative increases in leaf sap C concentrations when
comparing the normal and water-limitation trials. The overall increase in leaf sap C is a
predictable response due to the accumulation of compatible C-based solutes (especially
proline) during growth under water-limited conditions (Kemble and MacPherson 1954,
Ashraf and Foolad 2007, Chen and Murata 2008). However, no previous reports of total
soluble C concentrations in leaf sap of water-limited plants could be found to compare
with my findings. In Collard greens, leaf sap C concentrations account for 15-19% of
total leaf C across all groups. This suggests that reduced leaf sap C concentrations as a
result of NK addition in the normal trial, were increased without a significant effect on
shoot growth rate in the water-limitation trial. Therefore, if the water-limitation stress
was sufficient enough to affect shoot growth, my results suggest that differences in
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concentrations of solutes as a result of NK fertilization do not affect shoot growth rate
under water-limited conditions.
5.1.1.1 Leaf sap nitrogen concentrations as impacted by the interaction of NK
addition and trial
In contrast to C-based solute concentrations, N concentrations in leaf sap increased
consistently in response to NK addition in both trials. Metabolic pools of N contain both
inorganic and organic forms. Organic forms of N account for most of the N in leaf sap,
especially in the control and low NK groups (Fig. 5.1). Non-protein organic-N was
calculated as the N remaining after subtracting the known mineral and organic-N forms
from the total leaf sap N concentration. The significant interaction between trial and NK
addition resulted in increased leaf sap total-N and suggests that the water-limitation trial
had a significant effect on the allocation of N in metabolic pools, especially organic nonprotein forms in response to water-limitation at high levels of fertilizer addition (Fig. 5.1)
which has been previously demonstrated in sugar beet roots (Monreal et al. 2007). To the
best of my knowledge, this is the first study to demonstrate differences in the allocation
of N between the inorganic and organic pools of nutrients in leaf metabolic pools in
response to a fertilizer gradient and water-limitation treatment. The accumulation and
variation in leaf sap N forms in response to fertilizer addition, and especially the
interaction with the water-limitation trial, deserves further study and consideration in
experimental designs that use a single level of fertilizer availability to evaluate metabolic
responses to water-limitation stress. Molecular level responses may vary at different
fertilizer rates and environmental conditions that affect N metabolism.
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One potential explanation to account for the doubling of non-protein organic-N in
the high NK addition group (Fig. 5.1), is that the reduction of NO3- during waterlimitation stress may provide an alternative pathway for excess electrons (Smirnoff and
Stewart 1985). When leaf gas exchange is reduced to minimize water losses under waterlimited conditions, low CO2 availability can result which reduces C assimilation and can
lead to an accumulation of electrons and oxidative stress (Fernandes et al. 2002, Yi et al.
2014). Increased non-protein organic-N concentrations in the water-limitation trial (Fig.
5.1) are assumed to represent accumulations of compatible solutes (e.g. proline) in
response to water-limitation (Delauney and Verma 1993). An increased concentration of
leaf sap NO3- may provide an alternative substrate supply to CO2 during the waterlimitation trial. Increased metabolic availability of NO3- for reduction and assimilation
could serve as a direct pathway to reduce electron accumulation and prevent cellular
oxidative stress. N-containing compatible solutes are likely products of NO3- reduction
and N assimilation under water-limited growing conditions. The accumulation of Ncontaining compatible solutes could further enhance tolerance to water-limitation stress,
but no difference in growth rate was observed at the high NK addition level. Therefore,
an abundant supply of NO3- could lead to an accumulation of non-protein organic-N, but
only under water-limited conditions severe enough to reduce CO2 assimilation and where
NO3- availability is maintained at a high level. While I did not measure leaf gas exchange,
the plants experienced mild to moderate wilt 3-4 times a day before each watering during
the water limitation phase, which suggests that there were significant periods of time
when leaf stomata were likely closed reducing CO2 availability. While this is a
speculative mechanism given the data, overall it seems unlikely that the large differences
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in the nutrient composition of metabolic pools between experimental groups and both
trials would result in plants with similar metabolic responses to water-limitation stress. In
addition, few studies have demonstrated differences in plant metabolism in response to a
fertilizer gradient and water-limitation condition, leaving a substantial gap for future
research.
5.1.1.2 Leaf sap concentrations of inorganic solutes as impacted by the interaction of
NK addition and trial
Inorganic nutrients measured in leaf sap responded strongly to NK addition in both
trials. K+ was included in the fertilizer addition with N to account for potentially
competing ions that were not being measured (e.g. Mg2+). In leaf sap, the control had the
highest K+ concentrations and the NK addition levels showed a small linear increase in
concentration from low to high. The size of the plants in both controls was much smaller
and the results suggest this group had sufficient K+ availability within the no-NK addition
soil. All NK addition groups and the control increased in leaf sap K+ concentrations
overall in the water-limitation trial and maintained the same pattern (Table 4.1). Similar
concentration ranges between 2000 – 8000 µg K+ ml-1 with greater variation were
determined for petiole sap using the same hand-held ion-selective electrode detection
method in a related plant species, Brassica rapa, Chineses (Gangaiah et al. 2016). Due to
the small magnitude of impact from the water-limitation trial and NK addition on K+ ions
in leaf sap, I conclude that K+ addition provided a suitable companion ion for NO3- in the
NK fertilizer additions and was non-limiting to plant growth. In addition, these results
strongly suggest that the soil and sand used in the potting mix contained significant
amounts of K+ for plant uptake in all treatments and both trials.
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Leaf sap NO3- concentrations demonstrated the largest response to NK addition but
did not markedly differ between the normal and water-limitation trials, although there
was a statistically significant response using transformed data. In the control and low NK
addition groups, NO3- concentrations were very low and unaffected by fertilizer addition
between trials (Fig. 4.1 b), but were significantly enhanced at the medium and high NK
addition levels. NO3- concentrations in leaf sap were similar to previously reported results
for Brassica species on a dry weight basis at the medium and high NK addition levels
(Appendix 1) (Vieira et al. 1998).
The abrupt increase in NO3- accumulation at the medium and high NK groups (by
up to 430x over the control and low NK groups) demonstrates a significant and
disproportionate accumulation across a linear increase of N fertilizer addition (Fig. 4.1 b,
Table 4.1) and may be explained by the following two considerations. Several studies
have demonstrated organic and inorganic solute substitution in plants based on NO3availability with a consistent preference for NO3- over other solutes (Blom-Zandstra and
Lampe 1983, Veen and Kleinendorst 1986, McCall and Willumsen 1999, Burns et al.
2010). Accordingly, the substitution of solutes may account for the disproportionate
increase in leaf sap NO3- at the medium and high NK addition levels. However, this does
not account for why NO3- did not accumulate at the low NK fertilizer addition level. A
mechanism that may help explain this discrepancy in NO3- accumulation is the site of
NO3- assimilation. Whether NO3- is reduced to NH4+ in the roots or leaves of the plant
can depend on soil NO3- availability for many plant species (Andrews 1986). In my
study, most NO3- may have been reduced to NH4+ in the roots before transport to the
leaves in the control and low NK groups. An additional factor to consider is that
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increased shoot growth as a result of NK fertilizer addition may have reduced the
availability of inorganic solutes in the soil that are required to fill expanding cells, other
than NO3- and K+ which were added. A shortage of solutes other than NO3- and K+ may
account for the increased concentrations of NO3- in leaf sap that may have accumulated
as a result of reduced inorganic solute availability (other than NO3- or K+) in the soil at
the medium and high NK addition levels. With increasing soil N availability, solute
substitution with NO3- in leaf metabolic pools and a shift in the location of N-assimilation
from roots to leaves, may account for the NO3- accumulation at the medium and high NK
addition levels. Overall, these data provide a strong indication that the accumulation of
NO3- in leaf sap may reflect soil NO3- availability.
5.1.2 Was the water-limitation treatment adequate to affect shoot growth rate?
Comparing the normal and water-limitation trials, shoot biomass doubled across
NK addition groups demonstrating a large amount of growth despite very different leaf
sap compositions. With increasing water-limitation severity, plants are known to
prioritize survival at an expense to growth (Claeys and Inzé 2013). Therefore, the
severity of water-limitation may have not been sufficient to affect shoot growth rate.
NO3- and C-based solute accumulation has been measured as a function of osmotic
adjustment in response to water stress in oil seed Brassica species (Ma et al. 2004).
However, in Collard greens, NO3- concentrations in leaf sap were reduced overall by 33%
while C-based solute concentrations increased significantly suggesting that the waterlimitation phase of the water-limitation trial was likely strong enough to affect osmotic
adjustment (Fig. 4.1 b, Table 4.1). However, each NK addition group approximately
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doubled in dry weight biomass suggesting growth was not restricted during the waterlimitation phase. Therefore, I can conclude that between NK addition groups, shoot
growth rates in Collard greens were similar during the water-limitation trial despite
differences in leaf sap C and NO3- composition.
5.2 How were metabolic nutrient pools in the soil microorganisms affected by the
interaction of NK fertilizer addition and water-limitation?
Plants and soil microorganisms must maintain turgor pressure for cellular function
and may share similar responses to changes in solute concentrations under waterlimitation stress. Studies examining the effects of a gradient of the same fertilizer type on
soil microbial biomass nutrient pools are scarce, and the results are equivocal (Table 1.1).
To the best of my knowledge, this experiment is the first to test an interaction between
fertilizer availability and water-limited growing conditions on changes in soil microbial
biomass nutrient concentrations, and additionally to provide a direct comparison with
plants. Here, I hypothesized that microbial biomass nitrogen concentrations would
increase under normal and water-limited growing conditions to examine whether a
similar substitution effect between C and N based solutes in leaf sap, would occur in the
metabolic nutrient pools of soil microorganisms. Overall, microbial nutrient pools of C
and PO43- in the Collard green soils were unaffected by NK addition while NH4+ and N
were equally enhanced by NK addition in the normal trial. However, the interaction of
trial and NK addition clearly enhanced soil microbial biomass nitrogen after the waterlimitation trial (Fig. 4.4 a). Soil microbial biomass nitrogen concentrations suggest
microorganisms are capable of accumulating N in proportion to its availability on short
time scales at mild to moderate water limitation stress. The demonstration of N
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accumulation by soil microorganisms in the water-limitation trial is a unique finding that
suggests soil microorganisms share both similarities and differences with plants in
responses to water-limited conditions.
5.2.1 As above, so below?
Neither microbial biomass total-N, total dissolved organic-C, or phosphate
responded to NK fertilizer addition in the normal trial (Fig. 4.4) while NH4+ was
significantly enhanced with NK addition but the increase was uniform with no
differences between the three NK addition levels. Therefore, microbial demands for these
nutrients were not limited or altered within the NK fertilizer addition groups in the
normal trial, despite differences between the NK addition levels in the soil solution of
NO3-, NH4+, PO43-, total dissolved C and N (Fig. 4.5, Table 4.3). This result does not
strongly support my hypothesis that solute substitution would occur in soil
microorganisms under normal growing conditions with increasing fertilizer additions.
I did find some support for the microbial solute substitution hypothesis in the
results of the water-limitation trial where microbial biomass nitrogen concentrations were
progressively enhanced with increasing NK addition levels while MBPO43--P declined,
but remained higher overall when compared with the normal trial (Fig. 4.4 a,c). In a
comparison of the two fully replicated sets of controls for P (i.e. with and without P
addition), MBPO43--P was enhanced only after the water-limitation trial in the control +P
by a factor of 4 and was within expected ranges for a similar experiment in an arable soil
(Brookes et al. 1984, Spohn and Widdig 2017). Therefore, the differences between
MBPO43--P between control -P and control +P (Table 4.2) and within NK addition groups

60
(Fig. 4.4 c) compared with MBN concentrations in the water-limitation trial (Fig. 4.4 a),
provide a strong suggestion that similar to plants, a degree of solute substitution likely
occurred to maintain and regulate turgor pressure in soil microorganisms in response to
the water-limitation trial and differences in soil solution nutrient availability (Fig. 4.5).
The extent to which solute substitution can occur within the microbial biomass is an
important consideration in determining the potential effects of microbial N accumulation
and immobilization responses on crop N availability, especially under moderate waterlimited growing conditions.
5.2.2 Microbial biomass carbon is evenly increased across NK levels only in the
water-limitation trial
Similar to plant cells, soil microorganisms have high concentrations of organic
solutes in metabolic pools, but NK addition did not decrease concentrations of C-based
solutes in soil microorganisms. Microbial biomass concentrations PO43-, N, NH4+ were
small relative to MBC in both trials suggesting that, as in leaf tissue, organic solutes play
an important role in maintaining turgor pressure in soil microorganisms (Harris 1981).
Increases in MBC were found in a recent study comparing planted and unplanted soils
under water-limitation in a greenhouse for a short time frame of 5-10 days (Xue et al.
2017), which suggested a short-term response of compatible solute accumulation of
glycine-betaine and proline (Csonka 1989). Similar to plant cells, microorganisms must
adapt to changing environmental conditions as soil water availability decreases by
accumulating solutes (Harris 1981).
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Established responses of MBC to drought treatments in field soils and greenhouse
experiments tend to demonstrate decreases in MBC over long time periods (Table 1.2)
whereas my data show MBC was maintained or enhanced (Fig. 4.4 b). While the duration
and severity of water stress, soil-type, and environment are important factors that can
affect MBC concentrations (Wardle 1992, Zeglin et al. 2013), few studies have evaluated
soil microbial biomass responses in short-term water-limitation treatments. Therefore, my
microbial biomass results contribute to an important research gap of short-term responses
to moderate water-limitation treatments that are agriculturally relevant due to increasing
climate variability in response to global warming.
5.2.3 Microbial biomass nitrogen accumulates only in the water-limitation trial
In the water-limitation trial, MBC remains constant between NK levels while MBN
and microbial biomass NH4-N both show a linear increase with increasing NK addition
level (Fig. 4.4 a, d). Generally, N fertilization alone does not lead to significant changes
in MBN under normal water availability (Table 1.1 ). Previous studies demonstrate that
under drought and non-drought conditions, MBN decreases or is unaffected by N
addition (Table 1.2). It is suggested that MBN can increase or decrease through a
complicated network of interactions based on localized factors (Treseder 2008).
However, there are few studies that evaluate MBN responses to mild or moderate waterlimitation.
Microbial biomass is an indication of the nutrients contained within soil
microorganisms and can provide a comparative measure of the population size between
samples if the composition of microorganism species is assumed to remain the same. In
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the water-limitation trial, MBC is uniformly enhanced by NK addition compared to the
control (Fig. 4.4 b). This pattern suggests that either NK addition leads to C accumulation
with no increase in population or NK addition uniformly increased the number of
microorganisms. With either interpretation, in the water-limitation trial the linear increase
in MBN with NK addition is likely an accumulation of MBN within the microorganisms
and not a result of an increase in population size which would show a corresponding
increase of MBC in proportion to MBN (Fig. 4.4 a) (Demoling et al. 2007). By
accounting for the main inorganic forms of N, NH4+ and NO3-, in the microbial biomass,
the remaining MBN can be assumed to be in an organic form. Therefore, these results
suggest that with increasingly N availability, soil microorganisms are capable of
accumulating N-based compatible solutes in proportion to NK fertilizer addition during a
period of moderate water-limitation stress. Concentrations of N-containing compatible
solutes are known to accumulate in relation to the intensity of drought stress in bacteria
(Csonka 1989). However, my thorough literature review found no studies which
evaluated the effect of N availability on compatible solute accumulation in the soil
microbial biomass across a fertilizer gradient and water-limitation treatment. Therefore,
this finding is a significant contribution to our understanding of the interaction between a
gradient of N fertilizer and moderate water-limitation on MBN accumulation within a
short timeframe.
5.2.4 Could improving agricultural sustainability lead to reduced crop N availability
during periodic soil drying?

63
Enhancing the functioning of soil biology is a significant focus in sustainable
agricultural management practices which use carbon-based fertilizers (i.e. manures,
compost) to increase microbial nutrient cycling in the soil (Heijboer et al. 2016). The
addition of carbon-based fertilizers consistently increases the activity and biomass of soil
microorganisms (Ge et al. 2013, Franco-Andreu et al. 2017). Increases in microbial
biomass from carbon-based fertilizer use under normal water availability does not tend to
reduce crop N availability (Heijboer et al. 2016). However, based on my preliminary
results, under water-limited conditions increased N immobilization by a larger soil
microbial biomass may result in less soil solution N available for plant growth.
Further research is necessary to confirm the findings from this experiment under
field conditions, especially in light of the unique water-limitation treatment that was used,
and to evaluate soil microbial pools for accumulations of other agriculturally important
nutrients (e.g. SO4-, K+, Mg2+, Ca2+). One strategy to address potential microbial
accumulation and reduced crop uptake of soil solution N during a period of prolonged
water-limitation is to provide supplementary N fertilizer as a foliar spray to avoid the use
of additional soil applied fertilizer. In response to reduced crop growth during waterlimited conditions, it is important to avoid additional applications of N fertilizer to soils.
When moisture levels increase from soil rewetting, soil microorganisms release large
amounts of soluble N and C that has been previously accumulated in response to soil
drying into the soil solution to re-adjust and maintain a constant positive water potential
(Miller et al. 2005, Schimel et al. 2015). This microbial release increases the likelihood of
N losses from leaching, and runoff, which could be further enhanced with additional
fertilizer applications to the soil.
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5.3 Can leaf sap analysis determine soil nutrient status?
Due to the low cost of fertilizer relative to the gross income of the crop and
variability in predicted to actual crop yield, farmers often over-apply N to maximize their
yield at the cost of reducing NUE (Gastal and Lemaire 2002, Xia et al. 2017). To reduce
excessive fertilizer applications and N losses to the ecosystem, farmers can use plant and
soil testing to predict the nutrient needs of the crop and take corrective action by
calibrating fertilizer applications to maximize yields. Traditional agricultural tissue test
methods analyze the total amount of nutrients in dried leaf tissue to determine the nutrient
status of the crop. However, current approaches to translate tissue test results into N
fertilizer management calculations can be improved (Lawlor 2002, Thompson et al.
2017). Dry tissue N concentrations may not be sensitive enough to account for localized
factors that can create discrepancies between predicted and actual crop responses to
calculated N applications. Leaf sap NO3- can be affordably assessed in the field and has
demonstrated sensitivity to localized factors: genotypes (Burns et al. 2011), light intensity
(Proietti et al. 2004), temperature (Santamaria et al. 2001), and N availability (BlomZandstra and Lampe 1983). The combined potential benefits of increased sensitivity to
localized factors and in-field testing capability for NO3- on a wide variety of crops, are
indications leaf sap testing could lead to the improvement of N management practices on
a global scale.
Environmental variables are easily managed in a greenhouse environment.
However, in the field, localized variability is difficult to control and affects plant growth
responses to N availability. Less crop growth, as a result of adverse environmental factors
(e.g. low temperatures), can lead to reduced NO3- uptake by the crop, which can result in

65
increased soil NO3- concentrations, leaching, and reduced actual yields when compared
with expected yields based on the N fertilizer application calculations for that field. My
project investigated whether increasing leaf sap NO3- concentrations as a result of
increasing NK addition, correlate with increases in the amounts of soluble soil NO3-. The
goal was to provide an initial evaluation of leaf sap analysis as an indicator of soil
solution NO3- status, the most readily leachable form of N (Schimel and Bennett 2015).
Overall, the medium NK addition level optimized biomass production per unit of
available N applied, and therefore provided the highest yield while maintaining low soil
N levels (Fig. 4.3 a, 4.5 a,b). However, in both trials, high NK addition resulted in plants
of equal dry weight to the medium NK level (Fig. 4.3 a), but the former had significantly
more soil solution NO3- (Fig. 4.5 b). Therefore, N losses are likely at such high NK
addition levels as a result of reduced plant and soil microbial NO3- uptake, leaving NO3in the soil solution. In my study, any potential leached nutrient losses from each pot were
collected with individual pot plates and returned to the corresponding pot. However,
under field conditions, I can assume remaining NO3- in the soil solution is vulnerable to
run-off or leaching. Therefore, the correlation between increased leaf sap and soil
solution NO3- suggests that leaf sap analysis demonstrates a strong potential to determine
when a soil is more prone to NO3- leaching (Fig. 4.6 a, b).
I evaluated the accuracy of a hand-held ion-selective electrode NO3- meter (Laqua
Twin B-741, Horiba Scientific) that is easy to calibrate, affordable, and durable for infield use. NO3- measured by ion-chromatography and the handheld meter were
significantly correlated (Fig. 4.7 a, b). The elevated intercept suggests the hand-held
meter provided a higher measurement than ion-chromatography. This discrepancy can be
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accounted for by a previous study using a later ion-selective electrode NO3- meter model
(Cardy C-141, Horiba Scientific) which demonstrated the meter was sensitive to cations
and anions other than NO3- in controlled testing solutions, especially SO42- (Gioia et al.
2010). Therefore, other ions in solution are likely to account for the discrepancy between
the ion-chromatography and hand-held ion-selective electrode methods. Given the known
limitations of the meter to detect other ions, it worked well at the medium and high NK
fertilizer addition levels that are most relevant to farmers.
By examining the relationship of leaf sap and soil NO3- in the normal and waterlimitation trial, each test shows reasonable robustness to changes in water availability
when comparing results from each trial (Fig. 4.6). While methods exist to predict
fertilizer applications, the accuracy of these calculations could be improved by increasing
the precision and accessibility of plant N testing. Overall, my results demonstrate a
significant relationship between leaf sap NO3- and soil solution NO3- concentrations.
Because of the known sensitivity of leaf sap NO3- concentrations to environmental
variables, leaf sap analysis demonstrates a strong potential to provide a crop and location
specific in-field assessment of leaf and soil N status that is low cost and applicable to
major global food crops with or without petioles.
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FIGURE 5.1. Segmented bar graph of total soluble nitrogen components in leaf
sap as NO3--N, NH4+-N, protein-N, and non-protein organic-N (Appendix 1). Residual N
after subtraction of the above three N forms from the overall leaf-sap total dissolved
nitrogen measurement represents non-protein organic-N. The high NK addition level in
the normal trial resulted in a residual of -160 µg ml-1 for non-protein organic-N and this
value was replaced with 0. This discrepancy is likely the result of a small cumulative
margin of error affecting all groups from combining four different analytical methods to
determine the concentrations of total-N, NO3--N, NH4+-N, and protein-N that were used
to calculate the amount of non-protein organic-N. Data are means (n = 3-9).
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Chapter 6: Conclusion
The plant-soil system tested in this experiment showed nutrient accumulation
responses to NK fertilizer addition with compelling similarities during both trials. The
similar changes in concentrations of N in plants and soil microorganisms as a result of the
interaction between trial and NK addition suggests that at a cellular level plants and soil
microorganisms can share common responses to similar environmental conditions. The
linear accumulation of N in the microbial biomass with increasing NK addition level that
occurred only in the water-limitation trial is a novel finding. Further research is required
to determine the lack of apparent limit to N accumulation during the water-limitation trial
when microbial biomass nitrogen responses to fertilizer addition or water-limitation are
minimal in previous experiments (Fig. 4.4 a, Tables 1.1,1.2). Aboveground, despite
differences in leaf sap concentrations of C and N, shoot growth rates were not affected
after the water-limitation trial when compared to the normal trial. This suggests that
plants have multiple strategies to mitigate water stress to maintain high growth rates.
Fertilizer availability may have altered metabolism to result in different combinations of
adaptive strategies (e.g. accumulating C or N based organic solutes) that were able to
maintain equivalent growth rates between plants at different NK addition levels when
comparing the normal and water-limitation trials.
At least two authors have suggested that NO3- accumulation in leaves is a strategy
to store a valuable N supply by replacing C-based solutes with NO3- (Millard 1988,
Lawlor 2002). As a result, C-based solutes are lowered in leaf metabolic pools, and more
C can be directed towards increasing tissue growth until soil NO3- availability is reduced
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when metabolic stores of NO3- could be metabolized and replaced with C-based solutes
to maintain adequate turgor pressure. With a sustained NO3- supply this type of effect
could characterize the rapid plant growth responses to fertilizer applications and the
reduced C concentrations in the leaf sap of Collard greens (Fig. 4.1 c). In addition, a high
availability of multiple inorganic nutrients (i.e. PO43-, NH4+, SO42-), which are often
applied with N in agricultural fertilizers, may result in similar responses of decreased Cbased solute concentrations since inorganic solute substitution for NO3- has been shown
to readily occur (Blom-Zandstra and Lampe 1983). Solute substitution effects may result
in lowered C concentrations in leaf sap while NO3- is replaced by other inorganic solutes,
and consequently the replaced NO3- can be assimilated into proteins and tissues for
additional growth. Therefore, inorganic solutes other than NO3- may reduce leaf sap C
concentrations, but likely only when NO3- is present at rates high enough for
accumulation in leaf tissue (e.g. medium to high NK addition levels).
Overall, this project has contributed to our understanding of C and N relationships
in response to water-limitation in plants and soil microorganisms by showing that their
respective metabolic nutrient pools are highly responsive to environmental conditions.
My findings demonstrate that while NK addition did not affect shoot growth rates when
comparing the normal and water-limitation trials, the medium NK level optimized NUE
(i.e. by getting the largest amount of plant growth per unit of applied N) and avoided high
levels of residual N in the soil (Fig. 4.5 a,b). In addition, these data demonstrate the
potential for the development of leaf sap NO3- analysis as a tool to determine soil nutrient
status. Ultimately, leaf sap analysis could provide a localized and crop-specific low-cost
assessment of soil and plant-N status to improve the accuracy of fertilizer applications
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and reduce N losses to the environment around the world. Finally, as farmers work to
improve soil health by increasing the soil microbial biomass through the use of C-based
fertilizers, my results suggest that further research is required to determine plant
availability and soil cycling of N under mild and moderate water-limited conditions.
Future research can investigate the potential for strong microbial accumulation of soil
solution N and whether this leads to a reduction in N availability for crop growth under
water-limited conditions.
The challenges facing future food production systems question the sustainability
and capacity of soil-based agriculture to indefinitely feed a global population over nine
billion. Achieving sustainability in food production while minimizing environmental
impacts will require utilizing a broad array of strategies to ensure the integrity of the
ecosystems that sustain life on this plant and the long-term survival of our species.

71

Literature Cited
Andrews, M. 1986. The partitioning of nitrate assimilation between root and shoot of
higher plants. Plant, Cell & Environment 9:511–519.
Ashraf, M., and M. R. Foolad. 2007. Roles of glycine betaine and proline in improving
plant abiotic stress resistance. Environmental and Experimental Botany 59:206–216.
Aulakh, M. S., and S. S. Malhi. 2005. Interactions of nitrogen with other nutrients and
water: Effect on crop yield and quality, nutrient use efficiency, carbon sequestration,
and environmental pollution. Advances in Agronomy 86:341–409.
Behr, U., and H. J. Wiebe. 1992. Relation between photosynthesis and nitrate content of
lettuce cultivars. Scientia Horticulturae 49:175–179.
Blom-Zandstra, M., and J. E. M. Lampe. 1983. The effect of chloride and sulphate salts
on the nitrate content in lettuce plants (Lactuca sativa L.). Journal of Plant Nutrition
6:611–628.
Blom-Zandstra, M., and J.E. M. Lampe. 1985. The Role of Nitrate in the osmoregulation
of lettuce (Lactuca sativa L.) grown at different light intensities. Journal of
Experimental Botany 36:1043–1052.
Blom-Zandstra, M., J. E. M. Lampe, and F. H. M. Ammerlaan. 1988. C and N utilization
of two genotype during growth under non-varying light conditions and after
changing the intensity. Physiologia Plantarum 74:147–153.
Blum, A. 2016. Osmotic adjustment is a prime drought stress adaptive engine in support
of plant production. Plant Cell and Environment 40:1–7.
Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of microgram

72
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry 72:248–254.
Brady, N. C., and R. R. Weil. 2014. The nature and properties of soils. Page 545. 14th
edition. Pearson, Upper Saddle River, N.J., USA.
Brookes, P. C., A. A. Landman, G. Prudent, R. E. Station, and D. S. Jenkinson. 1985.
Chloroform fumigation and the release of soil nitrogen: A rapid direct extraction
method to measure microbial biomass nitrogen in soil. Soil Biology and
Biochemistry 17:837–842.
Brookes, P. C., D. S. Powlson, and D. S. Jenkinson. 1984. Phosphorus in the soil
microbial biomass. Soil Biology and Biochemistry 16:169–175.
Burns, I. G., K. Zhang, M. K. Turner, and R. Edmondson. 2010. Iso-osmotic regulation
of nitrate accumulation in lettuce. Journal of Plant Nutrition 34:283–313.
Burns, I. G., K. Zhang, M. K. Turner, J. Lynn, S. Mcclement, P. Hand, and D. Pink.
2011. Genotype and environment effects on nitrate accumulation in a diversity set of
lettuce accessions at commercial maturity: The influence of nitrate uptake and
assimilation, osmotic interactions and shoot weight and development. Journal of
Science Food and Agriculture 91:2217–2233.
Carson, L., M. Ozores-Hampton, and K. Morgan. 2016. Correlation of petiole sap nitratenitrogen concentration measured by ion-selective electrode, leaf tissue nitrogen
concentration, and tomato yield in Florida. Journal of Plant Nutrition 39:1809–1819.
Chen, B. M., Z. H. Wang, S. X. Li, G. X. Wang, H. X. Song, and X. N. Wang. 2004.
Effects of nitrate supply on plant growth, nitrate accumulation, metabolic nitrate
concentration and nitrate reductase activity in three leafy vegetables. Plant Science

73
167:635–643.
Chen, T. H. H., and N. Murata. 2008. Glycinebetaine: An effective protectant against
abiotic stress in plants. Trends in Plant Science 13:499–505.
Chu, H., X. Lin, T. Fujii, S. Morimoto, K. Yagi, J. Hu, and J. Zhang. 2007. Soil microbial
biomass, dehydrogenase activity, bacterial community structure in response to longterm fertilizer management. Soil Biology and Biochemistry 39:2971–2976.
Claeys, H. and D. Inzé. 2013. The agony of choice: How plants balance growth and
survival under water-limiting conditions. Plant Physiology 162:1768–1779.
Clemmensen, K. E., P. L. Sorensen, A. Michelsen, S. Jonasson, and L. Ström. 2008. Sitedependent N uptake from N-form mixtures by arctic plants, soil microbes and
ectomycorrhizal fungi. Oecologia 155:771–783.
Compton, S. J., and C. G. Jones. 1985. Mechanism of dye response and interference in
the Bradford protein assay. Analytical Biochemistry 151:369–374.
Coskun, D., D. T. Britto, and H. J. Kronzucker. 2017. The nitrogen – potassium
intersection: Membranes, metabolism, and mechanism. Plant, Cell & Environment
100:2029–2041.
Csonka, L. N. 1989. Physiological and genetic responses of bacteria to osmotic stress.
Microbiological reviews 53:121–47.
Kleinhenz, D., R. Matthew, and N. Bumgarner. 2012. Using oBrix as an indicator of
vegetable quality. The Ohio State University Extension:HYG-1651.
Dai, A. 2012. Increasing drought under global warming in observations and models.
Nature Climate Change 3:52–58.
Delauney, A. J., and D. P. S. Verma. 1993. Proline biosynthesis and osmoregulation in

74
plants. The Plant Journal 4:215–223.
Demoling, F., D. Figueroa, and E. Bååth. 2007. Comparison of factors limiting bacterial
growth in different soils. Soil Biology and Biochemistry 39:2485–2495.
Dijkstra, F. A., M. He, M. P. Johansen, J. J. Harrison, and C. Keitel. 2015. Plant and
microbial uptake of nitrogen and phosphorus affected by drought using 15N and 32P
tracers. Soil Biology and Biochemistry 82:135–142.
Engelbrecht, B. M. J., M. T. Tyree, and T. A. Kursar. 2007. Visual assessment of wilting
as a measure of leaf water potential and seedling drought survival. Journal of
Tropical Ecology 23:497–500.
Fauci, M. F., and R. P. Dick. 1994. Soil microbial dynamics: Short- and long-term effects
of inorganic and organic nitrogen. Soil Science Society of America Journal 58:801.
FAO 2009. How to feed the world: Global agriculture towards 2050. Rome, Italy: Food
and Agricultural Organization. [online]
http://www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How_to_Feed_the_
World_in_2050.pdf [Accessed 20 Sept. 2017].
FAO 2017. World fertilizer trends and outlook to 2020: Summary report. Rome, Italy:
Food and Agricultural Organization. [online] www.fao.org/3/a-i6895e.pdf
[Accessed 20 Sept. 2017].
Fernandes, J., R. M. Chaloub, and F. Reinert. 2002. Influence of nitrogen supply on the
photoprotective response of Neoregelia cruenta under high and low light intensity.
Functional Plant Biology 29:757–762.
Franco-Andreu, L., I. Gómez, J. Parrado, C. García, T. Hernández, and M. Tejada. 2017.
Soil biology changes as a consequence of organic amendments subjected to a severe

75
drought. Land Degradation and Development 28:897–905.
Fujihara, S., A. Kasuga, and Y. Aoyagi. 1982. Calculation of nitrogen-to-protein
conversion factors for food products. Journal of Food Science 66:412–415.
Gangaiah, C., A. A. Ahmad, H. V. Nguyen, and T. J. K. Radovich. 2016. A correlation of
rapid Cardy meter sap test and ICP spectrometry of dry tissue for measuring
potassium (K +) concentrations in Pak Choi (Brassica rapa, Chinensis).
Communications in Soil Science and Plant Analysis 47:2046–2052.
Gastal, F., and G. Lemaire. 2002. N uptake and distribution in crops: An agronomical and
ecophysiological perspective. Journal of Experimental Botany 53:789–799.
Ge, T., X. Chen, H. Yuan, B. Li, H. Zhu, P. Peng, K. Li, D. L. Jones, and J. Wu. 2013.
Microbial biomass, activity, and community structure in horticultural soils under
conventional and organic management strategies. European Journal of Soil Biology
58:122–128.
Gilbert, M. E., and V. Medina. 2016. Drought adaptation mechanisms should guide
experimental design. Trends in Plant Science 21:639–647.
Gioia, F. Di, E. H. Simonne, M. Gonnella, P. Santamaria, A. Gazula, and Z. Sheppard.
2010. Assessment of ionic interferences to nitrate and potassium analyses with ionselective electrodes. Communications in Soil Science and Plant Analysis 41:1750–
1768.
Goffart, J. P., M. Olivier, and M. Frankinet. 2008. Potato crop nitrogen status assessment
to improve N fertilization management and efficiency: Past-present-future. Potato
Research 51:355–383.
Gonzalez-Dugo, V., J.-L. Durand, and F. Gastal. 2010. Water deficit and nitrogen

76
nutrition of crops. A review. Agronomy for Sustainable Development 30:529–544.
Gouesbet, G., A. El Amrani, I. Coue, and C. De Beaulieu. 2006. Involvement of soluble
sugars in reactive oxygen species balance and responses to oxidative stress in plants
57:449–459.
Granier, C., L. Aguirrezabal, K. Chenu, S. J. Cookson, M. Dauzat, P. Hamard, J. J.
Thioux, G. Rolland, S. Bouchier-Combaud, A. Lebaudy, B. Muller, T. Simonneau,
and F. Tardieu. 2006. PHENOPSIS, an automated platform for reproducible
phenotyping of plant responses to soil water deficit in Arabidopsis thaliana
permitted the identification of an accession with low sensitivity to soil water deficit.
New Phytologist 169:623–635.
Granstedt, R. C., and R. C. Huffaker. 1982. Identification of the leaf vacuole as a major
nitrate storage pool. Plant physiology 70:410–413.
Hammad, H. M., A. Ahmad, F. Abbas, W. Farhad, B. C. Cordoba, and G. Hoogenboom.
2015. Water and nitrogen productivity of maize under semiarid environments. Crop
Science 55:877–888.
Hare, P. D., W. A. Cress, and J. Van Staden. 1998. Dissecting the roles of osmolyte
accumulation during stress. Plant, Cell and Environment 21:535–553.
Harris, R. F. 1981. Effect of water potential on microbial growth and activity. Pages 23–
95 in J. F. Parr, W. R. Gardner, and L. F. Elliot, editors. Water Potential Relations in
Soil Microbiology. Soil Science Society of America, Madison, Wisconsin, USA.
Haynes, W. M. 2012. CRC handbook of chemistry and physics: A ready-reference book
of chemical and physical data. Pages 5–71. Handbook of Chemistry and Physics.
93rd edition. CRC Press, Boca Raton, Florida, USA.

77
Heijboer, A., H. F. M. ten Berge, P. C. de Ruiter, H. B. Jørgensen, G. A. Kowalchuk, and
J. Bloem. 2016. Plant biomass, soil microbial community structure and nitrogen
cycling under different organic amendment regimes; a 15N tracer-based approach.
Applied Soil Ecology 107:251–260.
Hoagland, D. R., and D. I. Arnon. 1950. The water-culture method for growing plants
without soil. California Agricultural Experiment Station Circular 347:1–32.
Hochmuth, G. 1994. Efficiency ranges for nitrate-nitrogen and potassium for vegetable
petiole sap quick tests. HortTechnology 4:218–222.
Hochmuth, G. 1999. Plant petiole sap-testing for vegetable crops. Horticultural Sciences
Department, Florida Cooperative Extension Service, Institute of Food and
Agricultural Sciences, University of Florida:1–6. [online]
http://edis.ifas.ufl.edu/cv004 [Accessed 20 Sept. 2017].
Hodge, A., D. Robinson, and A. Fitter. 2000. Are microorganisms more effective than
plants at competing for nitrogen? Trends in Plant Science 5:304–308.
Hemphill, D. 2010. Collards and Kale, Oregon State University. [online]
http://horticulture.oregonstate.edu/content/collards-and-kale [Accessed 17 Sept.
2017].
Hueso, S., C. García, and T. Hernández. 2012. Severe drought conditions modify the
microbial community structure, size and activity in amended and unamended soils.
Soil Biology and Biochemistry 50:167–173.
IAASTD. 2009. Agriculture at a Crossroads: The Synthesis Report. McIntyre, B. D., H.
R. Herren, J. Wakhungu, and R. T. Watson, editors. International Assessment of
Agricultural Knowledge, Science and Technology for Development. Island Press,

78
Washington DC, USA.
Ingham, R. E., J. A. Trofymow, E. R. Ingham, and D. C. Coleman. 1985. Interactions of
Bacteria , Fungi , and their Nematode Grazers : Effects on Nutrient Cycling and
Plant Growth. Ecological Mon 55:119–140.
Insam, H., C. C. Mitchell, and J. F. Dormaar. 1991. Relationship of soil microbial
biomass and activity with fertilization practice and crop yield of three ultisols. Soil
Biology and Biochemistry 23:459–464.
Jackson, L. E., J. P. Schimel, and M. K. Firestone. 1989. Short-term partitioning of
ammonium and nitrate between plants and microbes in an annual grassland. Soil
Biology and Biochemistry 21:409–415.
Jenkinson, D. S., P. C. Brookes, and D. S. Powlson. 2004. Measuring soil microbial
biomass. Soil Biology and Biochemistry 36:5–7.
Jones, C. G., J. D. Hare, and S. J. Compton. 1989. Measuring plant protein with the
Bradford assay. Journal of Chemical Ecology 15:979–992.
Kemble, A. R., and H. T. MacPherson. 1954. Liberation of amino acids in perennial rye
grass during wilting. The Biochemical Journal 58:46–49.
Keunen, E., D. Peshev, J. Vangronsveld, W. Van Den Ende, and A. Cuypers. 2013. Plant
sugars are crucial players in the oxidative challenge during abiotic stress: Extending
the traditional concept. Plant, Cell and Environment 36:1242–1255.
Kniffen, C. 2014. The sugar shuffle. ACRES USA 43:7–11. [online]
http://soilworksllc.com/wp-content/uploads/2017/02/The-Sugar-Shuffle.pdf
[Accessed 17 Aug. 2017].
Kubota, A., T. L. Thompson, T. A. Doerge, and R. E. Godin. 1996. A petiole sap nitrate

79
test for broccoli. HortScience 31:934–937.
Kuo, S. 1996. Phosphorus. Pages 869–919 in J. M. Bigham, and J. M. Bartels, editors.
Methods of Soil Analysis. Part 3. Chemical Methods. First edition. Soil Science
Society of America, Madison, WI, USA.
Lawlor, D. W. 2002. Carbon and nitrogen assimilation in relation to yield: Mechanisms
are the key to understanding production systems. Journal of Experimental Botany
53:773–787.
Lawlor, D. W. 2013. Genetic engineering to improve plant performance under drought:
Physiological evaluation of achievements, limitations, and possibilities. Journal of
Experimental Botany 64:83-108
Lee, K. H., and S. Jose. 2003. Soil respiration, fine root production, and microbial
biomass in cottonwood and loblolly pine plantations along a nitrogen fertilization
gradient. Forest Ecology and Management 185:263–273.
Leigh, R. A. 1997. Solute composition of vacuoles. Advances in Botanical Research
25:171–194.
Lundquist, E. J., L. E. Jackson, K. M. Scow, and C. Hsu. 1999. Changes in microbial
biomass and community composition, and soil carbon and nitrogen pools after
incorporation of rye into three California agricultural soils. Soil Biology and
Biochemistry 31:221–236.
Ma, Q., D. W. Turner, D. Levy, and W. A. Cowling. 2004. Solute accumulation and
osmotic adjustment in leaves of Brassica oilseeds in response to soil water deficit.
Australian Journal of Agricultural Research 55:939–945.
Marschner, M. 2012. Mineral nutrition of higher plants. Page 151 in P. Marschner, editor.

80
Mineral nutrition of higher plants. Third edition. Academic Press, San Diego,
California, USA.
Maynard, D. N., A. V. Barker, P. L. Minotti, and N. H. Peck. 1976. Nitrate accumulation
in vegetables. Advances in Agronomy:71–118.
McCall, D., and J. Willumsen. 1999. Effects of nitrogen availability and supplementary
light on the nitrate content of soil-grown lettuce. Journal of Horticultural Science
and Biotechnology 74:458–463.
Merrill, A. L., and B. K. Watt. 1973. Part I. Sources of food energy: Protein. Page 4 in
Energy Values of Food: Basis and Derivation: Agricultural Handboook No. 74.
Revised. United States Department of Agriculture, Washington, DC, USA.
Millard, P. 1988. The accumulation and storage of nitrogen by herbaceous plants. Plant,
Cell & Environment 11:1–8.
Miller, A. E., J. P. Schimel, T. Meixner, J. O. Sickman, and J. M. Melack. 2005. Episodic
rewetting enhances carbon and nitrogen release from chaparral soils. Soil Biology
and Biochemistry 37:2195–2204.
Monreal, J. A., E. T. Jiménez, E. Remesal, R. Morillo-Velarde, S. García-Mauriño, and
C. Echevarría. 2007. Proline content of sugar beet storage roots: Response to water
deficit and nitrogen fertilization at field conditions. Environmental and Experimental
Botany 60:257–267.
Mulvaney, R. L. 1996. Nitrogen - inorganic forms. Pages 1123–1184 in D. L. Sparks,
editor. Methods of Soil Analysis. Part 3. Chemical Methods. Soil Science Society of
America, Madison, Wisconsin, USA.
Munoz-Huerta, R. F., R. G. Guevara-Gonzalez, L. M. Contreras-Medina, I. Torres-

81
Pacheco, J. Prado-Olivarez, and R. V. Ocampo-Velazquez. 2013. A review of
methods for sensing the nitrogen status in plants: Advantages, disadvantages and
recent advances. Sensors 13:10823–10843.
Nowakowski, T. Z., and R. K. Cunningham. 1966. Nitrogen fractions and soluble
carbohydrates in Italian ryegrass: Effects of light intensity, form and level of
nitrogen. Journal of the Science of Food and Agriculture 17:145–150.
Olson, S. M., and J. H. Freeman. 2013. Selecting collard varieties based on yield, plant
habit and bolting. IFAS Extension:1–5. [online] http://edis.ifas.ufl.edu/hs353
[Accessed 4 Sept, 2017]
Peña-Fleitas, M. T., M. Gallardo, R. B. Thompson, M. Farneselli, and F. M. Padilla.
2015. Assessing crop N status of fertigated vegetable crops using plant and soil
monitoring techniques. Annals of Applied Biology 167:387–405.
Proietti, S., S. Moscatello, A. Leccese, G. Colla, and A. Battistelli. 2004. The effect of
growing spinach (Spinacia oleracea L.) at two light intensities on the amounts of
oxalate, ascorbate and nitrate in their leaves. Journal of Horticultural Science and
Biotechnology 79:606–609.
Recous, S., and M. Bruno. 1990. Microbial immobilization of NH4 and NO3 in cultivated
soils. Soil Biology and Biochemistry 22:913–922.
Rhoades, J. D. 1996. Salinity: Electrical conductivity and total dissolved solids. Pages
417–435 in J. M. Bartels, and J. M. Bigham, editors. Methods of Soil Analysis: Part
3-Chemical Methods. Soil Science Society of America, Madison, Wisconsin, USA.
Rice, E. W., R. B. Baird, A. D. Eaton, and L. S. Clesceri. 2012. 4110 Determination of
anions by ion chromatography in E. W. Rice, and L. Bridgewater, editors. Standard

82
methods for examination of water and wastewater. 22nd edition. Cenveo Publisher
Services, Richmond, Virginia, USA.
Ripley, B., K. Frole, and M. Gilbert. 2010. Differences in drought sensitivities and
photosynthetic limitations between co-occurring C3 and C4 (NADP-ME) Panicoid
grasses. Annals of Botany 105:493–503.
Rubio-Asensio, J. S., C. Lopez-Berenguer, J. Garcıa-de la Garma, M. Burger, and A. J.
Bloom. 2014. Root strategies for nitrate assimilation. Pages 251–267 in A. Morte,
and A., Varma, editors. Root Engineering: Basic and applied concepts. Springer,
New York, New York, USA.
Sait, G. 2015. The Beauty of Brix - Ten Things You Need To Know. [online]
http://blog.nutri-tech.com.au/the-beauty-of-brix/ [Accessed 12 Sept. 2017].
Santamaria, P., M. Gonnella, A. Elia, A. Parente, and F. Serio. 2001. Ways of reducing
rocket salad nitrate content. Acta Horticulturae 548:529–536.
Saravia, D., E. R. Farfán-Vignolo, R. Gutiérrez, F. De Mendiburu, R. Schafleitner, M.
Bonierbale, and M. A. Khan. 2016. Yield and physiological response of potatoes
indicate different strategies to cope with drought stress and nitrogen fertilization.
American Journal of Potato Research 93:288–295.
Scaife, A., and K. L. L. Stevens. 1983. Monitoring sap nitrate in vegetable crops:
Comparison of test strips with electrode methods, and effects of time of day and leaf
position. Communications in Soil Science and Plant Analysis 14:761–771.
Schimel, J., T. C. Balser, and M. Wallenstein. 2015. Microbial stress-response
physiology and its implications for ecosystem function. Ecology 88:1386–1394.
Schimel, J. P., and J. Bennett. 2015. Nitrogen mineralization: Challenges of a changing

83
paradigm. Ecology 85:591–602.
Shi, D. S., and A. Livne. 1967. The estimation of the osmotic potential of plant sap by
refractometry and conductimetry: A field method. Annals of Botany 31:505–511.
Slavik, B. 1959. The relation of the refractive index of plant cell sap. Biologia Plantarum
1:48–53.
Spohn, M., and M. Widdig. 2017. Turnover of carbon and phosphorus in the microbial
biomass depending on phosphorus availability. Soil Biology and Biochemistry
113:53–59.
Stark, C., L. M. Condron, A. Stewart, H. J. Di, and M. O’Callaghan. 2007. Influence of
organic and mineral amendments on microbial soil properties and processes.
Applied Soil Ecology 35:79–93.
Thompson, R, B., N. Tremblay, M. Fink, M. Gallardo, and F. M. Padilla. 2017. Tools and
Strategies for Sustainable Nitrogen Fertilisation of Vegetable Crops. Pages 11–64 in
F. Tei, S. Nicola, and P. Benincasa, editors. Advances in Research on Fertilization
Management of Vegetable Crops. Springer, Cham, Switzerland.
Treseder, K. K. 2008. Nitrogen additions and microbial biomass: A meta-analysis of
ecosystem studies. Ecology Letters 11:1111–1120.
Turan, M., and F. Sevimli. 2005. Influence of different nitrogen sources and levels on ion
content of cabbage (Brassica oleracea var. capitate). New Zealand Journal of Crop
and Horticultural Science 33:241–249.
Veen, B. W., and A. Kleinendorst. 1986. The role of nitrate in osmoregulation of Italian
ryegrass. Plant and Soil 91:433–436.
Vieira, I. S., E. P. Vasconcelos, and A. A. Monteiro. 1998. Nitrate accumulation, yield

84
and leaf quality of turnip greens in response to nitrogen fertilisation. Nutrient
Cycling in Agroecosystems 51:249–258.
Wardle, D. A. 1992. A comparative assessment of factors which influence microbial
biomass carbon and nitrogen levels in soil. Biological Reviews 67:321–358.
Xia, L., S. K. Lam, D. Chen, J. Wang, Q. Tang, and X. Yan. 2017. Can knowledge-based
N management produce more staple grain with lower greenhouse gas emission and
reactive nitrogen pollution? A meta-analysis. Global Change Biology 23:1917–
1925.
Xue, R., Y. Shen, and P. Marschner. 2017. Soil water content during and after plant
growth influence nutrient availability and microbial biomass. Journal of Soil Science
and Plant Nutrition 17:702–715.
Yi, X. P., Y. L. Zhang, H. S. Yao, X. J. Zhang, H. H. Luo, L. Gou, and W. F. Zhang.
2014. Alternative electron sinks are crucial for conferring photoprotection in fieldgrown cotton under water deficit during flowering and boll setting stages. Functional
Plant Biology 41:737–747.
Zeglin, L. H., P. J. Bottomley, A. Jumpponen, C. W. Rice, M. Arango, A. Lindsley, A.
McGowan, P. Mfombep, and D. D. Myrold. 2013. Altered precipitation regime
affects the function and composition of soil microbial communities on multiple time
scales. Ecology 94:2334–2345.
Zhang, J., Z. Sha, Y. Zhang, Z. Bei, and L. Cao. 2015. The effects of different water and
nitrogen levels on yield, water and nitrogen utilization efficiencies of spinach
(Spinacia oleracea L.). Canadian Journal of Plant Science 95:671–679.

85
APPENDIX 1. Descriptions of methods for unit conversions and calculated variables.
Variable
Greenhouse light

Method
Measured unit: W m-2

intensity

Final unit: µmol phot m-2 s-1
Calculation: (W m-2 h-1 *4.57) x 0.6 = mol phot m-2 h-1
mol phot m-2 h-1/3600 = mol phot m-2 s-1
mol phot m-2 s-1 x106 = µmol phot m-2 s-1
Note: Outdoor light intensity was reduced by 40% (using a
factor of 0.6) to account for light loss from outside to the
growing table.

Leaf sap protein as

Measured unit: µg protein µl-1

the calculated N in

Final unit: µg protein-N ml-1

protein (i.e. protein-

Calculation:

N)

1) µg protein µl-1 x 1,000 = µg protein ml-1
2) µg protein ml-1 / 6.25 = µg protein-N ml-1
Note: 6.25 is common conversion factor used to determine
protein concentrations from a total N value in food as an
estimate of the protein containing on average 0.16 g N per g
protein (Merrill and Watt 1973).
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Variable
Organic to inorganic

Method
Total organic dissolved solids / total inorganic dissolved solids

solute ratio

Total inorganic

Measured unit: leaf sap ms cm-1 (Electrical conductivity)

dissolved solids

Final unit: leaf sap % inorganic solutes
1) 640 x EC mS cm-1 = Total dissolved inorganic solids mg L-1
2) Total dissolved inorganic solids mg L-1 x105 = total inorganic
solids %
Note: 640 is a general conversion factor from Rhoades (1996)
Total dissolved solids were measured by a refractometer and
include both inorganic and organic solids.

Total organic

Total dissolved solids in leaf sap % - total inorganic solids in

dissolved solids

leaf sap % = total organic solids %
Note: Total dissolved solids includes organic and inorganic
solids as measured by a refractometer.

87
Variable
Amount of leaf

Method
Measured unit: µg NO3--N ml-1 in leaf sap

tissue NO3- on a dry

Final unit: g NO3--N 100 g dw-1

weight basis

Calculation:
= leaf tissue moisture % H2O x leaf wet weight g x (leaf sap µg
NO3--N ml-1)/1000000) / leaf dry weight g x 100
= g NO3--N 100 g dw-1
Note: I assume all NO3--N within the leaf is soluble and that
concentrations extracted in leaf sap represent similar
concentrations in the unextracted sap remaining in the pressed
leaf tissue.
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Variable
Total leaf C & N

Method
1) Leaf sap C concentration µg ml-1 x total volume of sap

g C 100 g dw-1

extracted ml = µg C in extracted sap

g N 100 g dw-1

2) Pressed leaf tissue total C concentration µg g-1 x dry weight of
pressed leaf tissue g = µg C in pressed leaf tissue
3) Total leaf C g = (µg C in extracted sap + µg C in pressed leaf
tissue) / 1,000,000
4) Total leaf C g per g dw-1 = total leaf C g / (pressed tissue dry
weight + (total volume of sap extracted / % total dissolved solids
in leaf sap))
5) Total leaf C g per g dw-1 x 100 g = Total leaf C g 100 g dw-1
*Same calculation for N

Soluble C of total

(Total leaf sap C µg / Total leaf C µg) x 100

leaf tissue C as %

Both of these values are determined in the previous calculation
*Same calculation for N.
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APPENDIX 2. Visual assessment scale to determine the degree of wilt. Adapted from
Engelbrecht et al. (2007).
Wilting stage
1

Category
Normal

Visual characteristics
No signs of wilting or drought stress

(not wilted)
2

Slightly wilted

Slight leaf angle changes but no folding, rolling
or changes in leaf surface structure

3

Wilted

Strong leaf angle change or protrusion of veins
on the leaf surface but no cell death

4

Severely wilted

Very strong change of leaf angle or protrusion of
veins on the leaf surface with beginning necrosis

5

Nearly dead

Most leaves necrotic, some young leaves still
green near the midrib, leaf angles mostly near 0°

6

Dead

All above-ground parts dead, no re-sprouting
after re-watering at the end of the experiment
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APPENDIX 3. Experiment photographs of plants, growing area, and degree of wilt. Top:
Growing area with plants arranged by group in preparation for the water-limitation trial
harvest. Middle: Examples of variation in shoot size between plants harvested at the end
of the water-limitation trial. Bottom: An example of a plant at full turgidity (left) and a
plant displaying moderate wilt (right) with an distinct change in leaf angle.
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APPENDIX 4. Photograph of the stainless steel leaf press used to extract leaf sap.
Designed with and built by Keith Harper at Queen’s University. A torque wrench applied
a consistent degree of pressure to each sample. The metal cylinder contains high-density
polyethylene pucks that make contact with the sample.

