
Utah State University

From the SelectedWorks of Peter B. Adler

2017

Water and nitrogen uptake are better associated
with resource availability than root biomass
Peter B. Adler

Available at: https://works.bepress.com/peter_adler/104/

http://www.usu.edu
https://works.bepress.com/peter_adler/
https://works.bepress.com/peter_adler/104/


Water and nitrogen uptake are better associated with
resource availability than root biomass

ANDREW KULMATISKI,1,� PETER B. ADLER,1 JOHN M. STARK,2 AND ANDREW T. TREDENNICK
1

1Department of Wildland Resources, Ecology Center, Utah State University, Logan, Utah 84322 USA
2Department of Biology, Ecology Center, Utah State University, Logan, Utah 84322 USA

Citation: Kulmatiski, A., P. B. Adler, J. M. Stark, and A. T. Tredennick. 2017. Water and nitrogen uptake are better
associated with resource availability than root biomass. Ecosphere 8(3):e01738. 10.1002/ecs2.1738

Abstract. Plant uptake of soil water and nitrogen can determine plant growth, community composition,
and ecosystem functioning. Despite its importance, resource uptake is typically inferred from root biomass
distributions rather than measured directly. Using a depth-controlled, dual-tracer experiment, here we
show that during peak growing season in a sagebrush-steppe ecosystem, vertical patterns of root biomass,
water uptake, and nitrogen uptake are strikingly different from one another. Half of root biomass
(0–188 cm) occurred in the top 24 cm of the soil. Half of water uptake occurred in the top 14 cm. Half of
nitrogen uptake occurred in the top 79 cm. Shallow water uptake and deep nitrogen uptake were better
correlated with water and nitrogen availability than with root biomass, suggesting that root systems foraged
independently for different resources. Root biomass has long been used as a proxy measure of plant access
to soil resources, but our results suggest that resource availability may be a better predictor of uptake.
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INTRODUCTION

At the cellular level, plant roots actively regulate
resource uptake over time scales of hours to days
(Javot and Maurel 2002, Kiba and Krapp 2016).
Water and nitrogen uptake, for example, are regu-
lated by aquaporins and nitrogen transporter pro-
teins in fine-root membranes (Johnson et al. 2014,
Kiba and Krapp 2016). The abundance and activ-
ity of these proteins can increase water and nitro-
gen transport several fold in response to variation
in resource availability (Lauter et al. 1996, Laugier
et al. 2012, Johnson et al. 2014). These results, pri-
marily from laboratory studies, suggest that plant
roots can actively, rapidly, and independently “for-
age” for different soil resources, but the impor-
tance of this foraging in field conditions remains
largely unknown (Lauter et al. 1996, Kiba and
Krapp 2016, York et al. 2016).

In the field, where resource uptake is difficult
to study, uptake is often assumed to be propor-
tional to root biomass, which itself can vary
several fold in response to factors such as soil
depth, competition, resource availability, and
soil organisms (Lauter et al. 1996, Laugier et al.
2012, McMurtrie et al. 2012, Mueller et al.
2013, Johnson et al. 2014). This biomass-based
approach largely ignores the fact that resource
uptake rates may differ dramatically within a
root system (Chen 2004, Hodge 2004, G€oransson
et al. 2007, da Silva et al. 2011, Kiba and Krapp
2016). The need for more and better data on pat-
terns of resource uptake by plants in the field
has been recognized as a key gap in understand-
ing plant growth, species coexistence, and water
and nutrient cycling (G€oransson et al. 2007,
Holdo 2013, Ward et al. 2013, Smithwick et al.
2014).
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Here, we examine water and nitrogen uptake in
a semi-arid sagebrush system in Idaho, United
States. To measure patterns of soil water and
nitrogen uptake, and to correlate them with root
biomass, we performed a depth-controlled, dual-
tracer experiment (Kulmatiski et al. 2010, da Silva
et al. 2011, Mazzacavallo and Kulmatiski 2015).
Injecting isotopic tracers into the soil allowed us
to measure resource uptake patterns in a way that
accounted for both root activity and root biomass
(Gebauer and Ehleringer 2000, McKane et al.
2002, Kulmatiski et al. 2010, da Silva et al. 2011,
Baudena et al. 2015, van der Heijden et al. 2015).
Although tracer experiments have been used for
decades, they have typically been used to exam-
ine root uptake of one element at one or two soil
depths (Kirkham and Bartholomew 1954, da Silva
et al. 2011, Smithwick et al. 2014, Bakhshandeh
et al. 2016). Here, we measured the uptake of
water and N isotopes from five specific soil
depths and we compared patterns of water and
nitrogen uptake to patterns of root biomass, soil
water availability, and soil nitrogen availability.

MATERIALS AND METHODS

Research was conducted at the U.S. Sheep
Experiment Station, Dubois, Idaho, United States
(Adler et al. 2012). Mean annual precipitation is
328 mm, and mean annual temperature is 6.1°C.
The 2013 season, during which the experiment
was performed, was drier than normal with
123 mm of precipitation compared to the long-
termmean of 195 mm from the beginning of Octo-
ber 2012 to the beginning of June 2013. The five
most common species at the site represent 86% of
total plant cover. These include the shrub, Artemi-
sia tripartita Rydberg (33% � 5% of plant cover),
the long-lived taprooted forb Balsamorhiza sagittata
Hooker ex Nuttall (21% � 5%) and the grasses
Agropyron cristatum L. Gaertner (14% � 4%), Pseu-
doroegneria spicata Pursh A. Love (13% � 3%), and
Poa secunda J. Presl (6% � 1%). All species except
A. cristatum are native.

Root biomass
Soil cores (5 cm wide, 83 cm deep) were taken

from five randomly selected plots on 6 May, 28
May, and 19 June 2013. Sections (15 cm) were cut
from the cores to determine root biomass at 10,
20, 40, and 75 cm depths. On 28 May, two soil pits

were dug to 150 cm and three cores were taken
from the bottom of each pit at 150 cm depths. Col-
lected soil samples were dried to constant weight
(70°C) and passed through a 2-mm mesh sieve,
and all roots were collected by hand and weighed.
Root biomass was calculated as the grams of dry
roots divided by the grams of fine (<2 mm) dry
soil. Root biomass values from 10 to 75 cm were
derived from 15 different plots (n = 15), and root
biomass from 150 cm was derived from six sam-
ples taken from two plots (n = 6).

Soil water and N content
Soil water and N content were measured to esti-

mate resource availability with depth. Two meth-
ods were used to estimate soil water availability,
and five methods were used to estimate soil N
availability. Because water and N calculation meth-
ods produced similar estimates (Appendix S1:
Fig. S1), for simplicity, we report only one estimate
of water and one estimate of N availability.
Gravimetric soil water was measured in

roughly 300 g, grab samples from 20, 40, 60, and
80 cm depths in three randomly selected plots in
April, May, June, and July and from 150 cm
depths from two soil pits in June (Appendix S1:
Fig. S2). The difference in gravimetric soil water
content between the beginning and end of May
was used as an estimate of soil water availability.
During May, 2.2 cm of precipitation occurred in
daily events of 5 mm or smaller. Much of this pre-
cipitation was likely to be intercepted and evapo-
rated before reaching surface soils (0–15 cm)
which had a capacity to hold 1.7 cm of water at
the beginning of May. Thus, precipitation in May
was added to soil water available in the top
15 cm of soil (Inouye 2006). Our assumption that
within-season precipitation would not infiltrate
below 15 cm is supported from observations at a
nearby study site (Inouye 2006) and results from a
soil water model (Hydrus 1D) that demonstrated
that even the larger precipitation events associ-
ated with the long-term precipitation patterns for
the site do no not infiltrate deeper than 15 cm
(Appendix S1: Fig. S3; �Sim�unek et al. 2005).
To estimate extractable and available soil N, soil

cores were taken from three randomly selected
plots. Two, roughly 10 g subsamples from 20, 40,
60, 80, and 150 cm depths were extracted with
100 mL of 2 mol/L KCl. Extractable soil N was
determined on a Lachat autoanalyzer (Lachat

 ❖ www.esajournals.org 2 March 2017 ❖ Volume 8(3) ❖ Article e01738

KULMATISKI ET AL.



Instruments, Loveland, Colorado, USA). Extracta-
ble N pools provided one estimate of soil N avail-
ability (Appendix S1: Fig. S1). However, because
soil N availability is also a function of rapid N
transformations in the soil (e.g., mineralization),
N turnover was also calculated. Nitrogen turn-
over values provided an alternative estimate of
N availability, but were also needed to estimate
15N pool dilution and so are described in Plant N
uptake below.

Tracer injections
Tracer injections followed the approach of Kul-

matiski et al. (2010) with the exception that 15N
was added to the 2H2O water. Broadly, with this
approach, we (1) injected tracers into a
15 9 15 cm grid pattern to a target depth into
replicate plots, (2) measured tracer concentrations
in aboveground plant tissues, and (3) for each tar-
get species, calculated the proportion of tracer
uptake coming from each soil depth (Kulmatiski
et al. 2010, da Silva et al. 2011, Mazzacavallo and
Kulmatiski 2015). During the peak growing season
(24 and 25 May 2013), 21 plots (7-m2 circles), all
separated by at least 15 m, were randomly
assigned to a point located in a 4-ha area of sage-
brush vegetation. Four replicate plots were
assigned to each of three shallow depths (i.e., 10,
20, and 45 cm). Because deeper depths are more
difficult to inject, and tend to have smaller uptake
values and lower variation among values (Mazza-
cavallo and Kulmatiski 2015), only three replicate
plots were assigned to each of the two deeper
depths (i.e., 75 and 150 cm). The remaining three
plots did not receive tracer injections and were
used to collect “control” samples. A 15 9 15 cm
grid of “pilot” holes (10 mm diameter) were cre-
ated with a hammer drill (TE-60; Hilti North
America, Plano, Texas, USA) to the target depth.
Drilling was performed from a moveable plank
system to prevent trampling of vegetation. Cus-
tom-made syringes using 16-gauge thin-walled
hypodermic tubing (Vita Needle Company, Need-
ham, Massachusetts, USA) were used to inject
1 mg 15NH4

15NO3 (0.34 mg N at 99 atom % 15N)
dissolved in 1 mL of 70% 2H2O into each of the
314 pilot holes in each plot. This tracer injection
was immediately followed by a 2 mL tap water
injection used to clear tracer from the syringe (da
Silva et al. 2011). Each plot, therefore, received
942 mL or 0.13 mm of water. While injections

likely resulted in a temporary and localized
increase in plant available water at the point of
injection, they represented roughly 2% of daily ref-
erence evapotranspiration and so were not
expected to stimulate plant growth (Hargreaves
and Allen 2003). Previous studies have found that
the injected tracer is constrained to a roughly
10 cm depth increment by the time of plant sam-
pling (Kulmatiski et al. 2010, Mazzacavallo and
Kulmatiski 2015, Warren et al. 2015).

Plant water uptake
Two days after injections, non-transpiring tis-

sues from the five dominant plants listed above
were collected. Non-transpiring tissues were col-
lected so that samples were not biased by evapora-
tive enrichment at the leaf surface (Dawson and
Ehleringer 1993). One to three samples, each
containing plant tissues from one to several indi-
viduals, were collected with clippers that were
triple-rinsed with tap water between each sample.
Clipped samples were immediately sealed with
paraffin wax film in custom 19-mm, medium-
walled borosilicate sample tubes (Corning, New
York, New York, USA) and placed on ice until
moved to a freezer later in the day. Water from
plant tissues was extracted by cryogenic distilla-
tion within 2 weeks (Vendramini and Sternberg
2007). Extracted water samples were analyzed for
hydrogen and oxygen isotopes on a wavelength-
scanned cavity ring-down spectrometer (Picarro L-
2120i; Picarro Instruments, Santa Clara, California,
USA). Isotope values (in delta notation [d]) were
converted to deuterium excess values (de) to con-
trol for natural isotope enrichment caused by evap-
oration as follows: de = d2H � [(8 9 d18O) + 10]
(Gat 1996, Mazzacavallo and Kulmatiski 2015).

Plant N uptake
Three days after injections, green plant tissue

samples were collected from target species in each
plot. Clippers were triple-rinsed with tap water
between samples. Tissues from one to several
individuals were placed in paper bags, air-dried,
ground, and analyzed for total N and 15N/14N
ratios by continuous-flow, direct combustion, and
mass spectrometry using a Europa Scientific
SL-2020 (Sercon Limited, Crewe, UK).
Plant 15N contents were converted to N uptake

rates based on time-weighted mean 15N excess
calculated for soil NH4

+ and NO3
� pools over the
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three-day experiment (Stark 2000). Predictably,
extractable N pools differed with soil depth, and
thus, tracer injections resulted in different 15N
enrichments with depth. Also N mineralization
and inorganic N consumption result in dilution of
the tracer over time. Because it was impossible to
accurately re-sample the exact locations labeled
over time (especially at the deeper depths) to mea-
sure enrichments, we estimated time-weighted
mean 15N enrichments of the NH4

+ and NO3
�

pools at the labeled soil depths based on a two-
compartment (NH4

+ and NO3
�) isotope dilution

model. Initial 15N enrichments were estimated
from the mass of soil wet by the tracer addition
(based on the measured soil water content, the
amount of water added, and texture-based esti-
mates of field capacity), soil inorganic N concen-
trations measured prior to injection, and the
amount of 15N injected. Dilution of the 15N tracer
was modeled assuming that turnover times of
inorganic N pools were either 1 d throughout the
soil or increased linearly from 1 d in the surface
soil to 3 d at 150 cm (Booth et al. 2005). Separate
time-weighted 15N enrichments were calculated
for NH4

+ and NO3
� pools. We assumed that

plants took up NH4
+ and NO3

� at rates propor-
tional to their concentrations either in KCl extracts
or in the soil solution. All KCl-extractable NO3

�

was assumed to be present in the soil solution,
but only a portion of extractable NH4

+ was
assumed to be water soluble (based on Stark
1991). Assumptions of one-day vs. three-day turn-
over times (Akaike’s information criterion
[AIC] = �518.0, �518.0, respectively) or N uptake
based on KCl-extractable vs. water-soluble N con-
centrations (AIC = �1033.3, �1033.6, respec-
tively) had minimal effects on patterns of plant N
uptake (AIC values derived from generalized
additive mixed-effects models [GAMMs] as
described in the Statistical analyses section below).
Because differences among calculation methods
were trivial, we selected the simplest calculation
method: Plant 15N contents were converted to N
uptake rates based on one-day turnover times
and KCl-soluble NH4

+ and NO3
� concentrations

(Stark 2000, Booth et al. 2005).

Data analyses
To allow a comparison of root biomass, 2H

uptake, 15N uptake, soil water availability, and
soil N availability, we standardized all values

and report them as the proportion of total
resource absorbed or total resource available per
cm of soil depth (0–188 cm; Kulmatiski et al.
2010, Mazzacavallo and Kulmatiski 2015). This
standardization also accounts for differences in
tracer concentrations that can result from differ-
ences among plants in plant mass (i.e., woody
plants vs. grasses) or the extent of rooting zones
(i.e., plants with more roots outside the injection
zone). Values were converted to proportional tra-
cer uptake as a function of soil depth as follows:

Sn � CPj
n¼10ðSn � CÞ

where Sn is the mean value of samples from treat-
ment level n (e.g., the de value of grasses at 10 cm
depth in the first replicate plot). In the denomina-
tor, values (i.e., Sn � C) were summed across all
depths from 10 to j (i.e., 10, 20, 45, 75, and
150 cm). This value was calculated for each plant
species in a plot, producing three to four replicate
proportion values for each plant species 9 depth
combination. Average proportion values across
species are reported to describe community-level
resource uptake, and species-level data are also
reported. For both community- and species-level
data, cumulative proportions were calculated to
identify the depth at which 50% of resource used
or resource available occurred.

Statistical analyses
Our measurements of resource uptake and

root biomass are discrete in space, but continu-
ous through the soil depth profile. To approxi-
mate the continuous soil profiles of our focal
variables, we fit GAMMs using a beta likelihood
with a logit link for the linear predictor (soil
depth). We let the GAMMs have four “knots” to
allow for a smooth interpolation between the five
sample depths (Appendix S1: Fig. S4). We fit
nested subsets of the mixed models with differ-
ent groupings of resource uptake variables and
root biomass, which define each model’s ran-
dom-effects structure. Each group was defined a
priori to represent a specific hypothesis (Tables 1
and 2); for example, root biomass is independent
of water and nitrogen dynamics (model M4 in
Table 1). We fit models with group-level inter-
cepts and slopes (the “effect” of soil depth). All
models were fit in R (R Core Research Team
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2004) using the gam function from the mgcv
package (Metadata S1; Wood 2004). We used
AIC to rank models in terms of their support by
the data. The model with the lowest AIC is the
best model in terms of predictive ability and in
terms of support from the data. Likewise, for any
given hypothesis, we can compare two of the
models and assess their relative support.

Niche overlap.—Niche overlap among the five
species was calculated for the proportion of tra-
cer uptake using EcoSim version 7 (Kulmatiski
and Beard 2013a, Entsminger 2014). We used
Pianka’s standardized overlap value:

Ojk ¼
P

eijeikffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
e2ije

2
ik

q

where Ojk is a measure of overlap between spe-
cies j and k, the electivity index eij = pij/Rj, where

pij is the proportion that resource i is of the total
resource used by species j, pik is the proportion
that resource i is of the total resources used by
species k, and Rj is a measure of the availability
of resource state j (Singh et al. 2013). This unit-
less measure ranges from 0 to 1, where 0 indi-
cates complete niche separation. To determine
whether observed overlap values were likely to
result by chance, the species utilization matrices
were compared to predictions from a random-
ized null model. Randomization algorithm three
in EcoSim version 7 (Acquired Intelligence, Inc.,
Montrose, Colorado, USA), in which niche
breadth is retained and zero states are reshuffled,
was used because niche breadth did appear to
differ by species, zero uptake did not appear to
be a fixed species trait for any depth (i.e., all
plants accessed some tracer from every depth
sampled during one time period or another), and
this approach is usually superior in detecting
non-random overlap (Winemiller and Pianka
1990). In this experiment, zero states would be
depths from which a plant does not access soil
water or nitrogen.

Table 1. Models and Akaike’s information criterion
(AIC) values of the distributions of root biomass,
water tracer uptake, nitrogen tracer uptake, water
availability, and nitrogen availability that were fit
and compared.

Model Random-effects groups AIC

M1 None (global model) �769.8†
M2 Group 1: root biomass, soil water (wu),

water uptake (d)
�845.7

Group 2: soil N (nflux), N uptake (n)
M3 Group 1: soil water (wu), water uptake

(d)
�821.3

Group 2: root biomass, soil N (nflux), N
uptake (n)

M4 Group 1: soil water (wu), water uptake
(d)

�855.7

Group 2: soil N (nflux), N uptake (n)
Group 3: root biomass

M5 Group 1: soil water (wu) �855.2
Group 2: soil N (nflux), N uptake (n)
Group 3: root biomass
Group 4: water uptake (d)

M6 Group 1: soil water (wu), water uptake
(d)

�846.0

Group 2: soil N (nflux)
Group 3: root biomass
Group 4: N uptake (n)

M7 Group 1: soil water (wu) �777.3
Group 2: soil N (nflux)
Group 3: root biomass
Group 4: N uptake (n)
Group 5: water uptake (d)

† The models in bold font received the most support from
the data (lowest AIC).

Table 2. Models and Akaike’s information criterion
(AIC) values of the distribution of either water
uptake or nitrogen uptake for the five target species
in the experiment that were fit and compared.

Model Random-effects groups
AIC

(water) AIC (N)

M1 None (global model) �592.9 �131.9†
M2 Group 1: Grasses

(AC, PS, PSSP)
�631.8 �131.8

Group 2: Woody (AT, BS)
M3 Group 1: Native grasses

(PS, PSSP)
�631.8 �131.8

Group 2: Non-native
grass (AC)

Group 3: Woody (AT, BS)
M4 Group 1: Shrub (AT) �592.6 �131.8

Group 2: Forb (BS)
Group 3: Grass
(AC, PS, PSSP)

M5 Group 1: AC �631.8 �131.8
Group 2: AT
Group 3: BS
Group 4: PS
Group 5: PSSP

AC, Agropyron cristatum; AT, Artemisia tridentata; BS,
Balsamorhiza sagittata; PS, Poa secunda; PSSP, Pseudoroegneria
spicata.

† The AIC values in bold face received the most support
from the data (lowest AIC).
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RESULTS

Root biomass decreased from a maximum of
2.5%/cm at the surface to a minimum of 0.04%/
cm at 188 cm (Fig. 1). The cumulative proportion
of root biomass with depth indicated that 50% of
root biomass occurred above 24 cm. Water
uptake was shallower (Fig. 1): 50% of 2H2O
uptake occurred above 14 cm. This distribution
of water uptake was similar to the distribution of
water available: 50% of available soil moisture
occurred above 15 cm (Fig. 1). Nitrogen uptake
was deeper than either water uptake or root bio-
mass (Fig. 1): 50% of 15N was absorbed above
86 cm. The distribution of N uptake was similar
to the distribution of N availability: 50% of avail-
able N occurred above 84 cm (Fig. 1).

When GAMMs were used to approximate the
continuous soil profiles of root biomass, water
uptake, N uptake, soil water available, and soil N
flux, the best model grouped N uptake with N
flux, grouped water uptake with soil water avail-
able, and separated root biomass, but this model
was statistically indistinguishable from a model
that only grouped N uptake with N concentration

and separated the remaining profiles (Fig. 1,
Table 1). Models that combined root biomass with
water uptake or root biomass with N uptake did
not perform as well (Fig. 1, Table 1). In other
words, the pattern of water uptake was more sim-
ilar to the pattern of water availability than to the
patterns of root biomass or N uptake. Similarly, N
uptake was more similar to N availability than to
root biomass or water uptake. More broadly, these
models indicated that resource uptake was more
consistent with resource availability than root
biomass.
For water uptake by species, three models were

equally supported: the model that separated all
profiles, the model that separated grasses and
woody plants, and the model that separated
woody plants from native grass and the non-
native grass (Fig. 2A, Table 2). Model differences
reflected large surface water uptake by Poa secunda,
large medium depth uptake (i.e., 20–45 cm) by
Pseudoroegneria spicata, and large deep uptake (i.e.,
75–150 cm) by Artemisia tridentata. Fifty percent of
water uptake occurred above 20, 13, 13, 11, and
9 cm, for A. tridentata, Artemisia cristata, P. spicata,
Balsamorhiza sagittata, and P. secunda, respectively.
For N uptake by species, there was no differ-

ence among models (Fig. 2B, Table 2). This
reflected complex patterns or high variability in N
uptake with depth. Differences in N uptake
among species reflected large surface N uptake
by P. secunda and P. spicata and large deep N
uptake (75 and 150 cm) by Agropyron cristatum,
A. tridentata, and B. sagittata (Fig. 2B, Table 2).
Fifty percent of N uptake occurred above 87, 82,
81, 64, and 61 cm for A. cristata, A. tridentata,
B. sagittata, P. spicata, and P. secunda, respectively.
Despite differences in water and N uptake pro-

files among species, niche overlap in water
uptake (0.94) and N uptake (0.86) was very large
though not greater than would be expected by
chance (P = 0.09 and 0.11, respectively).

DISCUSSION

At the plant community level, we found strik-
ing differences among the distributions of root
biomass, water uptake, and N uptake with
depth. Water uptake was shallower than would
be predicted from root biomass, but consistent
with water availability. A likely explanation for
shallow water uptake is that plants increased

Fig. 1. Root biomass, H2O uptake, N uptake, soil
water available, and soil nitrogen available with depth.
Generalized additive mixed-effects models used to
describe these distributions indicated that water and
nitrogen uptake differed from each other and were
more similar to water and nitrogen availability than
root biomass. Values are the proportion of resource
used or resource available per cm of soil depth (0–
188 cm). Data points represent mean values, and error
bars indicate minimum and maximum values.
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aquaporin abundance or activity in shallow soils
in response to greater water availability in shal-
low soils (Javot and Maurel 2002, Hodge 2004,
Johnson et al. 2014, van der Heijden et al. 2015).
In contrast to water uptake, N uptake was deeper
than suggested by root biomass, but consistent
with soil N availability. A likely explanation for
deep N uptake is that plants increased N trans-
porter protein abundance or activity in deep
roots in response to soil N availability (Lauter
et al. 1996, Johnson et al. 2014, Kiba and Krapp
2016, York et al. 2016). Interestingly, the root bio-
mass profile was between the water and N
uptake profiles, suggesting that root biomass
allocation balanced demands for water and N.

Researchers working at the cellular level have
long recognized that plants can modify resource
uptake in response to resource availability (Lauter
et al. 1996, Javot and Maurel 2002), yet the extent
of this effect in field conditions remains largely
unknown because most field-based research has
measured root biomass as a proxy for uptake

(G€oransson et al. 2007, McMurtrie et al. 2012,
Holdo 2013, Smithwick et al. 2014, Baudena et al.
2015). Our results, from a field experiment,
demonstrated that water and N uptake profiles
can differ from each other and from root biomass
profiles in a pattern that is consistent with
resource availability. Similar results have been
found for other elements, typically at one or two
soil depths, but our research focuses on two pri-
mary limiting resources and documents uptake at
five specific soil depths (Gebauer and Ehleringer
2000, McKane et al. 2002, Kulmatiski et al. 2010,
da Silva et al. 2011, van der Heijden et al. 2015).
Soil nitrogen is most abundant near the soil

surface leading to the suggestion that plant root
abundance should be greatest near the surface
(Ryel et al. 2008, Schenk 2008, February and Hig-
gins 2010). While we found that N uptake was
surprisingly deep relative to root biomass and
water uptake, we did observe that soil N and soil
N uptake were both greatest near the surface.
Our results highlight the fact that soil N tends to

Fig. 2. The proportion of (A) water (d) and (B) nitrogen (N) tracer uptake by depth for five dominant plant
species. Tracers were injected to the indicated target soil depths in three (75–150 cm) to four (10–45 cm) replicate
plots. The amount of tracer in a sample was divided by the sum of tracer uptake across depths to calculate the
proportion of uptake by depth. Standard errors associated with variation among the three to four replicate plots
are reported. Note the different scale on the x-axis between plots.
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decrease with depth more slowly than soil
resources such as soil water or soil carbon (Kul-
matiski et al. 2004, Yang et al. 2010).

Results at the species level were consistent with
results at the community level. While there were
differences in uptake profiles among species, all
plants demonstrated deeper N uptake profiles
than water uptake profiles. The similarity in either
water or N uptake profiles resulted in very large
niche overlap among species for both water and
N uptake. Research with long-term data sets and
models at our site shows that population growth
is more limited by intra- than interspecific interac-
tions, strongly stabilizing coexistence (Adler et al.
2012). One potential explanation of these dynam-
ics would be partitioning of soil resources by
depth, but our results suggest that peak-season
niche partitioning was not a likely explanation of
species coexistence, at least during the relatively
dry year of the experiment.

While niche overlap was large in this experi-
ment, differences in resource uptake were detect-
able. Not surprisingly, the two long-lived woody
native species Artemisia tridentata and Balsamorhiza
sagittata demonstrated deeper water and N uptake
profiles than the two native grasses. Interestingly,
these two native woody species, with notably dee-
per rooting, were also the most abundant in the
community. The deeper uptake profile of the two
woody plants is consistent with Walter’s two-layer
hypothesis (Ward et al. 2013) and the related
two-pool hypothesis (Ryel et al. 2008, Germino
and Reinhardt 2014, Prieto and Ryel 2014, Roundy
et al. 2014), but again, this support is weak because
niche overlap was very large. The non-native grass
Agropyron cristatum demonstrated surprisingly
deep root uptake of both water and N, especially
when compared to the two native grasses.

Conclusions about niche partitioning of soil
resources must be taken with caution because they
were derived from one mid-season sampling in a
dry year. Similar experiments, repeated over time,
are needed to better understand resource uptake
and partitioning (Volkmann et al. 2016). Studies
that have examined water uptake over time have
found that some, particularly woody, plants shift
resource uptake profiles within growing seasons
(Chen 2004, Kulmatiski et al. 2010, Kulmatiski
and Beard 2013a, Volkmann et al. 2016).

The active and independent “foraging” for
soil water and N observed in this study has

implications for plant growth, species coexistence,
and the cycling of water, energy, and nutrients
(McKane et al. 2002, Mueller et al. 2013, Baudena
et al. 2015). Our results provided mixed support
for contrasting perspectives on root dynamics
such as the two-layer (Ward et al. 2013), or two-
pool hypotheses (Ryel et al. 2008). Rather than
testing general hypotheses about root dynamics,
we suggest that an important direction for future
research will be to use tracer uptake data to
model plant growth and water cycling over many
growing seasons (Peters 2002, McMurtrie et al.
2012, Mazzacavallo and Kulmatiski 2015). For
example, the data produced here can be used in
plant growth and ecohydrological models to esti-
mate plant growth and competition as well as
water cycling at different sites and under different
hydrological conditions (Peters 2002, Schymanski
et al. 2009, Kulmatiski and Beard 2013b, Mazza-
cavallo and Kulmatiski 2015).
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