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Abstract

Differences in species’ abilities to capture resources can drive competitive hierarchies, successional dynamics, community
diversity, and invasions. To investigate mechanisms of resource competition within a nitrogen (N) limited California
grassland community, we established a manipulative experiment using an R* framework. R* theory holds that better
competitors within a N limited community should better depress available N in monoculture plots and obtain higher
abundance in mixture plots. We asked whether (1) plant uptake or (2) plant species influences on microbial dynamics were
the primary drivers of available soil N levels in this system where N structures plant communities. To disentangle the relative
roles of plant uptake and microbially-mediated processes in resource competition, we quantified soil N dynamics as well as
N pools in plant and microbial biomass in monoculture plots of 11 native or exotic annual grassland plants over one
growing season. We found a negative correlation between plant N content and soil dissolved inorganic nitrogen (DIN, our
measure of R¥), suggesting that plant uptake drives R*. In contrast, we found no relationship between microbial biomass N
or potential net N mineralization and DIN. We conclude that while plant-microbial interactions may have altered the overall
quantity of N that plants take up, the relationship between species’ abundance and available N in monoculture was largely
driven by plant N uptake in this first year of growth.
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Introduction

Plant communities are known to be shaped by competition for
resources such as light, space, nutrients, and water [1-3].
Differences in species’ abilities to capture or alter these resources
across space and time can drive competitive hierarchies, succes-
sional dynamics, community diversity, and invasions [4—6]. One of
the best known attempts to describe these complex interactions
with a simple set of rules is R* resource competition theory [5,7,8].
In this theory, Tilman [5] posits that plant species differ in their
ability to deplete a limiting resource, and the species that
maintains a positive growth rate at the lowest level of this resource
will emerge as the competitive dominant. Following from Tilman
[5], R* is the equilibrium concentration of resources necessary for
the consumer (plant) species to maintain a stable population.
Although seemingly simplistic, this theory has successfully
predicted the outcome of plant competition in various ecosystems,
including California grasslands [9-11], alpine meadows [12], and
Midwestern prairies [13,14].

Part of R* theory’s success stems from providing clear
predictions and testable hypotheses for ecologists [8,15]. For
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example, it is relatively simple to quantify differences in resource
depletion among species by planting monocultures and measuring
resource concentrations after biomass stabilizes (R*). Determining
whether R* values predict competitive hierarchies and structure
communities can be accomplished by comparing these monocul-
ture R* values with the relative abundance of those species in
mixtures (i.e. after competition). A negative relationship between
species’ R* and their relative biomass in mixture supports R*
theory, since the species depleting resources to the lowest levels are
the competitive dominants [5,13].

An open question is, what drives species-specific R* values in
the first place? Differences in species R* levels for a soil nutrient
may be due to differences in plant uptake, differences in how
plants affect microbial nutrient cycling and sequestration, or both.
However, the relative contribution of plants and microbes to the
observed resource depletion remains largely untested. R* theory in
terrestrial ecosystems has largely been tested in perennial
communities or perennial communities subjected to annual
invaders [9,10,12-14]. In such systems it is difficult to disentangle
over multi-year timescales the relative contributions to R* of plant
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uptake, microbial nutrient cycling, and the indirect effects of plant
traits such as litter quality and other plant-soil feedbacks [16].

Plants are often assumed to be the major drivers of R*. For
example, in systems limited by nitrogen (N), depletion has largely
been assumed to be due to plant N uptake and sequestration in
plant tissues coupled with litter-mediated feedbacks[11,14,17].
Plant species can also alter microbial community composition,
size, and activity, and thus alter available soil N concentrations
through differences in plant traits such as quality of root exudates
or root and leaf litter [18-21]. These effects of plant species on
microbial N cycling rates can occur over short time scales [22,23].
Carbon-rich root exudates from grasses, for example, have been
shown to increase microbial respiration and N turnover in
rhizosphere soils within 24 hours, resulting in higher N uptake
by grasses [24].

However, microbes are also strong competitors for N in soils
[25-28], given their high surface area [29]. Microbes are integral
in the cycling of N in soils by breaking down large organic N
molecules into smaller compounds (e.g., breaking proteins into
amino acids and ammonium), and converting ammonium into
nitrate [30]. While microbial biomass is typically not large, it turns
over rapidly. As microbial biomass turns over, N from microbial
“necromass’ can become less available to plants and microbes as it
is incorporated into soil organic matter and is protected from
decomposition by a range of chemical, physical, and biological
mechanisms [31,32].

To test the extent to which plant or microbial controls on N
availability underlie the R* theory of plant competition, we
established an experiment in a California grassland ecosystem. We
planted annual grass and forb species in monoculture and mixture
plots and followed them over one growing season. Our focus on an
establishing annual system is very different than the majority of
work examining R* theory, most of which has been done over
multiple years in perennial systems and does not explicitly examine
the extent to which plants or microbes are driving the patterns
[10,33]. Although it has been previously established that plant-
microbial feedbacks mediated by litter are associated with species’
R* after several years in perennial systems [33], this has not been
studied mechanistically (i.e., by explicitly examining the plant and
microbial N pools and fluxes). Moreover, in the first year of
community establishment in an annual system, such feedbacks are
unlikely to be important drivers. Thus, examining an annual
system over a single growing season allows for a detailed
examination of short-term impacts of plants on microbial activity,
and microbial activity on plant growth and nutrient acquisition, all
in the relative absence of litter mediated feedbacks. As such, this
study represents a first step in describing the mechanisms that
drive patterns of resource competition in R* theory.

We have previously reported that the available soil N levels in
monocultures in this experiment were correlated with the
competitive hierarchy among plant species [11], and thus, that
R* for N (and therefore, competition for nitrogen) strongly
influences community dynamics in this system. The importance of
competition for N is not surprising, given that grasslands in this
locality have been shown previously to be N-limited [10,34]. Here
we examine the degree to which plant and microbial controls drive
N levels in soils, and directly or indirectly influence plant-plant
competitive dynamics.

A range of different relationships could emerge between plants,
microbes, and R*. If differences in R* are driven primarily by
plant N uptake, we would expect to see a strong negative
relationship between plant N uptake and dissolved inorganic N
(DIN), our metric of R*. Furthermore, we would expect no
relationship between microbial N cycling and DIN (Figure 1A).
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Figure 1. Conceptual models of plant and microbial controls of
soil DIN. Our measure of R*, soil DIN, could be affected by A plant
uptake, B plant uptake and microbial N cycling, or € microbial N
cycling. See Introduction for details.
doi:10.1371/journal.pone.0106059.g001

However, if differences in R* are driven primarily by changes in
microbial N cycling rates (e.g., net N mineralization), we would
expect that microbial N cycling would be positively correlated to
DIN, while plant N uptake would have no relationship with DIN
(Figure 1C). If differences are driven by both differences in plant
uptake and in microbial N cycling, we would expect a pattern
somewhere in between the plant dominated and microbe
dominated patterns with a slight positive correlation between
microbial N cycling and DIN, and a slight negative relationship
between plant N uptake and DIN (Figure 1B).

While we expected that both direct plant uptake of DIN and
microbial N cycling would contribute to R*, we were interested in
where on the continuum of plant to microbial control this annual
ecosystem would fall (Figure 1A-C). Across the different mono-
culture and bare plots, we measured: 1) pool sizes of total N in
plants; 2) DIN at the end of the growing season (our measure of
R*) and over time; 3) microbial pools and process rates (microbial
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N, microbial biomass, net N mineralization, gross NOj
production, and nitrification potential). To tease out drivers we
then examined relationships in bare and monoculture plots
between DIN and: plant biomass; microbial biomass and biomass
N; and microbial process rates.

Materials and Methods

Site and Experimental Design

Experimental plots were established in a pasture/grassland with
permission from the owner, the Midland School, in Los Olivos,
California. The climate is Mediterranean, with hot, dry summers
and cool, wet winters and an average annual rainfall of 550 mm.
The land had not been plowed or tilled since 1940, but these soils
were not undisturbed; gopher activity causes extensive physical
turnover of surface soils in California grasslands, and has been
estimated to give complete turnover of surface soils every 3—5 years
[35]. Plots have also been grazed by cattle annually, presumably
also causing soil disturbance. The vegetation is a mixture of annual
and perennial herbaceous forbs and grasses growing with
occasional oak trees. Soils are typic Argixerolls, with gravelly fine
sandy loam texture.

Study species included three native annual forbs (Amsinkia
menziesii, Calandrinia ciliata, Clarkia purpurea), three native
annual grasses (Muhlenbergia microsperma, Vulpia microstachys,
and Vulpia octoflora), and six exotic annual grasses (Avena
barbata, Bromus hordeaceous, Hordeum murinum, Lamarkia
aurea, Polypogon monspielensis and Vulpia myorus). All species
were present in nearby grasslands (Stan Harpole, personal
communication) and thus our study plants reflect a realistic
representation of current California annual species. All data were
collected in winter, spring, and summer of 2006.

Five ‘blocks” were established within the grassland and were
separated by 50 to 500 m. Vegetation was cleared by spraying
with Roundup in fall 2005 and roto-tilling with a tractor two weeks
after plants had died. Within each block, fourteen 0.64 m? plots
were established separated by 1 m buffers, and plots were
randomly assigned treatments (species monocultures, mixtures,
or bare plots). There was one full replicate of the experimental
design within each block, consisting of one bare, one mixture (with
all 12 species), and 12 monoculture plots, giving a total of five
replicate plots for each plot type between the five blocks. Each
block was fenced to exclude cattle grazing (see [11] for further
details). Data from mixture plots was used to establish the R*
relationship in HilleRisLambers et al. [11], by relating relative
biomass in mixture to DIN in monoculture plots. Because we were
trying to determine what drives DIN concentrations in the
monoculture plots used to test R* theory, we focused on
monoculture plots only for this study.

To establish plots, we collected seeds locally (4. barbata, B.
hordeaceous, H. murinum, L. aurea, and V. myorus) or used seed
from local seed companies (4. menziesii, C. ciliata, C. purpurea,
M. microsperma, P. monspielensis, V. microstachys, and V.
octoflora). We added a total of 15 grams of seed/ m? to cach plot,
with that weight being divided equally among the species in
mixture plots. Seeds were added at the beginning of the growing
season (late November 2005) and plots were watered with a
volume equivalent to 3 inches of rainfall to encourage germination
and establishment. We weeded plots twice to remove nontarget
species, once soon after germination and once midway through the
growing season. Seeding amounts in monoculture and mixture
plots were sufficiently high to generate plots with little bare ground
visible for all but two species (JHRL, personal observation),
including M. microsperma, which failed to germinate. M.
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microsperma thus served as a type of bare plot, and may be
considered as a more appropriate control because it had an initial
N input from seed, similar to other planted plots. We refer to it as
bare (seeded) in the rest of the manuscript and figures.

Soil N Pools and Dynamics

We collected all soils immediately after plant biomass harvest.
We sampled soil by extracting two 5 cm diameter, 10 cm depth
soil cores from each plot. From each of the five replicate plots for
each species, duplicate cores were sieved (2 mm mesh size) prior to
soil and microbial analyses (see Microbial N Pools and Process
rates, below). Dissolved inorganic N (DIN hereafter) was
quantified by extracting ammonium and nitrate (NH;" and
NOs ) with 2M KCI which were then analyzed on a Lachat
flow injection autoanalyzer (Lachat Instruments; Loveland, USA),
while soil moisture was determined gravimetrically after six days
drying at 60°C. DIN was our measure of R* [11]. Total soil N
pool (which includes DIN, as well as organic N) was measured on
dried soils after they were ground in a ball mill (Wig-L-Bug
amalgamator, Crescent Dental, Lyons IL), after which Carbon (C)
and N content were measured on a Carlo Erba NA 1500 CHN
analyzer (Fisons Instruments, Beverly, MA).

Soil bulk density was measured in June by collecting five soil
cores randomly placed within plots in each block (4 cm diameter,
10 cm deep). These were returned to the lab, dried for 48 h at
60°C, rocks were removed, and remaining soil weighed. Block-
specific bulk densities were used to convert all soil measures to g
m~ 2 unit values to enable comparison of N budgets between soils,
plants, and microbes. Outcomes of our statistical analyses on soil
N pools did not differ given different N measurement units (i.e., g
N m™? versus g N kg™ ! soil).

To determine whether our R* measure (DIN pools in May) was
representative of N dynamics over the growing season, we used
resin stakes (PRS Probes; Western Ag Innovations, Saskatoon,
Canada) to track inorganic N levels in soils throughout the
experiment [36]. Plastic stakes with ion exchange resin surfaces
were placed in 0-5 cm soils in mid-month February 2006, and
switched each month thereafter until mid-month June 2006. Thus
the May sample date represents resin-available N sampled
between mid-April and mid-May. Excess soil was washed off of
probes with DI water. Probes were then extracted in 0.5 M HCI,
and extracts were analyzed for NH," and NO3~ as described
above. Regenerated stakes were placed into the same slots in the
soil as previous stakes.

Plant N Pools

Plant biomass was harvested in mid-May for all species; this
timing was chosen based on close monitoring of the diverse
phenologies of the species in the experiment. At this time, all
species had reached peak biomass and set seed, but had not
senesced. Aboveground plant biomass was sub-sampled in each
plot by clipping all vegetation within one 10x50 cm quadrat.
Roots were collected from duplicate soil cores collected within the
clip plots by sieving soils (see above in Soil N Pools and Dynamics)
in each of the five replicate plots for each vegetation type. All plant
material was dried at 60°C for six days and weighed. Plant
material was ground with a Wiley mill (Thomas Scientific,
Philadelphia, PA) followed by a ball mill. Plant samples were
then analyzed for C and N on the CHN analyzer. Total plant N (g
N/m?) in monoculture plots was then quantified as (aboveground
biomass/m? x shoot % N/100) + (belowground biomass/m? x
root % N/100).
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Microbial N Pools and Process Rates

Prior to examining microbial biomass and N cycling, sieved soils
were adjusted to 35% water holding capacity (WHC) to eliminate
the confounding effects of variable water content on process rates.
Soils were allowed to equilibrate for 7 days to allow the effects of
sieving and drying/rewetting to pass, after which soils were
weighed out for all analyses. Lab replicates were not included
given that soils were sieved, there were five field replicates per
treatment, and past work using these same techniques in soils from
this area showed tight agreement among lab replicates [37].

To examine how microbial biomass N relates to R*) we used a
chloroform slurry extraction to examine the flush of N released
from microbial cell lysis and extraction [38]. Briefly, 25 mL of
0.5 M KySO4 was added to each glass tube containing a 4 g soil
sample. To this, 0.5 mL of EtOH-free chloroform was added.
Tubes were sealed with PTFE lined caps, and shaken for 4 h at
150 rev min~ ' on an orbital shaker. Tubes were allowed to settle
for 10 minutes allowing the bulk of the chloroform and soil slurry
to separate. The top 10 mL of extract was filtered through a Pall
A/E glass fiber filter (Pall Corporation, Port Washington, NY,
USA), then bubbled with air for 20-30 minutes to remove any
residual chloroform. Chloroform slurries were compared to
slurries extracted without chloroform.

To test the influence of microbial abundance on R* we used
substrate induced respiration (SIR), an index of microbial biomass
[39]. Briefly, 10 mL of a 12 ¢ L™! Difco Yeast Extract (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA) was added to
4 g soil. Soils were capped and shaken for four hours with 1 mL
headspace COy subsamples withdrawn at 20 minutes, two hours,
and four hours. Gas samples were analyzed on a LI-6262 infrared
gas analyzer (LI-COR, Lincoln, NE, USA). The SIR biomass was
then calculated by applying a linear fit to the change in CO, over
time (average r* = 0.99).

Because microbial biomass turnover rates are faster than those
of annual plants, microbes may have driven inorganic N
availability in soils via process rates that are not reflected in
microbial biomass pools. Thus, we also quantified potential net N
mineralization, gross NO3;  production, and nitrification poten-
tial. Net N mineralization is the net accumulation of extractable
NH," and NO3~ in soil, and represents the balance between
microbial production and consumption. Gross nitrification sepa-
rates microbial production and consumption of NOj3 , and offers
insight into nitrifier abundance and ambient substrate (NH,")
availability. In contrast to gross rates, nitrification potential assays
add NH," in excess and thus rates are driven by—and serve as an
index of—the abundance and potential activity of ammonia
oxidizers. Net accumulation of inorganic N is associated with
conditions where heterotrophic microbes are not limited by N
availability, while high gross rates of nitrification and high
nitrification potential are associated with high availability of
NH," and NO,~ to autotrophic nitrifiers.

For net N mineralization, two sets of 4 g samples were used,
with one set extracted on the first day of incubation for one hour
with 25 ml of 0.5 M KySOy, while the other set was incubated for
60 days at 20°C prior to extraction [37]. Net N mineralization was
then calculated as the difference in extractable NH,* and NO3 ™ in
soils between the initial and final time points. These rates can be
seen as potential rates because they were held at optimal moisture
and temperature for microbial activity. Our method has the
advantage of controlling for microclimate variability that may
affect mineralization rates, but is not expected to perfectly match
field rates.

To quantify gross nitrification, we took duplicate 4 g samples of
soil at 35% WHC and added 0.25 ml of 25.5 mg N/L (98%
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enriched '""N-NOj ) stirring with the pipette tip after addition.
Samples were then extracted for one hour with 25 ml of 0.5 M
K3SOy, with one sample extracted at 15 min, and the other
sample at 24 h. After NO3~ was measured, extracts were prepared
for isotope ratio mass spectrometry. First, NH," was converted to
NHj; with MgO and driven out of solution. Then, NO; was
converted to NHs by Devarda’s Alloy in the presence of MgO,
and the NHj was then captured on acidified filter disks in teflon
packets using the methods of Serensen and Jensen [40]. Filter
packs were removed and placed in a desiccator with DrieRite and
concentrated HySOy to dry filters and trap any free NHjs. Filters
were folded into tin capsules, and '°N enrichment was measured at
UCSB’s Marine Science Institute Analytical Lab using a Thermo-
Finnigan MAT Deltat+ Advantage (Thermo Fisher GmBH,
Dreieich, Germany). Gross nitrification rates were calculated
following Hart et al. [41]. We aimed to measure gross N
mineralization in addition to gross nitrification, however NH,*
pools in soils were too low, and consumption too high, such that it
precluded quantifying gross N mineralization.

Nitrification potential was measured by adding 35 ml of a stock
solution containing 8 mL 0.2 M KoHPOy, 1 ml 0.2 M KH,PO,,
5ml 0.2 M (NH4)»SOy, and 20 ml of 1 M NaClO; (added to
block the activity of nitrite oxidizers; [42]). The rate of appearance
of nitrite was measured at three time points over 4 h using a
modified Griess-Illosvay reagent [43], with 1 ml of color reagent
added to 4 ml of sample.

Statistical Analyses

We asked what the patterns in DIN were over the course of the
growing season under our different monoculture types (i.e. plant
community composition, time) by fitting the resin N data with five
linear generalized mixed effects models (with block as random
effect in all), including: a null model; a model with only species
identity as explanatory variable; a model with only time as the
explanatory variable; a model with both time and species identity
as explanatory variables; and a model with the main effects of time
and species identity as well as their interaction. Specifying block as
a random effect with time as an explanatory variable is analogous
to a repeated measures ANOVA. The log of resin N values was
used as our response variable to ensure normality. We used AIC’s
to determine the best-fitting of the five models, and the
appropriate likelihood ratio tests to determine the significance of
explanatory variables retained in the best fitting model. We also
used resin-N data to test whether our one time measure of soil
DIN represented soil dynamics across the season, by correlating
species-specific cumulative resin N values for each species (over the
entire growing season) to species-specific DIN values. We used
Kendall’s tau rather than Pearson’s r for this correlation because
both DIN values were non-normally distributed.

We also asked whether DIN values were greater in plots without
any vegetation, as we would expect if plants influence available soil
N. We did this using a generalized mixed effects model with DIN
(log transformed) as the response variable and the categorical
explanatory variable ‘vegetated’ vs. ‘bare’.

We then asked how species-specific DIN related to N pools and
fluxes. First we used 1- way ANOVAs with species as a fixed effect
and block as a random effect to ask whether plant and microbial
parameters were different between species (Table 2). We then
quantified the correlation between DIN and either: total plant N;
Microbial N; Microbial biomass (substrate induced respiration,
SIR); Net N mineralization; Nitrification potential; and Gross
nitrification (we use the term “microbial biomass/process rates” to
encompass these measurements of biomass or process rates
hereafter). Kendall’s tau was used to assess the relationship
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Table 1. Soil (0-10 cm), microbial, and plant N pools.

Relative Roles of Plants and Microbes in R*

Nitrogen Pool g N/m? % of Total Soil N
Total Soil N 154+4

Soil NH4 +NO5~ 0.47+0.05 03

Microbial biomass N 0.47+0.03 0.3

Plant N (above + below) 4.43+0.33 3.0

*Values represent averages across all treatments * standard error.
doi:10.1371/journal.pone.0106059.t001

between these variables since many were non-normally distribut-
ed. If plant uptake was driving N dynamics, we expected to find a
negative relationship between DIN and plant N, and no clear
relationship between DIN and other N pools and fluxes
(Figure 1A). By contrast, if microbial processes were driving R*,
then we would expect to find positive correlations between
microbial biomass/process rates and DIN (our proxy for R¥), but
no clear relationship between plant biomass N and DIN
(Figure 1C). If a combination of microbial cycling and plant
uptake were driving DIN, we would expect a modest positive
correlation between microbial biomass/process rates and DIN,
and a modest negative correlation between plant biomass N and
DIN (Figure 1B).

While examining the longer term effects of litter mediated plant-
soil feedbacks is beyond the scope of this study, we used linear
regression to examine the relationship between plant C:N and
plant biomass to provide some insight into potential relationships.
A positive correlation between biomass and litter C:N would
reinforce the short-term R* patterns, with plants that reach high
biomass and draw N levels to the lowest levels further depleting
soil N with C rich and N poor litter. A negative correlation could
suggest that litter-feedbacks might drive the system in the opposite
direction, with plants that achieve lower biomass and have a
higher R* potentially slowing decomposition over longer time
scales with high C:N litter.

Finally, we asked how plant productivity (as measured by total
plant biomass per m?) related to total available N pools (summed
over soils, microbes and plant biomass). We used Kendall’s tau for
these correlations. All analyses were performed using R version
9.13.1 [44].

Results

N Pools and Dynamics

In examining N pools in this annual grassland, total soil N
accounted for 154=4 g N/m” Microbial biomass N and DIN
pools (NO3 +NH,") comprised a small fraction of soil N pools,
with each accounting for about 0.3% of the total soil N pool
(Table 1). In contrast to microbes, plants were a much larger N
pool, about ten-fold higher than microbial biomass N (Table 1).

Our indicator of growing season N dynamics, resin N, varied by
species over time for all monoculture plots. A model including
species identity, time, and their interaction gave the best fit
(Figure 2A), as indicated by AIC values (data not shown). Resin
available N increased in May in all plots, with a pronounced
increase in both seeded bare plots as well as plots with low plant
biomass (Vulpia octoflora, Vo; Hordeum murinum, Hm; and
Calandrinia ciliata, Cc). In contrast, this response was tempered in
monoculture plots with high plant biomass (e.g., Clarkia purpurea,

Cp).
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The five-month sum of resin-available N was significantly
correlated with DIN pools measured in May (Figure 2B). This
shows that our R* measure (May DIN pools) was correlated with
the soil N dynamics through the growing season. The temporal
trends in the resin N data showed that plots with high plant
biomass maintained lower DIN. Consistent with these data, we
found that vegetated plots had lower DIN (R*) values than bare
plots (Figure 2C).

Plant N Uptake

Monoculture plant biomass N was significantly and negatively
correlated with soil DIN (Figure 3A), and gave a similar trend with
resin-available N. Monoculture plots with high plant N (e.g.,
Clarkia purpurea) consistently exhibited lower levels of resin-
available N than bare plots (Figure 2A). When comparing N pools
of plants and microbes within monoculture plots, even for those
plants that took up very little N (e.g., C. ciliata), plant biomass was
still a larger N pool than microbial biomass. This difference
became greater with increasing aboveground plant biomass
(Figure 4).

We found that plant species differed in their uptake of N into
plant biomass. Differences in plant biomass N were related to
differences in total plant biomass yielding a strong positive
correlation between the two (r?=0.81, p<0.001, n = 54), whereas
plant % N showed a slight negative correlation with N plant
biomass N (r?=0.10, p=0.02, n = 54). Plant species that obtained
higher biomass in monoculture plots also had higher C:N ratios
(G:N aboveground biomass versus biomass in monoculture:
' =0.67, p=0.007, data not shown).

Microbial N Uptake and Process Rates

Microbial biomass N and SIR biomass did not differ in soils
across plant monoculture plots (Table 2), and had no relationship
with DIN (Figs. 3B, C). Similarly, there was no relationship
between DIN and our indicator of microbial N cycling rates, net N
mineralization (Figure 3D). Our two metrics of the conversion of
NH,* to NO;3™, nitrification potential and gross nitrate produc-
tion, did show significant positive correlations with DIN (Figs. 3E,

Discussion

While a number of studies have shown that a plant species’
depletion of soil available N can be predictive of its competitive
ability in mixture, the extent to which plants or microbes drive the
N depletion has remained largely unexplored. Set in the context of
an N-limited annual grassland ecosystem [10,34], our study
suggests that plant N uptake was more important than species-
specific effects on microbial processes in driving plant species’
differences in their R* (Figure 1A), and thus uptake determined
their competitive dominance in the system [11]. Three lines of
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evidence support this interpretation: 1) plant N and soil DIN were
negatively correlated across the monocultures of different plant
species (Figure 3A); 2) microbial N was not correlated with soil
DIN (Figure 3B); and 3) net N mineralization was not correlated
with soil DIN (Figure 3D).

Evidence that Plants Wear the Pants

The negative correlation between plant N and soil DIN
(Figure 3A) suggests that plant uptake was largely responsible for
the observed species level differences in R* at the end of the
growing season. Additionally, throughout the growing season most
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of the monocultures—especially those species that achieved high
biomass—maintained lower levels of resin-available N than bare
plots, where N levels were primarily a function of microbial
processes (Figure 2C).

We found that neither microbial biomass N nor net N
mineralization was correlated with soil DIN at the end of the
growing season (Figure 3B-D) This suggests that microbes were
not driving differences in soil DIN via direct uptake and
immobilization of available N into microbial biomass, and that
microbial processing of organic N was not driving differences in
DIN levels across plant species. It has been suggested in the
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doi:10.1371/journal.pone.0106059.g003

literature that, while microbes do not drive available N via direct
uptake, they do regulate N via processing and plants take up the
“leftovers” [27]. If this were the case in the present study net N
mineralization would be expected to positively correlate with plant
N uptake [27], which is a relationship we did not find in our
system (net N mineralization versus plant N uptake: r*=0.05,
p=0.47).

In fact, nitrification potential and gross nitrification were the
only measured microbial parameters that were correlated with
DIN (Figs. 3E, F). Nitrification is a dissimilatory process and thus
only alters N form, not DIN pool size. Since nitrifier abundance
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(nitrification potential) and process rates (gross nitrification)
correlated to substrate pools (DIN, Figs. 3E, F), we hypothesize
that they were limited in their activity by the size of their substrate
pools of NH,* and NO,~ [45,46]. This is consistent with the
current understanding of these chemoautotrophic organisms,
which are generally considered poorer competitors for soil N than
heterotrophic microbes or plant roots [46].

In contrast, the heterotrophic microbes which drive N
mineralization and immobilization were likely not limited by N
availability. Rather, they functioned similarly across monoculture
plots regardless of N uptake by plants and DIN concentrations
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(Figs. 3B-D). This is consistent with low soil C:N values, which
averaged 7.3 (£0.1), indicating that heterotrophic microbes were
more limited by C than N [47]. C-limitation in turn may explain
why heterotrophic microbes did not seem to drive final DIN levels.

Evidence of plant-microbial interactions

Our data suggest that plant N uptake drove DIN pool sizes in
this annual system, and thus drove R*. This is consistent with >N
tracer experiments which postulate that plants immobilize a
greater amount of N into plant biomass over an entire growing
season, and thus drive the longer-term patterns of N fate in
ecosystems [25,26,29,48]. However, these same studies make it
clear that microbes can outcompete plants for available soil N in
the short term, with some of the best evidence for this coming from
California grasslands [25,26].

Our goal was to test the mechanisms underlying R* by
determining the role of plant uptake as compared to changes in
microbial biomass and microbially mediated N cycling rates.
Understanding such mechanisms is particularly important in such
ecosystems where competition outcomes among annuals in the
first year of community assembly are likely to be important for
long-term community trajectories. By constraining our study to
one year in an annual system, we explicitly removed the
confounding effect of plant-microbe feedbacks as mediated by
litter, which are more likely to develop over several years [20].
Short-term competition stands to be particularly important in
these California grasslands, where disturbance plays a large role in
exotic annual grass invasion [10,11] and the dominant competitors
are annual.

While our data suggest that plant N uptake drove soil DIN
pools, another story emerges when the focus is shifted from looking
at comparisons of individual pool sizes and fluxes (Figure 3) to
looking at the total N in plants, microbes, and DIN for each set of
monoculture plots (Figure 4). Examining the sum of N in plants,
microbes, and DIN reveals that there were larger pools of
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biological and/or bioavailable N in plots with higher plant
biomass (Figure 4). This suggests that microbes released more
plant available N over the course of the growing season in those
plots with higher plant biomass and lower R*, even though our
measure of microbial N turnover, net N mineralization, did not
differ between plots. Comparing planted vs. bare plots, there was
more N in these pools (plant N, microbial N, and DIN) in planted
(5.420.3 g N/m”) than bare plots (1.3%£0.7 g N/m? F, g0 = 26.7,
p<<0.001) and total N in these pools increased with increasing
plant biomass (Figure 4) and decreasing R*. Thus, while plant N
uptake was working in a manner consistent with our conceptual
models, microbial N cycling may have actually been responding in
the opposite direction of our predictions. In other words, microbial
N cycling in the field may have been negatively, rather than
uncorrelated or positively correlated with DIN (Figure 5); in plots
with lower R* and higher plant N uptake, microbes may have
generated more plant available N than in plots with higher R* and
lower plant N uptake.

It is possible that this pattern—where the sum of plant N,
microbial N, and DIN was higher in plots with lower R*—could
be explained by large losses of available N from bare plots due to
denitrification or leaching. Several lines of evidence suggest that
these explanations are unlikely. Denitrification depends on labile
C, which would have led to higher potential for N losses due to
denitrification in planted plots with roots exuding labile C as
opposed to those that were bare or had sparse cover. Thus
denitrification would be expected to yield more loss of N with
increasing biomass, which would lead to a pattern opposite to that
observed in the total N pools (Figure 4). While leaching losses
would have been higher in plots with lower biomass due to
decreased evapotranspiration, we suggest it is unlikely to have
been the main driver of the observed patterns. Over 94% of the
annual rainfall had fallen by mid-April, prior to peak plant growth
and strong differences in monoculture soil resin available N
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Table 2. Effect of plant species on soil N pools and process rates.

Response Variable F df P
Total Soil N (g N m~?) 1.41 11,49 0.20
DIN (g N m™?)* 263 11, 49 0.01
Microbial Biomass N (g N m~2) 0.77 11, 49 0.67
Microbial (SIR) Biomass (ug CO, g™ ' soil hr ™) 1.30 11, 49 0.25
Potential Net N Mineralization (ug N m~2d™") 1.90 11, 49 0.06
Nitrification Potential (ug N 971 soil h™1)* 1.90 11, 49 0.06
Gross Nitrification (ug N g~ " soil d™")* 2.56 11,40 0.01
Plant N (g N m™?) 3.14 10,43 <0.01

(ANOVA with species as fixed effect and block as a random effect).
*log transformed for normality.
doi:10.1371/journal.pone.0106059.t002

(Figure 2A). The two remaining rainfall events were small enough
that they would not have caused significant leaching.

While we cannot rule out denitrification and leaching, we
hypothesize that plant ‘priming’ of microbes led to differences in
microbial N cycling in the field, which in turn altered plant uptake
of DIN, and thus the total distribution of N in different ecosystem
compartments. Priming is the stimulation of microbial activity via
labile C-rich root exudates. The low C:N ratio of these soils makes
it likely that microorganisms were limited more by C than by N
[47]. Plant roots releasing labile C into rhizosphere soil may have
led to localized increases in microbial activity [49] leading to
higher N availability in rhizosphere soil [21,50]. Because we did
not separate rhizosphere from bulk soil, localized increases in
microbial activity, such as net N mineralization, were less likely to
be observed [50,51]. Priming has been shown to increase plant N
uptake in various ecosystems [24,50-52] including California
grasslands, where it was shown to increase gross N mineralization
rates by ten-fold [51]. Thus plant-microbe interactions may have
increased N cycling in this current experiment in plots with lower
R* (Figure 5), but our measures of N cycling were not sensitive to
those differences given several factors, including: the localized
nature of this interaction; the removal of roots and fresh C inputs
which would have been the drivers of this interaction; and the

Ecosystem N

DIN (mg N/kg soil)

Figure 5. Revised conceptual model plant and microbial
contributions to driving DIN (our indicator of R¥) in this annual
system. In contrast to models shown in Figure 1, in this model, DIN
decreases as plant N increases due to plant uptake (Figure 3A), similar
to earlier predictions (Figure 1A,B). In addition, greater plant biomass N
may have been obtained through stimulation of microbial N cycling
(Figure 4), in contrast to earlier predictions (Figure 1B,C).
doi:10.1371/journal.pone.0106059.g005
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short preincubation following sieving and adjustment of water
content.

While our results were consistent with plants driving patterns in
R* through uptake of N (Figure 3A), and showed no evidence of
microbial processes or biomass driving R* (Figure 3A-C), when
ecosystem N pools are taken as a whole (Figure 4) those plots that
accumulated more N in microbial, plant, and DIN pools likely had
increased cycling and availability of N to plants. This suggests that
even over the course of one growing season, plant-microbial
interactions (¢.g., priming) may be important to ecosystem N
cycling and ultimately, may influence plant competition.

It remains an open question as to whether these patterns would
persist over multiple growing seasons, and what kind of impact
litter mediated feedbacks would have in this annual system. In our
experiment, plant species that obtained higher biomass in
monoculture plots also had lower quality biomass (higher C:N in
aboveground biomass), suggesting that the patterns observed in
this study would be reinforced over multiple years by litter
mediated feedbacks. It is likely that monoculture plots of annual
species with high N use efficiency and low N litter would depress N
mineralization, helping drive low R* (Figure 1B,C) and the
magnitude of this effect could increase with time as feedbacks
become better established. Thus for annuals growing in contin-
uous monoculture, we would expect to see similar patterns to
perennial systems [12,33], where the persistence of plants allows
for strong litter feedbacks that help determine plant species’ R* for
nitrogen.
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