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Abstract

Global biodiversity loss has prompted research on the relationship between species diversity and ecosystem functioning.
Few studies have examined how plant diversity impacts belowground processes; even fewer have examined how varying
resource levels can influence the effect of plant diversity on microbial activity. In a field experiment in a restored wetland,
we examined the role of plant trait diversity (or functional diversity, (FD)) and its interactions with natural levels of variability
of soil properties, on a microbial process, denitrification potential (DNP). We demonstrated that FD significantly affected
microbial DNP through its interactions with soil conditions; increasing FD led to increased DNP but mainly at higher levels of
soil resources. Our results suggest that the effect of species diversity on ecosystem functioning may depend on
environmental factors such as resource availability. Future biodiversity experiments should examine how natural levels of
environmental variability impact the importance of biodiversity to ecosystem functioning.
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Introduction

The loss of biodiversity due to human actions is a growing

global concern [1,2,3]. Many studies have demonstrated that

biodiversity affects the stability and functioning of ecosystems (see

reviews in 4,5). Although there is general agreement that

biodiversity can have a significant impact on plant productivity

and plant resource consumption, [4,5,6] there continues to be

some discussion over the mechanisms by which biodiversity

impacts ecosystem function. In order to develop a mechanistic

understanding of how biodiversity affects ecosystem function we

must examine how the functional characteristics (i.e. traits) of

organisms and functional diversity within a community relate to

ecosystem function [7,8].

Relatively few biodiversity studies have considered how plant

biodiversity impacts belowground processes and microbial com-

munities. As a result, there is a growing interest and need to

determine the extent to which plant diversity might indirectly

affect other ecosystem functions that are carried out by microbial

communities [9,10]. Microbial communities are structured by

multiple environmental conditions, some of which are directly or

indirectly altered by plants via their functional traits. Thus, the

effect of biodiversity on microbial processes is likely dependent on

interactions with environmental conditions [11]. Understanding

the feedbacks between biodiversity, ecosystem functioning, and

environmental factors is critical for understanding and predicting

how changes in biodiversity will impact ecosystem processes [12].

Most biodiversity field studies to date have either ignored natural

variability in soil variables or have manipulated resource levels to

create large differences in available resource levels. In this study we

explicitly examined the interaction between natural levels of

variability in soil resources and plant functional diversity on a

microbially-mediated ecosystem function, denitrification, in a

restored riparian wetland.

It is well established that soil conditions play an important role

in driving denitrification. Both soil nitrogen (N) and soil carbon (C)

are important drivers of denitrification rates [13,14]. Soil moisture

is also an important factor which drives the anaerobic conditions

necessary for denitrification [15,16]. Microbial biomass has also

been shown to be positively correlated with denitrification

potential rates [14]. The importance of these soil factors to

denitrification suggests that plants may impact denitrification

indirectly by influencing soil conditions which will in turn alter the

microbial community. Other studies have found that specific types

of plants, such as annuals, and specific species influence

denitrification [17,18,19,20,21]. An observational field study

determined that denitrification potential increased with increasing

plant species richness [22], but a wetland mesocosm experiment

did not find a relationship between plant functional group richness

and denitrification potential [23]. Here, we specifically examined

whether plant functional diversity influenced denitrification

potential (see the section ‘‘Functional Diversity trait selection’’ in

the methods section as well as Fig. 1 for a conceptual diagram of

how plant traits influence soil conditions and denitrification
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potential). We chose to measure denitrification potential in the lab

instead of denitrification in the field because field rates can exhibit

high temporal variability since they are a product of the

availability of denitrification substrates in the soil environment

and not a measure of microbial community’s functional potential.

Additionally, denitrification potential measurements have been

shown to give the clearest indication of differences in experimental

treatments because denitrification potential measurements are

sensitive to changes in factors that control denitrification such as

soil C availability [24,25]. Therefore, denitrification potential is

likely the best way to measure the integrated effect of our

treatments, different levels of plant FD, on the microbial

community activity.

The effects of functional diversity and soil resources on

denitrification are likely to be interactive and we can postulate

multiple hypotheses about the nature of the interaction. On one

hand, functional diversity may have the greatest impact at low

resource levels, when conditions are the most stressful. In stressful

environments, more diverse communities can display increased

stability of plant production [26,27] providing a buffering effect to

ecosystem processes. On the other hand, functional diversity may

have the largest impact at high resource levels, if plants are most

productive under high nutrient levels [28,29], and hence have the

greatest impact on soil processes. A third possibility is that

functional diversity will have a ‘‘hump-shaped’’ relationship with

resource levels such that the biggest impact of functional diversity

will be at intermediate levels of resources. This would be possible if

at low levels of soil resources environmental conditions limit

denitrification, and at high levels of available soil resources the

benefits of functional diversity become irrelevant because

resources are not limiting.

This study had two primary objectives. The first was to

determine the relationship between plant trait diversity and a

microbial process, denitrification potential. The second was to

explicitly examine the nature of the interactions between plant

trait diversity and environmental conditions making use of the

range of soil resources present at our field site.

Materials and Methods

SWAMP study area and experimental design
Our experiment was located at the Duke University Stream and

Wetland Assessment Management Park (SWAMP) along Sandy

Creek in the Duke Forest in Durham, NC, USA. Soils in this area

Figure 1. Conceptual diagram of how plant traits can influence denitrification potential (DNP). DNP is an ecosystem function that plants
influence indirectly by modifying the soil environment. We hypothesized three categories of traits by which plant traits could impact DNP: (1) Carbon
Quantity, (2) Carbon Quality, and (3) Redox (potential). We hypothesized that DNP will be promoted if the plant community trait values either
increase (AGB, BGB, and POR) or decrease (AGCN and BGCN) such that C quantity, quality, and soil oxygen increase.
doi:10.1371/journal.pone.0016584.g001
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are primarily Cartecay silt loams and Mayodan sandy loams [30].

See Table 1 for a summary of soil properties at the site. In the

process of restoration soils were homogenized as much as possible.

Nevertheless, because soils are naturally heterogeneous, substantial

variation in soil resources remained even after soils were graded

and homogenized (See Table 1).

One hundred 262 meter plots were planted in May 2005 with a

total of 100 seedlings of 1, 4, or 8 species from a pool of 10 species.

The species in the study (see list in Table 2) were selected from a

list of recommended species for North Carolina stream restoration

[31] based on commercial availability and to maximize trait

diversity. Four monocultures for each species were planted except

for two species (Asclepias incarnata and Lobelia cardinalis) which only

had two monocultures planted. Thirty 4-species plots and thirty-

two 8-species plots were planted with species randomly selected

from the ten. Species within each plot were planted in equal

densities and equally spaced but randomly placed within the plot.

Functional Diversity trait selection
We chose to use plant trait diversity (i.e. functional diversity,

FD) and not species richness or functional group richness as our

metric of diversity, because we wanted to use a metric that

explicitly measures functional traits that we could relate mecha-

nistically to our hypotheses [32]. In selecting the traits to include in

our calculation of FD, we recognized three pathways by which

plants are likely to influence denitrification: C quality, C quantity,

or the redox (or moisture) status of the soil (Fig. 1). Plants influence

soil carbon quality and quantity, both of which have been shown

to limit denitrification, via root exudates, root turnover, and

aboveground litter inputs [14,21,33,34,35]. We selected two traits

to measure the quality of C inputs: aboveground C:N ratio

(AGCN) and belowground C:N (BGCN) ratio which represent the

relative amount of energy in plant inputs to soils [36]. In terms of

‘‘C Quantity,’’ estimates suggest that between 0.5 and 5% of plant

fixed C enters the rhizosphere through plants roots, but this flux of

C into soils is regulated partly by the amount of root present, and

partly by processes such as the amount of photosynthesis in the

shoot [37]. As a result, we chose two measures of plant

productivity, aboveground biomass (AGB) and belowground

biomass (BGB), as indices of plant C inputs to soil. The ability

of species to produce biomass in monoculture varies widely

(Table 2) and this variation reflects important differences in their

biology which should lead to differences in species’ impacts on

microbial communities.

A third pathway by which plants may affect denitrification is

through modification of the redox conditions in the soil via root

delivery of oxygen through radial oxygen loss. In an anaerobic

wetland environment, root porosity can lead to oxygen release by

roots, facilitating nitrification [38]. With increasing concentrations

of soil nitrate, plants may take up more nitrate but microbes will

also process more nitrate; available soil nitrate and rates of

nitrification have both been found to be tightly related to

denitrification [13,35,39]. Sutton-Grier and Megonigal [40] also

determined that different plant species can have strong impacts on

terminal electron acceptors in wetland soils via plant impacts on

soil oxygen levels. Therefore, the plant trait we measured to

examine plant effects on soil redox conditions was root porosity

(POR). These five traits were used to calculate individual measures

of plant trait diversity, FD, for each community. See Table 2 for

details about each trait we selected.

Functional Diversity trait measurements
We measured AGB, BGB, and AGCN in our field plots. AGB

was calculated for each species as the average aboveground

biomass harvested in September 2007 from the two field

monocultures of each species; any invading species biomass was

excluded from our calculation of AGB for each species

monoculture. The one exception was Microstegium vimineum, an

invasive grass that surrounded the restoration site, for which we

did not have monocultures. For this species, we calculated

aboveground biomass in several adjacent unplanted control plots

with naturally recruited M. vimineum accounting for an average of

46% of the plot aboveground biomass. M. vimineum AGB was

measured excluding any other species in the unplanted plots. We

collected aboveground biomass in two 0.25 m2 quadrats that were

bulked together from each plot. Samples were dried at 60uC for a

week and then weighed to determine total biomass for each

species. BGB was similarly calculated as the average total root

biomass from the two soil cores (2.5 cm diameter) from the two

monocultures of each species with the exception of M. vimineum for

which we used the root biomass from the same unplanted control

plots. We collected cores directly adjacent to the intended species

in the monocultures in order to get the best estimate of root

biomass for each species. AGCN ratios were measured on a

FlashEA 1112 Elemental Analyzer (Thermo Scientific, Waltham,

MA, USA.). See Table 2 for a list of trait values for each species.

Given the difficulty in ascertaining the species identity of below-

ground material collected from the field, BGCN and root porosity

were quantified by growing the 11 species in the greenhouse under

conditions designed to replicate temperature, humidity, and

photoperiod at the field site. We measured belowground C:N

ratio (BGCN) also using a FlashEA 1112 Elemental Analyzer and

root porosity (POR) using the pycnometer method [41].

Functional Diversity calculation
We used the five measured traits (AGCN, BGCN, AGB, BGB

and POR) to calculate functional diversity for denitrification using

Petchey and Gaston’s [42] metric FD. Traits were transformed

into standard deviation units (z-scores) so that all traits would be

equally weighted. These z-scores were used to calculate dendro-

grams with a calculated branch length for each species indicating

how different each species was from the others. To calculate the

final FD for each plot, the branch lengths for each species present

in a plot were summed. Species were considered to be present in a

plot when their biomass accounted for at least 10% of the total plot

biomass. FD scores ranged from 3.24 to 9.64.

Soil sampling and laboratory analysis
Soil samples were collected all at the same time in September

2007, the third growing season of the experiment. Samples were

collected from all plots with healthy vegetation (95 of the original

100). Two soil samples (2.5 cm diameter) from each plot were

collected from the upper 15 cm of each plot.

Table 1. Range of natural variability of soil variables at the
Duke Forest field site. *

Soil Variable Range

% Soil Moisture 18.21 – 30.04

% Soil Organic Matter 21.16–30.53

Inorganic Nitrogen (mg N g21) 0.08–339.19

Microbial Biomass N (mg N g21) 34.97–238.86

*See the ‘‘Soil sampling and laboratory analysis’’ section of the Materials and
Methods section for a description of how these variables were measured.
doi:10.1371/journal.pone.0016584.t001
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Upon arrival at the laboratory, the two cores collected from

each plot were bulked together and sieved through a No. 4

(4.75 mm) sieve prior to analysis. All roots that would not pass

through the sieve as well as roots that were easily removed by

visual inspection were collected from each soil sample, briefly

rinsed in DI to remove soil, dried at 60uC, and weighed to estimate

BGB within each plot. A sub-sample of each soil was oven-dried at

105uC for 24 hours to determine the moisture content. This dried

soil was then used to determine percentage soil organic matter

(OM) by loss on ignition at 450uC [43]. Two replicate 3 g field-

moist sub-samples were analyzed for 2 M KCl extractable nitrate

+ nitrite (NO3
2 + NO2

2) and ammonium (NH4
+) [44] on a

Lachat QuikChem 8000 (Lachat Instruments, Loveland, CO,

USA.). The wetland soils at our site tended to be relatively oxic

throughout most of the growing season which meant that soil N

could be cycling between NO3 and NH4 at any one point in time.

This cycling between N forms meant that the NO3 levels at any

one sampling point might not fully represent the soil N available to

the microbial community. Therefore, we chose to use total soil

inorganic N (NO3 + NO2
2 + NH4) because this was a better

representation soil N levels at any one time [45].

Microbial biomass nitrogen (MB) was measured using four 5 g

subsamples of wet soil and a slightly modified version of the

Voroney and Winter [46] chloroform incubation technique.

Chloroform (0.5 mL) was applied to cotton balls in the headspace

of the fumigated sample containers and the samples incubated for

7 days in the dark before they were extracted with 0.5 M K2SO4.

Non-fumigated samples were extracted immediately. Control and

fumigated samples were analyzed for total nitrogen and MB was

calculated for each sample as the difference between the fumigated

and control values.

Denitrification Enzyme Assay (DEA) was used as a measure of

denitrification potential using the standard method by Groffman et

al. [25] which is based on Smith and Tiedje [47]. DEA measures

potential denitrification because C and N are supplied in excess

and the incubation is carried out under anaerobic conditions such

that N2O gas produced is a function of the level of enzyme in the

sample. In the lab, duplicate 5 g samples of homogenized, field-

moist soil were weighed into 125 mL incubation flasks. Soil

samples were amended with a solution of dextrose (0.5 g per L)

and KNO3 (0.72 g per L) to ensure non-limiting substrate

conditions and chloramphenicol (0.125 g per L) to inhibit protein

synthesis. The slurries were made anaerobic with repeated flushing

with N2 gas. Flasks were injected with 10 mL of acetylene to

inhibit N2 production, making N2O the final product of

denitrification. Flasks were placed on an orbital shaker and then

gas samples were collected at 0, 30, 60, and 90 minutes and

analyzed on a Shimadzu GC-17A gas chromatograph. Linear

rates of accumulation of N2O were calculated.

Statistical analyses
We used multiple linear regression to examine the importance

of the environmental variables, FD, and their interactions in

explaining DEA. Prior to analysis, microbial biomass N was log

transformed to better conform to the assumptions of linear

regression. We included all soil variables, FD, and all the

interactions between soils variables and FD in our model and

determined that all interactions were significant which meant we

did not trim the model. To further explore the significant

interactions, we used conditional plots, or coplots, which are a

method for visualizing a significant interaction. Coplots enable one

to graphically examine the relationship between two variables at

differing levels of a third variable (for example, in this case we

examined the relationship between plant FD and denitrification

potential and differing levels of each environmental variable). In

this way, coplots are an excellent tool to visually explore the nature

of significant interactions between variables. However coplots

represent a qualitative way to visualize statistically significant

interactions; divisions of the data into different categories are

performed mathematically so that there is the same number of

data points in each category of the third variable. We

experimented with dividing the data into two, three, or four levels

of each environmental variable and the results were qualitatively

similar. Thus, we chose to present the coplots using three divisions

because it was the clearest way to represent the patterns in the

interactions. Lowess, or locally-weighted scatterplot smoothing

using least-squares, curves were fitted in the coplots with a span

= 0.9. While lowess curves provide a visual representation of the

patterns in the data, significance of interactions was determined by

Table 2. Trait values (Mean (SE)) for planted species and Microstigium vimineum.

Species AGB (g)*+ BGB (g)*+
BGCN
(n = 3) AGCN*+

POR (%)
(n = 3)

Asclepias incarnata 59 (9.0) 0.05 (0.003) 57.3 (3.26) 126.0 (25.9) 10 (2)

Carex crinita 229 (31.5) 0.42 (0.13) 44.5 (3.75) 51.3 (9.41) 17 (3)

Carex lurida 270 (6.4) 0.01 (0.05) 48.1 (6.19) 49.0 (13.2) 32 (3)

Eupatorium fistulosum 150 (82.4) 0.46 (0.21) 55.0 (3.37) 62.3 (10.4) 6 (4)

Chasmanthium latifolium 183 (46.4) 0.09 (0.04) 34.7 (3.74) 51.6 (8.03) 16 (1)

Juncus effusus 311 (94.2) 0.05 (0.02) 25.0 (0.68) 39.2 (5.34) 24 (4)

Lobelia cardinalis 32 (5.7) 0.07 (0.03) 22.4 (2.40) 45.6 (1.28) 2 (2)

Microstegium vimineum 70 (39.6) 0.13 (0.04) 54.0 (12.23) 57.8 (12.0) 3 (1)

Panicum virgatum 315 (10.55) 0.10 (0.04) 27.6 (9.45) 76.1 (1.43) 20 (3)

Scirpus cyperinus 219 (36.1) 0.04 (0.02) 32.9 (2.99) 36.9 (3.44) 30 (3)

Vernonia noveboracensis 225 (83.5) 0.16 (0.05) 55.5 (12.94) 54.7 (4.02) 9 (2)

* = measured in the field plots; otherwise measured in the greenhouse;
+ = n is variable depending on how many monocultures we had of the species (2, 3, or 4);
AGB = aboveground biomass, BGB = belowground biomass, BGCN = belowground C:N ratio (unitless), AGCN = aboveground C:N ratio (unitless), POR = root porosity
(%).
doi:10.1371/journal.pone.0016584.t002
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the p-values in the multiple linear regression. Regression and

coplot analyses were performed in the statistics package R 2.7.2

[48].

Results

When we included all the environmental variables, FD, and

their interactions, stepwise analysis suggested all of the variables

were important for explaining the variation in DNP. Therefore the

final model included all environmental variables (% moisture, log

microbial biomass N, % organic matter, and inorganic N), FD,

and the interaction of FD with each environmental variable

(Table 3). All soil properties had significant main effects on DNP

while FD did not have a significant main effect. All the interactions

of FD with each soil variable were significant, and three of the four

interactions were highly significant (p,0.01, Table 3). This model

explained 56% of the variability in DNP. Based on the

visualization of these significant interactions with the coplots, it

appears that there was a positive relationship between DNP and

FD at higher levels of soil moisture, organic matter, and microbial

biomass N (Figs. 2A, 2B and 3A). At lower levels of these three soil

variables the relationship between DNP and FD tended to be

nonexistent or slightly negative.

The pattern in the interaction between DNP and FD at different

levels of soil N was different based on the coplot visualization

(Fig. 3B). At lower levels of soil N there appeared to be a slightly

negative relationship, at mid-levels a strong positive relationship,

and at higher levels a curvilinear relationship suggesting that the

interaction between FD and soil N is more complicated than the

other interactions.

Discussion

FD effects on DNP: Importance of environmental
conditions

Our results indicate that plant functional diversity significantly

influenced denitrification potential, but that the nature of the

relationship depended on the available soil resources (Table 3).

Some biodiversity studies have found that belowground processes

do not respond as strongly to plant aboveground processes, such as

aboveground biomass [49,50]. But Zak et al. [9] suggested that

plant-microbe interactions are an integral part of plant diversity’s

influence on ecosystem functions. We were particularly interested

in determining whether plant diversity impacted denitrification, a

microbial process, because of the variable results observed in

previous studies looking at this question [22,23]. Our results in this

field study suggest that one of the reasons why other studies may

have failed to find a consistent effect of plant diversity on

belowground processes is that the impact of diversity may be

dependent on other environmental factors such as soil conditions.

When we examined the effects of field-relevant, natural levels of

variation in soil resources on the diversity effect, we found

significant interactions between FD and soil moisture, OM,

microbial biomass, and inorganic N. Therefore, it is important

to examine the effect of FD in light of these interactions. Although

some variability in soil resources may have been due to plant

influences, there was also background variability in the soil

resources at the site that remained throughout the experiment.

This variability is evident when examining Figs. 2 and 3 because at

each level of a particular soil resource, all levels of FD are present

suggesting that the plant effects were imposed on top of a natural

gradient in soil resources that was still present at the time of

sampling.

We proposed three hypotheses for how FD could interact with

soil conditions. Based on the visualization of the significant

interactions using coplots, we found no support for our first

hypothesis that FD might have the strongest impacts at low soil

resource levels. In support of our second hypothesis, we found that

for three of the four soils variables (soil moisture, organic matter,

and microbial biomass) FD appeared to have the most positive

effect at higher soil resource levels. This result is similar to other

studies that have found stronger plant diversity effects at higher

soil resource levels [28,29,51,52,53,54]. However, these results are

somewhat in contrast to the findings of Wacher et al. [55] who

found an inconsistent net biodiversity effect; aboveground biomass

increased with soil N fertilization treatment in some species

mixtures, but decreased in others.

We also found some evidence to support our third hypothesis of

a ‘‘hump-shaped’’ relationship between FD, environmental

conditions, and denitrification. The effect of FD on denitrification

appeared to peak at intermediate levels of soil N in our plots (at the

low end of the higher soil N values in the third panel of Fig. 3B).

This suggests that above a threshold value of soil N, plant

functional diversity does not stimulate denitrification. At higher

levels of soil N, it is likely that microbial denitrification may be

limited by some other factor, such as C availability. If some other

factor does become limiting at higher soil N levels, this would

result in a hump-shape relationship with soil N.

Our study is one of the first to take a functional approach to

looking at plant diversity (using plant trait diversity (FD)); previous

studies have looked at species richness or plant functional group

richness effects. Some studies have focused on how soil resource

levels influence the diversity effect, however, these studies have

examined plant species richness or functional group richness and

have focused on plant productivity as the ecosystem function of

interest, not microbial processes [28,29,51,52,53,54]. There have

been very few studies examining the general relationship between

plant species diversity and soil microbial communities [9], and

none examining the impact of plant FD on microbial communi-

ties. Chung et al. [56] found that plant species richness increased

microbial and fungal biomass but only under treatments with

either elevated CO2 or elevated soil N. Species richness had a

much more variable influence on microbial enzyme activity

demonstrating significant interactions with resource availability

Table 3. Stepwise Multiple regression results to predict
denitrification potential (Model R2 = 0.56).

Variable Coefficient Standard Error t-statistic P

Intercept 2573.63 242.23 22.37 *

% Moisture 38.28 13.38 2.86 **

Log Microbial Biomass 280.81 69.22 4.06 ***

% Organic Matter 258.05 19.50 22.98 **

Inorganic N 20.93 0.45 22.05 *

FD 58.46 49.99 1.17 n.s.

FD: % Moisture 210.71 2.95 23.64 ***

FD: % Organic Matter 15.76 4.27 3.69 ***

FD: Log Microbial
Biomass

249.24 15.06 23.27 **

FD: Inorganic N 0.27 0.11 2.45 *

*P,0.05,
**P,0.01,
***P,0.001,
n.s. = P.0.05.
doi:10.1371/journal.pone.0016584.t003
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Figure 2. Coplots of denitrification potential (ng N g21 hr21) versus functional diversity (FD) conditional on the range of (A) soil %
moisture and (B) soil % organic matter. The lines are the lowess (locally-weighted scatterplot smoothing using least-squares) curves that follow
the trends in the data.
doi:10.1371/journal.pone.0016584.g002
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Figure 3. Coplots of denitrification potential versus functional diversity (FD) conditional on the range of (A) soil microbial biomass
(mg N g21 dry soil) and (B) soil inorganic N (mg g21 dry soil). The lines are lowess (locally-weighted scatterplot smoothing) curves that follow
the trends in the data.
doi:10.1371/journal.pone.0016584.g003
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[56], results that are broadly consistent with our experiment.

However, De Deyn et al. [57] did not find that soil fertility

influenced the plant species richness or functional group richness

effects on multiple ecosystem functions including stocks of C and N

in vegetation, soils and soil microbes, or loss of C and N from soil

through leaching.

Future Research Directions
There were a few aspects of this study that suggest some future

avenues for productive research. For example, due to the

destructive nature of many trait measurements as well as limited

space in the field, we were unable to measure all traits on

individuals growing in the field. There may be some differences

between traits measured on species in the greenhouse versus

species grown in the field that we were unable to verify in this

study. Currently, there is general uncertainty about the degree of

phenotypic plasticity of traits important for ecosystem function.

Several studies have demonstrated that abiotic factors, such as

nutrient and water availability, and biotic factors, including the

presence, absence, density, or identity of neighbors, influence plant

phenotypic plasticity [See 58 for a good review of these studies].

But we know very little about the consequences of phenotypic

plasticity on the interactions among plants and on plant

community dynamics [58]. As a result, phenotypic plasticity,

including in which species it occurs and under what conditions, is

likely to be a very productive field for future research and will

greatly help inform our understanding of how plant traits influence

community dynamics including how biodiversity impacts ecosys-

tem function.

Also, in addition to collecting data on microbial process rates,

measurements of the microbial community, both structure and

abundance, would provide a better mechanistic understanding of

how changes in plant FD result in changes in the rate of a

microbially-mediated process. Molecular microbial community

data could suggest direct ways in which differences in plant FD

affect microbial process rates. Although collecting molecular data

was beyond the scope of this study, examining the links between

changes in plant diversity, changes in microbial community

structure, and how these changes affect microbial functioning is a

key direction for future research [10].

In summary, we found that plant trait diversity had significant

effects on the microbial soil process of denitrification through its

interactions with soil conditions. Increasing FD led to increased

DNP, primarily at higher levels of soil resources. These results, as

well as other studies, suggest that future biodiversity experiments

need to include a range of variable environments [29] or better

account for the natural variability that occurs in ecosystems at the

local scale. Future biodiversity experiments should be designed in

order to examine how natural levels of environmental variability

impact the importance of biodiversity to ecosystem functioning.

Acknowledgments

We thank O. Petchey for help using his R code for calculating FD and S.

Qian for statistical advice. We also thank the following people for helping

the field and lab: E. Thorsos, S. Wang, S. Arora, S. Diehl, J. Unghire, and

K. Vaughn. We also thank the many people who helped us establish the

field experiment: M. Ho, J. Pahl, M. Osland, J. Morse, J. DeMeester, A.

McHugh, A. Mendoza, J. Sexton, E. Thorsos, D. Jung, and N. Morgans.

Author Contributions

Conceived and designed the experiments: AESG JPW CR. Performed the

experiments: BMM JPW. Analyzed the data: AESG JPW. Contributed

reagents/materials/analysis tools: AESG JPW CR. Wrote the paper:

AESG CR.

References

1. Millennium Ecosystem Assessment (2005) Ecosystems and Human Well-Being:

Biodiversity Synthesis. World Resources Institute.

2. Dirzo R, Raven PH (2003) Global state of biodiversity and loss. Annual Review

of Environment and Resources 28: 137–167.

3. Vitousek PM, Mooney HA, Lubchenco J, Melillo JM (1997) Human domination

of Earth’s ecosystems. Science 277: 494–499.

4. Cardinale BJ, Srivastava DS, Duffy JE, Wright JP, Downing AL, et al. (2006)

Effects of biodiversity on the functioning of trophic groups and ecosystems.

Nature 443: 989–992.

5. Balvanera P, Pfisterer AB, Buchmann N, He JS, Nakashizuka T, et al. (2006)

Quantifying the evidence for biodiversity effects on ecosystem functioning and

services. Ecology Letters 9: 1146–1156.

6. Loreau M (2000) Biodiversity and ecosystem functioning: recent theoretical

advances. Oikos 91: 3–17.

7. Hooper DU, Solan M, Symstad AJ, Diaz S, Gessner MO, et al. (2002) Species

diversity, functional diversity, and ecosystem functioning. In: M. L, Naeem S,

Inchausti P, eds. Biodiversity and Ecosystem Functioning: Synthesis and

Perspectives. Oxford, U.K.: Oxford University Press. pp 195–208.

8. Petchey OL, Gaston KJ (2006) Functional diversity: back to basics and looking

forward. Ecology Letters 9: 741–758.

9. Zak DR, Holmes WE, White DC, Peacock AD, Tilman D (2003) Plant diversity,

soil microbial communities, and ecosystem function: Are there any links?

Ecology 84: 2042–2050.

10. Bell T, Gessner MO, Griffiths RI, McLaren J, Morin PJ, et al. (2009) Microbial

diversity and ecosystem functioning under controlled conditions and in the wild.

In: Naeem S, Bunker DE, Hector A, Loreau M, Perrings C, eds. Biodiversity,

ecosystem functioning, and human wellbeing. New York: Oxford University

Press. pp 121–133.

11. Hooper DU, Chapin FS, Ewel JJ, Hector A, Inchausti P, et al. (2005) Effects of

biodiversity on ecosystem functioning: A consensus of current knowledge.

Ecological Monographs 75: 3–35.

12. Loreau M, Naeem S, Inchausit P, Bengtsson J, Grime JP, et al. (2001)

Biodiversity and Ecosystem Functioning: Current Knowledge and Future

Challenges. Science 294: 804–808.

13. Ettema CH, Lowrance R, Coleman DC (1999) Riparian soil response to surface

nitrogen input: temporal changes in denitrification, labile and microbial C and

N pools, and bacterial and fungal respiration. Soil Biology & Biochemistry 31:

1609–1624.

14. Groffman PM, Crawford MK (2003) Denitrification potential in urban riparian

zones. Journal of Environmental Quality 32: 1144–1149.

15. Clement JC, Pinay G, Marmonier P (2002) Seasonal dynamics of denitrification

along topohydrosequences in three different riparian wetlands. Journal of

Environmental Quality 31: 1025–1037.

16. Barnard R, Le Roux X, Hungate BA, Cleland EE, Blankinship JC, et al. (2006)

Several components of global change alter nitrifying and denitrifying activities in

an annual grassland. Functional Ecology 20: 557–564.

17. Pinay G, Barbera P, Carreras-Palou A, Fromin N, Sonie L, et al. (2007) Impact

of atmospheric CO2 and plant life forms on soil microbial activities. Soil Biology

& Biochemistry 39: 33–42.

18. Patra AK, Abbadie L, Clays-Josserand A, Degrange V, Grayston SJ, et al. (2006)

Effects of management regime and plant species on the enzyme activity and

genetic structure of N-fixing, denitrifying and nitrifying bacterial communities in

grassland soils. Environmental Microbiology 8: 1005–1016.

19. Hume NP, Fleming MS, Horne AJ (2002) Denitrification potential and carbon

quality of four aquatic plants in wetland microcosms. Soil Science Society of

America Journal 66: 1706–1712.

20. Lin YF, Jing SR, Wang TW, Lee DY (2002) Effects of macrophytes and external

carbon sources on nitrate removal from groundwater in constructed wetlands.

Environmental Pollution 119: 413–420.

21. Hernandez ME, Mitsch WJ (2007) Denitrification potential and organic matter

as affected by vegetation community, wetland age, and plant introduction in

created wetlands. Journal of Environmental Quality 36: 333–342.

22. Chabrerie O, Poudevigne I, Bureau F, Vinceslas-Akpa M, Nebbache S, et al.

(2001) Biodiversity and ecosystem functions in wetlands: A case study in the

estuary of the Seine river, France. Estuaries 24: 1088–1096.

23. Bouchard V, Frey SD, Gilbert JM, Reed SE (2007) Effects of macrophyte

functional group richness on emergent freshwater wetland functions. Ecology 88:

2903–2914.

24. Groffman PM (1987) Nitrification and denitrification in soil - A comparison of

enzyme assay, incubation and enumeration methods. Plant and Soil 97: 445–450.

25. Groffman PN, Holland EA, Myrold DD, Robertson GP, Zou X (1999)

Denitrification. In: Robertson GP, Coleman DC, Bledsoe CS, Sollins P, eds.

Standard Soil Methods for Long-Term Ecological Research. Oxford, U.K.:

Oxford University Press. pp 272–288.

26. Tilman D, Wedin D, Knops J (1996) Productivity and sustainability influenced

by biodiversity in grassland ecosystems. Nature 379: 718–720.

Plant Diversity and Denitrification Potential

PLoS ONE | www.plosone.org 8 February 2011 | Volume 6 | Issue 2 | e16584



27. Mulder CPH, Uliassi DD, Doak DF (2001) Physical stress and diversity-

productivity relationships: The role of positive interactions. Proceedings of the

National Academy of Sciences of the United States of America 98: 6704–6708.

28. Fridley JD (2002) Resource availability dominates and alters the relationship

between species diversity and ecosystem productivity in experimental plant

communities. Oecologia 132: 271–277.

29. Fridley JD (2003) Diversity effects on production in different light and fertility

environments: an experiment with communities of annual plants. Journal of

Ecology 91: 396–406.

30. Kirby RM (1971) Soil Survey of Durham County, North Carolina: USDA Soil

Conservation Service.

31. Hall K (2003) Recommended Native Plant Species for Stream Restoration in

North Carolina. Raleigh: North Carolina Stream Restoration Institute, North

Carolina State University.

32. Wright JP, Naeem S, Hector A, Lehman C, Reich PB, et al. (2006) Conventional

functional classification schemes underestimate the relationship with ecosystem

functioning. Ecology Letters 9: 111–120.

33. Hill AR, Cardaci M (2004) Denitrification and organic carbon availability in

riparian wetland soils and subsurface sediments. Soil Science Society of America

Journal 68: 320–325.

34. Schipper LA, Harfoot CG, McFarlane PN, Cooper AB (1994) Anaerobic

decomposition and denitrification during plant decomposition in an organic soil.

Journal of Environmental Quality 23: 923–928.

35. Groffman PM (1994) Denitrification in Freshwater Wetlands. Current Topics in

Wetland Biogeochemistry 1: 15–35.

36. Eviner VT, Chapin FS (2003) Functional matrix: A conceptual framework for

predicting multiple plant effects on ecosystem processes. Annual Review of

Ecology Evolution and Systematics 34: 455–485.

37. Farrar J, Hawes M, Jones D, Lindow S (2003) How roots control the flux of

carbon to the rhizosphere. Ecology 84: 827–837.

38. Reddy KR, Patrick WH, Lindau CW (1989) Nitrification-Denitrification at the

Plant Root-Sediment Interface in Wetlands. Limnology and Oceanography 34:

1004–1013.

39. Lowrance R, Hubbard RK (2001) Denitrification from a swine lagoon overland

flow treatment system at a pasture-riparian zone interface. Journal of

Environmental Quality 30: 617–624.

40. Sutton-Grier AE, Megonigal JP (2011) Plant species traits regulate methane

production in freshwater wetland soils. Soil Biology & Biochemistry 43:

413–420.

41. Jensen CR, Luxmoore RJ, Vangundy SD, Stolzy LH (1969) Root Air Space

Measurements by a Pycnometer Method. Agronomy Journal 61: 474-&.

42. Petchey OL, Gaston KJ (2002) Functional diversity (FD), species richness and

community composition. Ecology Letters 5: 402–411.

43. Storer DA (1984) A simple high sample volume ashing procedure for

determination of soil organic matter. Communications in Soil Sciene and Plant
Analysis 15: 759–772.

44. Maynard DG, Kalra YP (1993) Nitrate and Exchangeable Ammonium

Nitrogen. In: Carter MR, ed. Soil Sampling and Methods of Analysis. Boca
Raton, USA: Lewis Publishers. pp 25–38.

45. McGill BM, Sutton-Grier AE, Wright JP (2010) Plant trait diversity buffers
variability in denitrification potential over changes in season and soil conditions.

PLoS ONE 5: e11618.

46. Voroney RP, Winter JP (1993) Soil microbial biomass C and N. In: Carter MR, ed.
Soil Sampling Methods of Analysis. Boca Raton, USA: Lewis Publishers. pp 277–286.

47. Smith MS, Tiedje JM (1979) Phases of denitrification following oxygen depletion
in soil. Soil Biology & Biochemistry 11: 261–267.

48. R Development Core Team (2008) R: A Language and Environment for
Statistical Computing. ViennaAustria: R Foundation for Statistical Computing.

49. Spehn EM, Hector A, Joshi J, Scherer-Lorenzen M, Schmid B, et al. (2005)

Ecosystem effects of biodiversity manipulations in European grasslands.
Ecological Monographs 75: 37–63.

50. Gastine A, Scherer-Lorenzen M, Leadley PW (2003) No consistent effects of
plant diversity on root biomass, soil biota and soil abiotic conditions in temperate

grassland communities. Applied Soil Ecology 24: 101–111.

51. Reich PB, Knops J, Tilman D, Craine J, Ellsworth D, et al. (2001) Plant diversity
enhances ecosystem responses to elevated CO2 and nitrogen deposition (vol 410,

pg 809, 2001). Nature 411: 824-+.
52. Reich PB, Tilman D, Naeem S, Ellsworth DS, Knops J, et al. (2004) Species and

functional group diversity independently influence biomass accumulation and its
response to CO2 and N. Proceedings of the National Academy of Sciences of the

United States of America 101: 10101–10106.

53. He JS, Bazzaz FA, Schmid B (2002) Interactive effects of diversity, nutrients and
elevated CO2 on experimental plant communities. Oikos 97: 337–348.

54. Lanta V, Leps J (2006) Effect of functional group richness and species richness in
manipulated productivity-diversity studies: a glasshouse pot experiment. Acta

Oecologica-International Journal of Ecology 29: 85–96.

55. Wacker L, Baudois O, Eichenberger-Glinz S, Schmid B (2009) Diversity effects
in early- and mid-successional species pools along a nitrogen gradient. Ecology

90: 637–648.
56. Chung HG, Zak DR, Reich PB, Ellsworth DS (2007) Plant species richness,

elevated CO2, and atmospheric nitrogen deposition alter soil microbial
community composition and function. Global Change Biology 13: 980–989.

57. De Deyn GB, Quirk H, Yi Z, Oakley S, Ostle NJ, et al. (2009) Vegetation

composition promotes carbon and nitrogen storage in model grassland
communities of contrasting soil fertility. Journal of Ecology 97: 864–875.

58. Callaway RM, Pennings SC, Richards CL (2003) Phenotypic plasticity and
interactions among plants. Ecology 84: 1115–1128.

Plant Diversity and Denitrification Potential

PLoS ONE | www.plosone.org 9 February 2011 | Volume 6 | Issue 2 | e16584


