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Abstract. Increases in global temperature are likely to have effects on the nitrogen cycle, including those mediated through
effects on legumes, which have a role in the N cycle by ﬁxing N2. These effects may alter plant functioning and community
structure, especially in N-limited ecosystems. We manipulated temperature and plant diversity in the ﬁeld to investigate the
effects of elevated temperature on aboveground biomass, shoot N concentration ([N]), and reliance on N2 ﬁxation of four
prairie legumes (Amorpha canescens Pursh., Dalea purpurea Vent., Lespedeza capitata Michx. and Lupinus perennis L.)
planted in plots of varying species numbers. We monitored the effect of warming on soil microclimate and net N
mineralisation rates, as these variables may mediate the effect of warming on legumes. Warming decreased soil moisture and
increased soil temperature, but had no effect on net N mineralisation. Warming increased the aboveground biomass of
D. purpurea and L. perennis, but decreased shoot [N] for all species in one year. Though the data were not optimal for
quantifying N2 ﬁxation using stable isotopes, they suggest that warming did not affect the reliance on N2 ﬁxation. Species
diversity did not have strong effects on the response to warming. These results suggest that legume-mediated effects of
temperature on N cycling will arise from changes in biomass and tissue chemistry, not N2 ﬁxation. We observed strong
interannual variation between a wet and dry year for N mineralisation, shoot [N] and reliance on N2 ﬁxation, suggesting that
these may be more responsive to precipitation changes than elevated temperature.
Additional keywords: Amorpha canescens, Dalea purpurea, grassland, Lespedeza capitata, Lupinus perennis,
Petalostemum purpureum.
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Introduction
Nitrogen is a limiting nutrient in many temperate ecosystems
(LeBauer and Treseder 2008; Craine and Jackson 2010). Because
many aspects of the N cycle are impacted by temperature and
water availability, climate change has the potential to affect
plant and ecosystem function by altering the N cycle (Shaver
et al. 2000; Rustad et al. 2001). In addition, recent modelling
studies indicate that including N dynamics and feedback in
global simulation models can signiﬁcantly alter predictions
when compared with models that do not include coupling of
the carbon and N cycles (Thornton et al. 2009; Zaehle et al. 2010).
Understanding the effects of climate change on the N cycle is
crucial to predicting the future response of ecosystems as well as
vegetation feedback, such as soil carbon sequestration, to climate
(Hungate et al. 2003; Finzi et al. 2011).
Legumes play an inﬂuential role in N cycling because their N2
ﬁxation and high-N litter is a major source of new N inputs
(Vitousek and Walker 1989; Craine et al. 2002). In prairies in the
United States of America (USA), N2-ﬁxing legumes comprise
1–17% of biomass (Piper et al. 2007) and have been estimated to
account for ~5% of the total (new plus recycled) N inputs from
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litter (Woodmansee et al. 1981), with the exact contribution
likely to be mediated by their abundance. However, even
small changes in new N input rates may have a large impact in
these N-limited communities over time (Kindscher and Tieszen
1998). Thus, knowledge of legume functioning under future
climate conditions is an important component to understanding
how N and C cycling may change. Most studies focus on crop or
forage legumes, and few examine legumes growing in multispecies mixtures. In an old ﬁeld experiment in Tennessee,
warming decreased the aboveground biomass of a forage
legume but increased the biomass of a legume shrub (Garten
et al. 2008). The same study also found a signiﬁcant effect
of warming on N2 ﬁxation by these two legumes (Garten et al.
2008). Comparatively little research has examined the effects
of climate change on legumes in prairie grasslands in the USA.
Elevated temperature can inﬂuence N2 ﬁxation through
several direct and indirect pathways. Soil temperature affects
many aspects of the N2 ﬁxation process, including nodulation
(Barrios et al. 1963; Purwantari et al. 1995), nodule development
(Piha and Munns 1987) and nodule activity (Meyer and Anderson
1959; Hungria and Franco 1993). Both extreme soil temperatures
www.publish.csiro.au/journals/fpb
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and drought inhibit all of these aspects (Serraj et al. 1999;
Aranjuelo et al. 2007). Legumes typically have lower rates of
N2 ﬁxation in higher soil mineral N (Allos and Bartholomew
1955; West et al. 2005). Net N mineralisation is often used as
an index of plant available N (Schimel and Bennett 2004).
In a meta-analysis, Rustad et al. (2001) found that elevated
temperature increased net N mineralisation in several studies
but warming had no effect in others. Moreover, the response of
mineralisation to temperature may vary within a growing
season (Shaw and Harte 2001) or between years (Wan et al.
2005), and is likely to be mediated by soil moisture (Verburg
et al. 2009). Furthermore, temperature may affect N2-ﬁxation
through its effect on photosynthesis and respiration. Warming
increased photosynthesis and respiration in the spring and
decreased photosynthesis in the autumn for several species
during a ﬁeld warming study in Oklahoma (Zhou et al. 2007).
For both Trifolium repens L. (white clover) and Medicago
sativa L. (lucerne), N2 ﬁxation increased when air temperature
increased but root temperature remained constant (Harding and
Sheehy 1980; Kessler et al. 1990). By altering photosynthesis
and respiration, temperature can alter the demand for N and the
amount of carbon substrate available for N2 ﬁxation.
Temperature effects on N cycling and legumes may also be
inﬂuenced by plant diversity and the context of the surrounding
plant community. Diversity, often measured as species richness,
affects both abiotic soil conditions such as temperature and
moisture, and biotic processes such as N dynamics by
affecting supply and demand (Hooper et al. 2005). Both
negative and positive correlations between soil moisture and
species number have been reported, and the relationship may
depend on season, soil type or the interaction between plants and
the soil (De Boeck et al. 2006; Fornara and Tilman 2009).
Increases in temperature are expected to decrease soil moisture
by increasing evapotranspiration (Harte et al. 1995; De Boeck
et al. 2006). In grasslands, greater shading at higher diversity may
attenuate this effect, but greater biomass at higher diversity could
also lead to higher water demand and evapotranspiration. No
interaction between warming and diversity was seen in a warming
study in mesocosms that varied in species number (De Boeck
et al. 2006). Mineral soil N availability (as indicated by potential
mineralisation rates) may be higher in more diverse plant
communities (Zak et al. 2003; Oelmann et al. 2011).
However, demand and competition for mineral N is likely to
be greater at higher diversity, causing legumes to increase their
reliance on N2 ﬁxation as species numbers increase (Carlsson
et al. 2009; Roscher et al. 2011).
To better understand the possible consequences of climate
change on legume functioning and their impact on N cycling in
prairies, we used a manipulative ﬁeld warming experiment to
examine the response of four native legumes (Amorpha
canescens Pursh, Dalea purpurea Vent., Lespedeza capitata
Michx. and Lupinus perennis L.) to elevated temperature in a
biodiversity experiment in central Minnesota, USA. These
species are widely distributed, vary in traits such as phenology
and nodule type (Sprent 2001), and showed contrasting
responses to a 3C temperature gradient under controlled
conditions in a growth chamber experiment (Whittington et al.
2012). In that experiment, L. capitata seedlings displayed
higher biomass when grown at 28C compared with 25C,
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whereas L. perennis seedlings showed decreased shoot N
concentration ([N]) and nodulation at the higher temperature.
These greenhouse results suggest that these species have the
potential to respond differently to warming, but mature plants
in the ﬁeld may not show the same responses as seedlings
growing in the greenhouse. Here, we examine (1) the effect of
warming on N2 ﬁxation and three of its potential drivers
(soil temperature, soil moisture and mineral N availability),
(2) the effect of warming on legume biomass and tissue N
chemistry, and (3) how diversity and interannual variability
affect the response of these variables to experimental warming.
Materials and methods
Experimental setup
We examined the effects of elevated temperature on legumes in
a large ﬁeld warming experiment that was established in a longterm (>15 years) biodiversity experiment at Cedar Creek
Ecosystem Science Reserve (East Bethel, MN) (Tilman et al.
2001). This site occurs on a glacial outwash sandplain with sandy
soils low in N. The mean annual temperature is 6.8C (Cedar
Creek Ecosystem Science Reserve 2009). Mean growing season
(April to September) temperature is 16.3C and the mean winter
(December to March) temperature is –6.3C. The mean annual
precipitation is 799 mm, with 72% typically falling during the
growing season. In 2009, the mean growing season temperature
was 16.1C, with a minimum of 18C and a maximum of
36C. It was slightly warmer in 2010, with a mean growing
season temperature of 17.2C, a 5C minimum and a 36C
maximum. The mean winter temperatures were –8.6C and
–5.2C before the 2009 and 2010 growing seasons,
respectively. Cumulative precipitation during the growing
season was 388 mm in 2009; 2010 was considerably wetter,
with 655 mm rainfall.
In 1994 and 1995, 9 m  9 m plots were seeded with 1, 2, 4, 8,
16 or 32 species of grassland plants native or naturalised to
Minnesota (Tilman et al. 2001). In 2008, 38 of these plots
were selected to be part of the Biodiversity and Climate
warming experiment. These plots consist of six 32-species
plots, nine 16-species plots, nine 4-species plots and one
monoculture plot of each of the following species: Achillea
millifolium L., Amorpha canescens Pursh., Andropogon
gerardii Vitman, Dalea purpurea Vent. (Petalostemum
purpureum Vent.), Koeleria cristata Pers., Lespedeza capitata
Michx., Liatris aspera Michx., Lupinus perennis L., Panicum
virgatum, Poa pratensis L., Schizachyrium scoparium (Michx.)
Nash, Solidago rigida L. and Sorghastrum nutans (L.) Nash.
Each plot was split into three 2.5 m  3 m subplots with different
warming treatments: ambient, low and high. Warming was
achieved via infrared heat lamps (Kalglo Electronics,
Bethlehem, PA, USA) suspended 1.8 m above the ground from
metal frames. Lamps over high and low subplots emitted 1200 W
and 600 W, respectively. These lamp parameters were chosen
to increase the surface soil temperature in bare ground plots by
3C and 1.5C for the high and low warming treatments
respectively. Extensive testing of the warming footprint was
done before installing the lamps to verify that these targeted
soil temperatures were achieved. Metal ﬂanges over the lamp
and a metal bar under the lamp helped distribute heat over the
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subplot. Metal ﬂanges and frames (without lamps) were also hung
over ambient subplots to account for any possible effect of
shading. Heating occurred during March to November. Here,
we report data collected during 2009 and 2010.
Soil temperature and moisture
Surface soil temperature in each subplot was monitored hourly
with three iButtons (Maxim, Sunnyvale, CA, USA), installed
2 cm below the surface. For each subplot, the mean soil
temperature recorded during the in situ N mineralisation
incubation periods was analysed. Soil moisture in the top
18 cm was measured gravimetrically as part of the N
mineralisation measurements. One initial soil core (see below)
was taken from each subplot in May, July and September of 2009
and 2010. A ~10-g sample of soil from each core was weighed,
dried at 105C for 48 h and reweighed.
Biomass
Aboveground biomass of legumes in each subplot was
estimated by harvesting plants in early August in 2009 and
2010, and is used as a proxy for abundance. In each subplot,
all biomass 1 cm above the ground was clipped from two
10 cm  1.5 m strips. The location of these strips was the same
for all subplots but varied between years to avoid resampling
the same location. Tissue was sorted into species, dried and
weighed.
Stable nitrogen isotope analysis and Ndfa calculations
The stable isotopic content of nitrogen, d 15N, was measured
on harvested legume tissue to estimate N2 ﬁxation through the
15
N natural abundance method. This method relies on a difference
in the stable isotopic composition of mineral soil N compared
with that of air. Legumes relying more on N2 ﬁxation will have
d 15N values closer to zero, which is the d 15N level of air. Shoot
tissue samples (i.e. stems plus leaves) from two individuals in
each subplot of the polyculture plots and from three individuals
in each monoculture subplot were dried (65C), ﬁnely ground
and analysed for N concentration and its stable isotopes at the
Stable Isotope Facility at University of California, Davis, on a
PDZ Europa ANCA-GSL elemental analyser coupled to a PDZ
Europa 20–20 isotope ratio mass spectrometer (Sercon Ltd,
Cheshire, UK). Shoot tissue of nonlegume individuals from
subplots that did not contain legumes was also analysed to act
as reference plants (i.e. the d 15N signatures of these plants
represent the values of plants grown using N sources from the
soil only). Reference species were restricted to the C3 forbs
planted in the experiment: A. millifolium, M. ﬁstulata and
S. rigida.
The percent of nitrogen derived from ﬁxation (%Ndfa) was
estimated with Eqn 1 (Shearer and Kohl 1989):
%N dfa ¼

d 15 N reference
d 15 N reference

plant

 d 15 N legume

plant

 d 15 N fixed

 100:

ð1Þ

In theory, the reference plants approximate the d 15N value
of available mineral nitrogen in the soil. Ideally, the reference
plant(s) chosen should be similar to the legume of interest,
especially in rooting depth, phenology and mycorrhizal status,
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as these characteristics inﬂuence where and when mineral N is
obtained. Good matches, however, can be difﬁcult to ﬁnd,
especially when restricted to planted communities like our
ﬁeld experiment. For this reason, we used mean values from
the three species above as our reference. Some legume
individuals displayed d 15N values above the mean reference
value, yielding negative %Ndfa values. We set these values of
estimated %Ndfa to zero. The d 15N of ﬁxed N (referred to as the
B-value) is deﬁned as the species-speciﬁc isotopic composition
of tissue when legume plants are grown using N2 ﬁxation as
the sole N source, and is typically determined in growth
chamber experiments. We found that our ﬁeld values of
legume d15N were lower than the B-values that we measured
previously in a growth chamber experiment (Whittington et al.
2012), most probably because the rhizobial strains used in the
laboratory experiment did not fully match those in the ﬁeld.
Because of this, we used the lowest d 15N value from the ﬁeld as
the B-value, making the assumption that at least one individual
is ﬁxing 100% of its N.
Shoot carbon concentration ([C]) and [N] values were
measured at the same time as nitrogen isotopic composition.
Total shoot N content was calculated by multiplying mean shoot
[N] for each species in each subplot by the harvested biomass for
that species in that subplot.
Net N mineralisation
Net N mineralisation was measured three times a year (late spring,
summer and autumn) using 1-month in situ incubations as an
index of plant-available mineral N. Very similar methods have
been used in other experiments at this site (Wedin and Tilman
1990; Dijkstra et al. 2006). At the start of each interval in midMay, mid-July or mid-September, two tubes 18 cm in length and
2 cm in diameter were hammered into each subplot. One tube was
removed immediately and the soil stored in plastic freezer bags on
ice until N extraction within 24 h. The second tube was capped
and left in the ground for 1 month before it was removed and
extracted. To extract mineral N (NH4+ and NO3–), ~10 g of soil
was added to 50 mL of 2M KCl, shaken for 1 h and then ﬁltered
through Whatman1 ﬁlter paper (GE Healthcare, UK). Blanks
were created by shaking and ﬁltering KCl without added soil. The
extracts were stored at 20C until further analysis. Soil moisture
was measured gravimetrically at the time of extraction as
described above.
The amount of NH4+ and NO3– in the KCl soil extracts was
measured colourimetrically using a protocol based on
Weatherburn (1967) or Doane and Horwath (2003),
respectively, modiﬁed for 96-well plates (Allison and Treseder
2008). Absorbance was measured with a SpectraMax Plus
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA)
equipped with a plate reader. Dilutions of NH4Cl and KNO3
solutions were used to create standard curves for each plate. Each
plate contained three replicates of each sample and standard,
which were averaged. We calculated net N mineralisation rates as
the difference in blank-corrected NH4+ and NO3– between the
ﬁnal and initial cores, divided by the number of days of ﬁeld
incubation and expressed on a dry soil weight basis. Net
ammoniﬁcation and nitriﬁcation rates were similarly calculated
for NH4+ or NO3– only.
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Statistical analysis
We used repeated-measures ANOVA to examine the effects
of year, warming, diversity and incubation period (late spring,
summer and autumn) on net N mineralisation, ammoniﬁcation,
nitriﬁcation and initial soil moisture (measured on soil extracted
with the initial N mineralisation core). Unfortunately, we have
no measurements of soil temperature during the late spring
2009 incubation period, so we ran separate repeated-measures
ANOVAs for each year to determine the effect of warming
treatment, diversity and incubation period on the mean surface
soil temperature. The 32-species plots were originally seeded
using a different species mix containing some species that are
not present in the lower diversity treatments and thus cannot be
included in analyses that include diversity as a factor. For this
reason, 32-species plots were analysed separately with ANOVAs
similar to those above but without the diversity effect.
We used ANOVA to determine the effect of warming
treatment, species, year and diversity on variables measured on
focal legume individuals (biomass, %Ndfa, shoot [N], shoot C : N
ratio and total shoot N content). However, the following
experimental constraints prevented us from examining all
main effects and interactions in a single ANOVA model:
(i) monoculture plots were not replicated for individual
species; (ii) by design, not all legume species occur in the 4species plots; and (iii) the 32-species plots were planted using
a different seed mix and thus are not included in any of the
diversity analyses. For these reasons, we analysed subsets of
the data separately to highlight various aspects of the warming
effect. In the ﬁrst model, we limited our analysis to the two
species (D. purpurea and L. capitata) that were found in
both 4-and 16-species plots in order to examine potential
species  diversity interactions. The second model included
species as a random factor to examine the effect of diversity at
three levels (1-, 4- and 16-species plots). The third model focussed
on differences among species and only used data from high
diversity plots (16- and 32-species plots) where all legume
species were present.

Repeated-measures ANOVAs were performed with SAS ver.
9.2 software (SAS Institute, Cary, NC, USA). All other analyses
were performed with JMP Pro ver. 9.0 software (SAS Institute).
In each of the analyses, plot and its interaction with subplot were
included as random factors to account for the split-plot design,
where diversity was the whole-plot factor and the warming
treatment was the split-plot factor. Aboveground biomass and
%Ndfa were square root-transformed and total shoot N was logtransformed to improve the normality of residuals.
Results
Warming effects
Experimental warming signiﬁcantly increased surface soil
temperature by 0.5–2.5C during all incubation periods except
for the 16-species plots in the late spring of 2010 and for the
32-species plots in the summer of 2010 (Tables 1, 2). Generally,
soil temperatures under high warming were signiﬁcantly greater
than those under low warming. High warming signiﬁcantly
decreased soil moisture (measured on initial samples during N
mineralisation incubations) by 9% compared with ambient
temperatures, although this was largely driven by the 20%
decrease under warming in the summer of 2009 (Fig. 1). Low
warming did not signiﬁcantly affect soil moisture compared with
ambient temperatures.
Mean net N mineralisation rates were low but consistently
positive except for the autumn of 2009. Net N mineralisation
was unaffected by either warming treatment (Fig. 2a, b). Results
were similar when expressing mineralisation per g of soil or
per g of soil N. When NH4+ and NO3– dynamics were examined
separately, warming only affected net ammoniﬁcation in 2010
during autumn when high and low warming increased net
ammoniﬁcation by 50% and 13%, respectively, compared with
ambient temperatures (Fig. 2c, d). Neither warming treatment
had any effect on net nitriﬁcation (Table 1). The ratio of
ammoniﬁcation to nitriﬁcation was 1.1 in 2009 and 0.067
in 2010.

Table 1. F-ratios(degrees of freedom) from repeated-measures ANOVA of ﬁxed effects on soil variables measured three
times a year during the ﬁrst 2 years of a warming and plant diversity experiment
Y, year; D, diversity; W, warming; P, incubation period; †, signiﬁcant effect at P < 0.1; * signiﬁcant effect at 0.05. The ﬁrst
degrees of freedom (d.f.) value is the numerator d.f. and the second value is the denominator d.f.
EffectA
Y
D
W
P
YD
YW
YP
DW
DP
WP
YWP
DWP
A

Soil temperatureB
2009
2010
–
16.4(2,28)*
334.8(2,17)*
8756.9(1,87)*
–
–
–
7.7(4,17)*
22.6(2,87)*
0.4(2,87)
–
0.5(4,87)

–
26.2(2,29)*
314.3(2,58)*
7843(2,126)*
–
–
–
14.4(4,58)*
23.3(4,137)*
12.0(4,137)*
–
2.4(8,147)*

Soil
moisture

Net N
mineralisation

Net
ammoniﬁcation

Net
nitriﬁcation

4177(1,167)*
2.1(2,29)
17.5(2,58)*
247.5(2,336)*
25.2(2,167)*
0.8(2,158)
74.8(2,314)*
0.3(4,58)
2.8(4,340)*
2.8(4,340)*
2.1(4,344)†
1.4(8,341)

5.5(1,104)*
0.4(2,45)
1.0(2,45)
1.9(2,168)
0.5(2,104)
1.0(2,105)
3.4(2,185)*
0.5(4,46)
0.3(4,170)
1.2(4,170)
1.1(4,215)
0.8(8,169)

0.2(4,128)
0.5(2,23)
3.1(2,55)†
2.1(2,174)
0.5(2,128)
4.0(2,128)*
2.5(2,185)†
1.0(4,56)
0.7(4,177)
3.4(4,177)*
2.5(4,216)*
1.1(8,177)

12.4(1,126)*
0.9(2,23)
0.2(2,53)
8.0(2,172)*
1.3(2,126)
0.1(2,126)
10.0(2,188)*
0.6(4,54)
1.0(4,174)
0.2(4,174)
0.3(4,218)
0.8(8,174)

Insigniﬁcant (P > 0.1) three-way and four-way interactions are not shown.
Soil temperature data were analysed by year because we have no late spring measurements in 2009.

B
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Table 2. Mean increase (þ s.e.) in surface soil temperature (8C) from ambient in plots varying in plant species
diversity under two levels of warming
Bold values indicate a signiﬁcant (P < 0.05) difference from the ambient treatment
Year
2009

2010

Warming
treatment

Incubation
period

1 species

Diversity level
4 species
16 species

High

Summer
Autumn

2.5 ± 0.1
2.5 ± 0.1

2.3 ± 0.2
2.4 ± 0.2

1.2 ± 0.2
1.7 ± 0.2

2.0 ± 0.4
2.5 ± 0.2

Low

Summer
Autumn

1.0 ± 0.1
1.2 ± 0.1

1.1 ± 0.2
1.0 ± 0.2

0.4 ± 0.2
0.8 ± 0.2

0.9 ± 0.4
1.2 ± 0.1

High

Late spring
Summer
Autumn

2.6 ± 0.2
2.1 ± 0.1
3.1 ± 0.1

1.7 ± 0.3
1.7 ± 0.2
2.6 ± 0.4

0.2 ± 0.3
1.0 ± 0.3
2.6 ± 0.2

1.7 ± 0.5
0.8 ± 0.2
2.6 ± 0.5

Low

Late spring
Summer
Autumn

1.0 ± 0.2
1.0 ± 0.1
1.3 ± 0.1

1.0 ± 0.1
0.8 ± 0.1
1.6 ± 0.3

–0.1 ± 0.2
0.4 ± 0.1
1.2 ± 0.1

0.8 ± 0.4
0.8 ± 0.1
1.3 ± 0.3

Gravimetric water content (g g–1)

Ambient

0.10

Low warming

(a)

High warming

(b)

a

bc

0.08

32 species

c

c

ab

abc

abc abc

c

0.06
0.04
0.02
0
Late spring

Summer

Autumn

Late spring

Summer

Autumn

Fig. 1. The effect of warming on initial soil moisture measured at the start of three N mineralisation incubation periods in
(a) 2009 and (b) 2010. Letters indicate signiﬁcant differences among means (P < 0.05, post hoc Tukey’s honestly signiﬁcant
difference (HSD) test after ANOVA) across both years. Error bars indicate  s.e.

Legume shoot d 15N values varied from –4.43‰ to 2.41‰
(mean: –2.06‰) and reference plant values overlapped legume
values with a range of –6.69‰ to 3.40‰ (mean –1.41‰), which
presents a challenge for the natural abundance method for
estimating %Ndfa (see Discussion). Using these data, we found
no evidence that either warming treatment affected %Ndfa
(Table 3). The signiﬁcant species  warming interaction seen
in Model 1 occurred because D. purpurea and L. capitata differed
from each other in only two of the warming treatments. Within
each species, there was no effect of warming.
In general, the three subsets of data yielded similar results for
aboveground biomass (Table 3). High warming signiﬁcantly
affected the biomass of D. purpurea and L. perennis, but this
effect depended upon year for D. purpurea. In 2010, D. purpurea
aboveground biomass in the high warming treatment was over
twice and four times that seen in the ambient treatment for the
4-species and 16-species plots, respectively (Fig. 3a). In the 16and 32-species plots, L. perennis had 88% and 78% higher
biomass under high and low warming, respectively, compared
with ambient temperatures (Fig. 3c). The biomass of D. purpurea
and L. perennis in the low warming treatment was not
signiﬁcantly different from either the high warming or ambient
treatments.

Warming treatment affected shoot [N] only in 2010, when
low and high warming decreased [N] by 8–32%, depending on
species (Table 4). Shoot C : N results were similar to shoot [N]
(data not shown). Warming did not affect total shoot N content
expressed on a ground area basis.
Diversity effects
In 2009, soil temperature was higher in the 1- and 4-species plots
compared with 16-species plots during the summer, with no effect
of diversity in the autumn. In 2010, 1- and 4-species plots
displayed higher soil temperature than the 16-species plots
during late spring and summer. In autumn 2010, soil
temperature was higher in the monocultures compared with the
16-species plots.
Diversity did not affect net N mineralisation, ammoniﬁcation
or nitriﬁcation, but did affect N2 ﬁxation (Tables 1, 3). Plots with
higher diversity generally displayed higher %Ndfa values. In
2010, %Ndfa in the 16- and 4-species plots was twice that in
monocultures, whereas %Ndfa was three times higher in the 16species plots compared with the 4-species plots in 2009 (Fig. 4b).
Legume biomass was 72% and 53% lower in the 16-species
plots than in the 1- or 4-species plots, respectively (Fig. 3b).
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(a)

(b)

(c)

(d )

Net ammonification
(ug N per g soil per day)

Net N mineralisation
(ug N per g soil per day)
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Fig. 2. The effect of warming treatment on (a, b) net N mineralisation and (c, d) net ammoniﬁcation at three time periods in (a, c)
2009 and (b, d) 2010. Error bars indicate  s.e. Letters indicate signiﬁcant differences across years (P < 0.05, post hoc Tukey’s
honestly signiﬁcant difference (HSD) tests after ANOVA).

Individuals of all species growing in monoculture displayed 6%
and 22% higher shoot [N] than those in the four- and 16-species
plots, respectively (Table 4). Following the trends seen for
aboveground biomass, total shoot N content per ground area
was lower in the 16-species plots compared with in the 1- and 4species plots.
Warming and diversity interactions
The effect of warming on soil temperature was inﬂuenced by
diversity, with larger deviations from ambient conditions at low
diversity (Table 2). Diversity did not affect the response of soil
moisture or net N mineralisation to the warming treatment.
When species were pooled (Model 2), an effect of high
warming on biomass was only detectable in the 16-species
plots, where legume biomass was 81% greater under high
warming than under ambient conditions (Fig. 3b).
Additionally, the 2010 increase in D. purpurea biomass under
warming in the 16-species plots was twice that seen in the 4species plots. Diversity did not affect the warming responses of
shoot [N] or total shoot N content.
Year and seasonal effects
Soil moisture varied among years and seasons (Fig. 1). It was
126% higher in 2010 compared with 2009. In 2009, soil moisture
was 31% and 111% higher in late spring and summer,
respectively, compared with autumn. In 2010, soil moisture
was 10% higher in summer than in late spring or autumn (Fig. 1).
Mineralisation during autumn was 30 times higher in 2010
than in 2009. In 2010, autumn mineralisation was eight times

higher than late spring mineralisation in 2010. Interannual and
seasonal variation in nitriﬁcation followed the trends seen for net
mineralisation. Ammoniﬁcation was not greatly affected by year
or incubation period.
Signiﬁcant interannual variation in %Ndfa was evident in all
three ANOVA models, mostly driven by interannual variation in
D. purpurea and L. perennis (Fig. 4b). In D. purpurea, %Ndfa was
twice as high in 2010 than in 2009, and L. perennis displayed 44%
higher %Ndfa values in 2010 than in 2009.
Aboveground biomass and tissue N chemistry variables
also displayed signiﬁcant differences between the years. In the
16- and 32-species plots (Model 3), A. canescens and L. perennis
exhibited 60–63% less biomass in 2010 than 2009. Year
accounted for the most variation in shoot [N], with 13–47%
higher shoot [N] in 2010 than in 2009, depending on species
(Table 4). A. canescens displayed 57% less total shoot N content
in 2010 than in 2009.
Discussion
Ongoing global climate change may affect ecosystem nutrient
cycling, plant traits and community structure directly and
indirectly. Because N is often a limiting nutrient and legumes
play a signiﬁcant role in N cycling, we examined the potential
impacts of warming on (1) perennial prairie legume N2 ﬁxation
and three of its drivers (soil moisture, soil temperature and in situ
net N mineralisation rates), and (2) legume biomass and tissue N
chemistry using a manipulative ﬁeld warming and biodiversity
study with two levels of warming. We also examined the effect of
species diversity on any response to warming. As expected,
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from ANOVAs used to analyse variables measured on legume individuals during the ﬁrst
2 years of a warming and plant diversity experiment
Y, year; S, species; D, diversity; W, warming; †, signiﬁcant effect at P < 0.1; *, signiﬁcant effect at P < 0.05. The ﬁrst degrees of
freedom (d.f.) value is the numerator d.f. and the second value is the denominator d.f.
Table 3. F-ratios(degrees

of freedom)

Model and subset of data analysedA

EffectB

Aboveground
biomass

Shoot [N]

%N derived
from ﬁxation

Total shoot
N content

Model 1: Dalea purpurea
and Lespedeza capitata individuals
in 4- and 16-species plots

Y
S
D
W
YS
YD
YW
SD
SW
DW
YDW

2.0(1,70)
39.8(1,99)*
20.2(1,11)*
5.0(2,25)*
0.3(1,71)
2.4(1,71)
4.7(2,70)*
102.2(1,89)*
3.0(2,88)†
0.1(2,25)
1.7(2,71)

51.3(1,171)*
7.3(1,72)*
0.2(1,13)
8.4(2,27)*
0.7(1,166)
0.3(1,72)
4.0(2,170)*
3.5(1,72)†
2.5(2,102)†
0.1(2,27)
3.5(2,170)*

59.3(1,171)*
39.1(1,53)*
10.2(1,13)*
0.6(2,30)
24.0(1,167)*
12.5(1,171)*
0.7(2,170)
0.2(1,54)
4.6(2,98)*
0.1(2,30)
0.1(2,170)

0.7(1,54)
0.2(1,38)
44.7(1,13)*
3.1(2,17)
0.1(1,52)
0.3(1,54)
0.5(2,59)
13.0(1,38)*
0.2(2,60)
0.4(2,59)
0.4(2,59)

Model 2: Individuals in 1-,
4- and 16-species plots with species
added as a random factor

Y
D
W
YD
YW
DW

1.8(1,174)
14.0(2,15)*
5.5(2,132)*
4.9(2,175)*
2.9(2,175)
3.6(4,101)*

68.3(1,371)*
12.2(2,15)*
7.0(2,50)*
1.0(2,372)
4.4(2,368)*
0.9(4,47)

13.2(1,367)*
10.8(2,17)*
0.9(2,47)
17.7(2,368)*
1.2(2,367)
1.3(4,44)

0.7(1,153)
20.7(2,14)*
0.6(2,126)
0.8(2,154)
0.7(2,152)
0.9(4,112)

Model 3: Individuals
in 16- and 32-species plots

Y
S
W
YS
YW
SW

29.0(1,211)*
53.8(3,227)*
3.4(2,24)*
8.3(3,211)*
1.1(2,211)
2.6(6,232)*

72.9(1,443)*
61.2(3,414)*
4.8(2,30)*
2.9 (3,434)*
6.5(2,446)*
1.1(6,450)

31.7(1,441)*
55.6(3,442)*
1.4(2,25)
4.1(3,431)*
1.7(2,444)
0.4(6,446)

8.4(1,203)*
19.9(3,206)*
0.4(2,27)
2.8(3,194)*
0.5(2,204)
1.4(6,210)

A

Due to the structure of the data collected, three separate ANOVAs were run, each using a subset of the data and a slightly different
model of effects.
B
Insigniﬁcant (P > 0.1) three-way and four-way interactions are not shown.

warming increased soil temperature and decreased soil moisture,
but this response was most evident for the higher warming
treatment, and for many measurement periods soil moisture
did not differ between ambient and low warming conditions.
Contrary to our expectations, net N mineralisation rates did not
differ among warming treatments or diversity levels, but showed
strong inter-annual variation during the autumn sampling period.
We acknowledge that our ability to quantify Ndfa was limited in
our experimental setting. Given this caveat, we did not ﬁnd
support for any effect of warming treatment on N2 ﬁxation,
but found evidence for an effect of diversity. Both high and
low warming decreased shoot [N], but only high warming
increased aboveground biomass for two species. This higher
biomass did not lead to higher aboveground N pools in these
legumes, though, because of the lower shoot [N]. Species
diversity only affected the response of soil temperature and
biomass to experimental warming. Overall, these results
suggest small potential legume-mediated changes to N cycling
under elevated temperatures for this prairie ecosystem, and that
climate change may affect ecosystem N cycling more via effects
on legume abundance and tissue N chemistry than effects on N2
ﬁxation. Low warming treatment values were usually
intermediate between ambient and high warming conditions,
but occasionally would be more similar to ambient conditions
or to warming, depending on the variable and year.

Temperature effects
Contrary to expectation, we found no evidence that N2 ﬁxation
(estimated as the proportion of nitrogen derived from ﬁxation, %
Ndfa) was affected by the warming treatment. As with net N
mineralisation, the warming-induced soil moisture decreases may
have offset the increases in soil temperature. Also, our net N
mineralisation results indicate no change in plant-available soil N
under warming. The effects of warming on these three drivers of
N2 ﬁxation probably combined to produce no change in the
reliance on ﬁxation. Elevated temperature could also affect N2
ﬁxation through its effect on nodulation (Purwantari et al. 1995;
Lira Junior et al. 2005; Whittington et al. 2012). We found no
effect of warming treatment on nodule fresh weight, which ranged
from 0 g m–3 to 240 g m–3 among subplots in 2011 (data not
shown). Warming affected N2 ﬁxation in several other ﬁeld
warming studies (Lilley et al. 2001; Garten et al. 2008). The
lack of any warming-induced changes to %Ndfa and total N
content in our study suggests that the amount of ﬁxed N added
to these systems may not change due to future temperature
increases of the magnitudes we imposed. However,
temperature-dependent shifts in the abundance of various
legume species could change N input rates.
The 15N natural abundance method for measuring %Ndfa used
in this study is not without limitations (Handley and Raven 1992;
Boddey et al. 2000). Our values of %Ndfa may be inﬂated, since
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Ambient

Low warming
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High warming

(a)

Table 4. Shoot [N] (mg g–1) of four legumes (Amorpha canescens, Dalea
purpurea, Lespedeza captitata and Lupinus perennis) grown at three
diversity levels and under two warming treatments for 2 years
Values are means  s.e. Letters indicate signiﬁcant differences among means
within each effect (P < 0.05, post hoc Tukey’s honestly signiﬁcant difference
tests after ANOVA)
Effect

Level

Year
2009

A

Species

A. canescens
D. purpurea
L. capitata
L. perennis

14.4 ± 0.3
17.0 ± 0.3ab
15.0 ± 0.2bc
9.8 ± 0.3d

17.5 ± 0.4ab
18.9 ± 0.4a
17.5 ± 0.3a
14.0 ± 0.9c

Ambient
Low
High

14.7 ± 0.5cd
14.3 ± 0.4d
14.3 ± 0.5cd

20.0 ± 0.7a
17.4 ± 0.5b
16.1 ± 0.5bc

1 speciesa
4 speciesb
16 speciesb

16.2 ± 0.8
16.3 ± 0.4
13.4 ± 0.3

21.0 ± 1.0
18.4 ± 0.4
16.9 ± 0.5

Aboveground biomass (g m–2)

Warming treatment

(b)
DiversityB

2010
c

A

Values shown are means pooled across 16- and 32-species plots.
There were no diversity  year interactions, so the differences between the
diversity levels are shown with letters next to the level; values are means
pooled across species and warming treatments.

B

0.8

(a)
2009

(c)

2010

0.6

0.4
0.2

0

Ndfa

A. canescens

D. purpurea

L. capitata

L. perennis

(b)

Fig. 3. The effect of warming on aboveground biomass as analysed with
three different subsets of data. (a) The effect of warming on Dalea purpurea
and Lespedeza capitata biomass (Model 1). Only 2010 data are shown, as this
was the only year to show a signiﬁcant effect of warming. (b) The inﬂuence of
diversity on the warming response of biomass (Model 2). Means are pooled
across species and years. (c) The effect of warming on biomass for each species
(Amorpha canescens, D. purpurea, L. captitata and Lupinus perennis) in
diverse plots (Model 3). Means are pooled across 16- and 32-species plots for
both years. Error bars represent  s.e. Letters indicate signiﬁcant differences
(P < 0.05, post hoc Tukey’s honestly signiﬁcant difference (HSD) tests after
ANOVA) among means within each model.

we assumed at least one individual of each species was relying
solely on ﬁxation each year. However, our values are still
relatively low compared with values reported for the same
species in a different ﬁeld experiment in the same ﬁeld (West
et al. 2005). Our low values most probably occurred because
several legume individuals exhibited higher d 15N values than
the mean reference values. Since a negative reliance on ﬁxation is
not feasible, we set the %Ndfa value to zero for these individuals.
Our data suggest that this method for measuring N2 ﬁxation may

0.4

0.2

0
1-species

4-species

16-species

Fig. 4. The effect of year and diversity on the proportion of N derived from
ﬁxation (Ndfa). (a) Interannual variation in Ndfa for the four focal legumes
(Amorpha canescens, Dalea purpurea, Lespedeza captitata and Lupinus
perennis). (b) The effect of plant diversity on Ndfa. Error bars indicate 
s.e. Letters indicate signiﬁcant differences among means (P < 0.05, post hoc
Tukey’s honestly signiﬁcant difference (HSD) tests after ANOVA).

not be optimal for this system, since there was not a large
difference in the d15N values of legumes and reference plants.
Since we did not see a large difference between legume d 15N
values and reference plant d 15N values, our %Ndfa values should
be interpreted with caution and should not be considered as
quantitative measurements of N2 ﬁxation, and it would be
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inappropriate to use these values to estimate amount of ﬁxation
on an ecosystem-wide basis (Ledgard and Peoples 1988). An
alternative to using %Ndfa values calculated with a mixing model
is to simply examine the legume d 15N values. Analysis of the
d 15N values yielded results (not shown) similar to those seen for
%Ndfa (i.e. diversity and year affected d 15N values but warming
did not), suggesting that the %Ndfa results are not false trends
created by the calculations necessary for the mixing model.
Net N mineralisation is often used as an index of plantavailable N (Schimel and Bennett 2004). We found no effect
of warming or diversity on net N mineralisation rates. Previous
studies have yielded mixed results on the effect of warming on
net N mineralisation (Rustad et al. 2001). In a subalpine warming
experiment in the Rocky Mountains, warming did not affect N
transformation rates in a mesic site, but did increase net N
mineralisation in a dry site for 2 out of 3 years (Shaw and
Harte 2001). Interannual variation in the warming response of
N mineralisation was also seen in an Oklahoma tallgrass prairie
warming experiment, with warming increasing it one year and
decreasing it the next (Wan et al. 2005). A lack of response may be
due to the antagonistic effects of decreasing soil moisture and
increasing soil temperature. We did ﬁnd that the high and low
warming treatments increased net ammoniﬁcation in the very wet
autumn of 2010, but warming had no effect on net nitriﬁcation. In
2010, net nitriﬁcation was ~15 times larger than ammoniﬁcation
and probably had more inﬂuence on net N mineralisation rates.
The increase in ammoniﬁcation may have arisen due to higher
gross mineralisation rates, lower microbial immobilisation or
decreased nitriﬁcation rates under warming. Contrary to our
ﬁndings, warming increased immobilisation during the ﬁrst
two years of two other ﬁeld warming studies (Shaw and Harte
2001; Larsen et al. 2011).
D. purpurea and L. perennis both had signiﬁcant aboveground
biomass responses to warming treatments, with three and two
times, respectively, higher biomass under warming on average
across the four-, 16- and 32-species plots in 2010. The biomass
harvest occurred when L. perennis was senescing. For this
species, warming may have delayed senescence, leading to
higher biomass in these subplots at the time of harvest,
although we detected no effect of warming on the community
normalised difference vegetation index during this time in 2011
(Whittington 2012). In a growth chamber experiment with
seedlings of these species, L. capitata was the only species to
display enhanced growth under elevated temperatures, although
there was a trend for a small increase in biomass for D. purpurea
(Whittington et al. 2012). These differences might mean that
seedlings and mature plants respond differently to warming and
these differences could interact to affect community structure
over time. The differences between the two studies might also be
due to indirect interactions that occur in ﬁeld settings but not in the
controlled environment of a growth chamber.
Warming decreased legume shoot [N] concentrations, with
reductions of 8–32% depending on species, suggesting a
decrease in mineral N uptake. A reduction in uptake could be
due to decreased soil moisture or undetected decreases in soil N
availability. We also cannot rule out the possibility of warming
effects on root biomass or architecture that could also affect N
uptake. Additionally, the increase in biomass production under
warming observed for D. purpurea and L. perennis could account
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for the decrease in shoot [N], even if mineral N uptake
remained unaffected for these two species. Previous studies
have yielded mixed results on the impact of warming on tissue
N concentrations. Warming decreased shoot [N] in several
Oklahoma tallgrass prairie species including Ambrosia
psilostachya DC., Aster ericoides L., Dichanthelium
oligosanathes (Shult.) Gould, Schizachyrium scoparium
(Michx.) Nash, and Sporobolus asper (Beauv.) Kunth (An
et al. 2005). Similar results have been found for subterranean
clover (Trifolium subterraneum L.) (Lilley et al. 2001) and
rhizoma peanut (Arachis glabrata Benth.) (Fritschi et al.
1999), Warming, however, was found to increase [N] in a
moist tundra ecosystem (Welker et al. 2005), and the authors
attribute this increase to an increase in N mineralisation. In an oldﬁeld grassland community in Tennessee, warming had no effect
on shoot [N] in several species, including two legumes (Garten
et al. 2008). Decreases in shoot [N] (and resulting increases in
shoot C : N) may affect herbivory and litter chemistry, which, in
turn, will affect decomposition (Hobbie 1992; Cornwell et al.
2008). Decreases in shoot [N] may also decrease the stimulatory
effect these legumes have on mineralisation and, in turn, decrease
the stimulatory effect they can have on their nonlegume
neighbours (Lee et al. 2003; Hille Ris Lambers et al. 2004).
These effects may then feed back to affect nutrient cycling, plants
and other trophic levels.
Despite the reduction in shoot [N] seen under warming in our
experiment, total shoot N content was not affected by warming,
indicating that total aboveground biomass N pools in legumes
were unchanged. For D. purpurea and L. perennis, the decrease in
[N] counteracted the effect of increased biomass under warming.
If the reliance on N2 ﬁxation remains constant, the lack of a
warming effect on legume aboveground N pools suggests that the
amount of ﬁxed N added to this system by these legumes would
remain unchanged in the future.
Diversity effects
We found support that nitrogen ﬁxation varied among diversity
levels. Legumes also had greater reliance on ﬁxation as diversity
increased, perhaps because of stronger competition for mineral N
in the presence of many nonlegume neighbours, including
grasses, than they experience in less diverse plots (Fargione
and Tilman 2005). A decrease in competition for N in lower
diversity plots was also visible in our [N] results. Shoot [N]
increased with decreasing diversity for these legumes, with 22%
higher [N] in monoculture plots than in plots with 16 species.
Evidence for this phenomenon has also been found in several
other studies (Carlsson et al. 2009; Roscher et al. 2011). These
results suggest that any warming-induced changes in diversity or
species composition may indirectly affect ﬁxation rates and, in
turn, the amount of ﬁxed N that is added to the community.
Warming and diversity interactions
Our experimental design allowed us to examine the potential
inﬂuence of plant species diversity on the effects of warming in
these communities. Diversity did not affect the warming response
in any variables except soil temperature and aboveground
biomass. The increase in surface soil temperature under
warming was stronger at lower diversity levels. This diversity
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effect may have been caused by decreased evapotranspiration at
higher diversity because of greater shading of the soil surface and
by increased interception of infrared radiation due to greater leaf
biomass. The higher biomass in more diverse plots may cause
higher transpiration rates and higher air humidity. The higher
humidity in more diverse plots may have absorbed more of the
infrared radiation, decreasing the amount that reached the soil
surface.
The lack of strong diversity effects on the warming response
suggests that species composition did not inﬂuence the response
to warming. By contrast, a European grassland warming and
diversity experiment (De Boeck et al. 2008) found that warminginduced decreases in aboveground biomass were higher at higher
species diversity. The authors attribute this interaction to
increased evapotranspiration and thus increased drought
conditions under warming in more diverse communities
compared with the drought experienced under warming in less
diverse communities. However, their experiment was performed
in mesocosms with plants that had been growing for only 3 years.
These relatively young plants may not have had to time to develop
large root systems, making them more vulnerable to the effects of
warming on soil moisture. Our warming experiment investigated
the effect of warming on established (~15-year-old) plants that
were likely to have large root systems. The legumes in our study
may have access to deep water and thus the warming-induced
decreases in soil moisture did not inhibit biomass production.
Interannual variability and seasonal effects
Several variables, including %Ndfa, soil moisture, net
mineralisation and shoot [N], displayed signiﬁcant interannual
variation. The differences between the years for many of these
variables is most likely to be due to the precipitation differences
between the years, suggesting that these variables may be affected
more by future changes in precipitation rather than in temperature.
Percent Ndfa and shoot [N] were higher in the wetter and warmer
2010 than the drier 2009. Interannual variability in net N
mineralisation was only seen during the autumn period, with
much higher rates during the autumn of 2010 compared with any
other period. The reason for this is unclear. Possibly,
decomposition of senesced L. perennis occurred during this
period and the higher soil moisture in 2010 allowed a large
pulse of mineralised N to be released. For all incubation
periods except autumn 2010, net N mineralisation values
ranged from –0.2 to 0.3 ugN g–1 soil day–1, which is several
orders of magnitude smaller than values measured in 2007
reported previously for these plots (Fornara et al. 2009) but
more similar to the gross mineralisation rates measured in
these plots in 2000 (Zak et al. 2003). The reason behind this
discrepancy is unclear, but may be due to variation in methods or
relatively high concentrations of NO3– and NH4+ occasionally
found in our blanks.
Our results show that the impacts of temperature increases on
legumes and N cycling were mainly mediated through changes in
legume abundance and tissue chemistry, rather than N2 ﬁxation.
Warming decreased shoot [N] for all four species and increased
shoot biomass for two species. Responses were generally stronger
under high than low warming, with low warming responses
usually intermediate between high warming and ambient
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conditions. The interactions between diversity and warming
were rarely signiﬁcant, suggesting that diversity had little
inﬂuence on the warming responses of N cycling processes in
our study system. However, many of the variables we measured
showed strong differences between a very dry year and the
following wet year, which suggests that these processes are
responsive to water availability. However, a longer experiment
will be needed to test for the interactive effects of warming
and year-to-year variation in precipitation.
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