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Abstract
Grassland production is sensitive to both precipitation and plant N accumulation and utilization, such
that change in one variable in�uences grassland response to the second variable. We investigated effects
of interannual variation in precipitation on the response of community-level values of relative growth rate
(RGR) to two multiplicative components of RGR, nitrogen productivity (NP; rate of change in
biomass/plant N) and N concentration ([N]), in two grassland communities in Texas, USA. Communities
included a diverse mixture of perennial grass and forb species and monoculture of the perennial C4 grass
Panicum virgatum. RGR and its N components were measured at the spatial scale of 7-m diameter
circular patches in each community near the spring peak in mixture biomass during each of 5 years. We
found that RGR varied substantially among patches and years and between communities. RGR variation
was strongly correlated with variation in NP. Precipitation during the 3 months prior to RGR measurement
mediated the RGR response to NP by altering the correlation between NP and [N] in both grasslands.
Reduced precipitation led to more negative NP-[N] correlation coe�cients, which reduced proportional
change in RGR per change in NP by as much as 30% even in the absence of a precipitation effect on
means of community RGR and NP. Our results highlight an under-appreciated aspect of the pervasive role
of precipitation in grassland growth that was mediated via change in plant growth return on accumulated
N.

Introduction
Grassland biomass productivity frequently is limited by soil N availability (Fay et al. 2015; Stevens et al.
2015; Du et al. 2020) and ultimately, by plant N accumulation and utilization e�ciency (Egan et al. 2019).
However, the relationship between plant productivity and N can vary among grassland communities or
years for at least three reasons. First, productivity-N relationships may vary in response to interannual
variation (IAV) in precipitation. Precipitation, like plant N, in�uences grassland growth (e.g., Owensby et al.
1970; Lauenroth and Sala 1992; Knapp et al. 2001). N-precipitation co-limitation implies that N and water
interactively regulate productivity, such that the in�uence of plant N on grassland growth depends on
precipitation (Yahdjian et al. 2011; Wang et al. 2017). For example, low precipitation may limit growth
response to additional N by limiting photosynthesis or aboveground biomass and plant light interception.
Second, productivity-N relationships may differ among grassland communities if plant N levels or N
utilization in growth differs among species (Del Pozo et al. 2000). Third, productivity-N relationships may
vary over de�ned periods within a growing season because of community or interannual differences in
biomass at the beginning of the measurement period. Assessing productivity as Relative Growth Rate
(RGR) standardizes for initial differences in plant size or community biomass.

RGR in aboveground biomass is linked to two multiplicative components of N: aboveground biomass
productivity per unit of plant N content (N productivity; NP), an index of N utilization e�ciency, and
aboveground plant N content per unit of plant biomass ([N]), an index of N acquisition. This simple
factorization of RGR into [N] and NP derives from the understanding that plant C gain is regulated partly
by plant levels of protein N that are associated with photosynthesis and that the e�ciency with which
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plant N is utilized in growth may vary with environmental conditions and species or community
differences in N distribution among aboveground tissues. The RGR concept frequently has been applied
to individual plants to determine relationships between biomass productivity and plant N (e.g., Garnier
and Vancaeyzeele 1994; Wright and Westoby 2000, 2001), but rarely has been utilized at the plant
community scale, and especially over multiple years that differ in precipitation, because of the di�culty
of repeatedly measuring plant biomass and N content at large spatial scales.

Much of what is known about linkages between RGR and its N components comes from fertilization
experiments of typically short duration with selected species or simple plant communities (e.g., der Werf
et al. 1993; Wright and Westoby 2000, 2001). From these experiments, we have learned that RGR may
correlate highly with NP, aboveground [N], or both (Garnier and Vancaeyzeele 1994; Baret et al. 2017;
Meurer et al. 2019), NP-[N] relationships may differ among species (Del Pozo et al. 2000), and the
contribution of NP to RGR may vary with N availability, particularly among inherently fast-growing
species (e.g., der Werf et al. 1993). Studies with juvenile plants have demonstrated that NP and leaf [N]
generally are positively correlated (Aerts and Chapin 2000). There is evidence from grass stands, however,
of negative covariance between NP and plant [N] (Soussana et al. 2005). Similar results have been
reported when growth was analyzed as a function of leaf properties alone. Growth per unit of leaf N and
leaf [N] were negatively correlated across 28 species of woody seedlings (Wright and Westoby 2000).

We investigated precipitation effects on relationships between aboveground RGR and two N components,
NP and [N], near the spring biomass peak of 5 years for two grassland communities. Communities
include a planted a mixture of perennial grassland species (mixture) and monoculture of the C4 grass
Panicum virgatum L. (switchgrass).

We tested four predictions. 1) Community RGR would correlate more strongly with community NP than
[N]. This prediction is based on the biological expectation that a given proportional increase in growth per
unit of plant N (NP) will result in a similar proportional increase in community RGR. By contrast, RGR may
not respond proportionately to a given change in community [N] if, as [N] increases, factors other than N
constrain the RGR response to [N] (Wright and Westoby 2000). 2) Community NP and [N] would be
inversely correlated on average among years and between communities. This prediction derives partly
from the mathematical relationship between NP and [N]. The variable plant N content per unit of surface
area appears in both the numerator of community [N] and denominator of NP. NP will tend to increase as
[N] declines as a result. An inverse correlation between NP and [N] also is consistent with observations
that NP and nitrogen use e�ciency increase when N availability declines (Yuan et al. 2006; Egan et al.
2019). 3) The correlation between community NP and [N] would differ among years in response to IAV in
precipitation. This prediction is based on the premise that low precipitation will reduce water availability
to plants and limit photosynthetic rates or plant biomass and light interception. Reduced photosynthetic
capacity and light interception should, in turn, constrain plant capacity to translate additional N into
biomass such that the NP-[N] correlation will be more negative when precipitation is relatively low than
higher. 4) Correlation coe�cients between community NP and [N] would respond more to IAV in
precipitation in mixture than switchgrass. Community-scale values of leaf dry matter content (LDMC)
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vary less among years in switchgrass than mixture (Polley et al. 2020a), implying lesser IAV in relative
abundances of species functional groups and greater temporal consistency in NP-[N] correlation in the
switchgrass than mixture community. We tested these predictions by using remote measurements of
canopy re�ectance of sunlight over a 2–5 week period near the spring biomass peak during each of 5
years.

Methods

RGR factorization
We applied a two-component factorization of RGR in aboveground biomass at the community scale,

RGR = NPx[N]

1
where RGR is relative growth rate, the rate of change in aboveground biomass over the growth interval per
unit of biomass (g biomass/g biomass/d), NP is N productivity, the rate of change in aboveground plant
biomass divided by the mean value of plant N content (g biomass/g N/d; Ingestad 1979), and [N] is plant
N concentration expressed as the ratio of aboveground plant N content per unit of area to aboveground
biomass per unit of area (g N/g biomass). NP is a component of nitrogen use e�ciency, the latter de�ned
as the product of NP and the mean residence time of plant N (Hirose 2011). Mean values of RGR and its
N components were calculated over each growth interval as follows (Hunt 1982):

RGR = ln(b2 − lnb1)/(t2 − t1)

2

NP =
b2 − b1
t2 − t1 x (lnN2 − lnN1)/(N2 − N1))]

3

[N] = (
N2
b2 +

N1
b1 )/2]

4
where b, N, and t are aboveground biomass (g/m2), aboveground N content (g/m2), and time in days (d),
respectively, for �nal (2) and initial (1) measurement dates. RGR derived as the product of NP and mean
[N] will not equate exactly to calculated values of mean RGR (Hunt 1982) but the correlation in data we
analyzed was > 0.99.

Links between RGR and its N components also were investigated using ‘scaling relationships’ derived
from an additive factorization of RGR (Wright and Westoby 2001), where:

[ ( ) (
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logRGR = logNP + log[N]

5
Slopes of log-log relationships between RGR and each of its components indicate the proportionality in
change between variables. The anticipated value of ‘scaling slopes’ is 1.0, such that RGR changes in
direct proportion to change in NP or [N]. Negative correlation between NP and [N] will reduce values of
‘scaling slopes’ between RGR and NP or [N] to < 1.0 and thereby reduce the fractional change in RGR per
unit of change in NP or [N].

Site
RGR and its N components were estimated during spring for mixture and switchgrass communities
located at Temple, Texas, USA (31◦10′ N, 97◦34′ W) (Long-term Biomass Experiment; LTBE). Eight
randomly selected stands in a former agricultural �eld were planted with a seed mixture containing 38
native perennial forb and grass species (Polley et al. 2020a). Remaining stands (16) were planted to a
monoculture of switchgrass (cultivar Alamo). Stands were planted 6 years prior to measurements (2010).
Each was 17 m wide and 137–218 m long (0.26–0.37 ha). Annual precipitation averages 905 mm (50
years record) with peaks in spring and autumn. Monthly maximum temperatures vary between 15.3 and
35.4 ◦C in January and August, respectively. LTBE contributes to the USDA Long-Term Agroecosystem
Research (LTAR) network (https://ltar.ars.usda.gov/).

We calculated RGR and its N components at the spatial scale of a 7-m diameter circular patch. Thirteen
patches were permanently located along the length of each mixture stand and in switchgrass stands
located immediately to the south of each mixture (n = 8 stands), resulting in 104 patches per community.
Mixture and switchgrass communities are not grazed or fertilized. Both communities are hayed following
each growing season and both include not-seeded native and exotic species that are considered
‘invaders’. Prominent invaders of mixture communities include annual grass and forb species that
complete growth during spring. Included are the grass Bromus japonicus Thunb. ex Murray (Japanese
brome) and forb Gaillardia pulchella Foug (Indian blanket). Prominent invaders in switchgrass include
two exotic C4 perennial grasses, Panicum coloratum L. (Klein grass) and Sorghum halepense (L.) Pers.
(Johnson grass). Annual grasses and forbs are locally abundant where switchgrass failed to establish.

Field measurements, variable calculation, and statistics
RGR, NP, and [N] were estimated using measurements of canopy re�ectance on two dates during spring
(late March-April) separated by 14–38 d in each of 5 years (2016 − 2019, 2021). Aboveground biomass
reaches its spring peak in late April in mixture (Polley, Collins and Fay 2020). We measured re�ectance
from a rotary-wing, unmanned aerial vehicle (UAV; S1000; DJI; Shenzhen, China) using an ASD
HandHeld2 spectroradiometer (spectral range of 350–1050 nm; ASD Inc., Boulder, CO, USA). We �ew the
GPS-guided UAV to a stationary position at 15.8 m height (25  �eld of view) above each patch prior to
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each measurement. Three consecutive measurements of re�ectance per patch were averaged for each
sample. We measured re�ectance within 2 h of solar noon on cloudless days and referenced
measurements to a Spectralon® white reference panel at ~ 15-min intervals. Re�ectance was calculated
by dividing radiance re�ected from the plant canopy by radiance incident on the canopy. We considered
incident radiation to be the radiant �ux re�ected from a Spectralon® white reference panel exposed to full
sunlight.

Aboveground biomass per patch (g/m2) for each sample date was calculated as an exponential function
of the enhanced vegetation index (EVI) (adj. r2 = 0.83, P < 0.0001; Polley et al. 2020b).

EVI = Gx
NIR − Red

NIR + C1xRed − C2xBlue + L

6

where NIR, red, and blue are re�ectance in near-infrared, red, and blue wavelengths, respectively, L is an
adjustment for canopy background, G is a gain factor, and coe�cients C1 and C2 correct for the in�uence
of aerosols (L = 1, C1 = 6, C2 = 7.5, G = 2.5).

Community N content (g N/m2) per patch was estimated using a linear regression �t to the relationship
between observed values of aboveground N content and the red edge chlorophyll index (CIred edge), where
CIred edge was calculated by subtracting 1 from the ratio of re�ectance in the NIR (840 nm) to re�ectance
in a waveband in the red edge of the spectrum (717 nm) (Gitelson et al. 2005; Li et al. 2012). The N
content-CIred edge regression was developed from ground-level ‘calibration’ measurements of aboveground
N content and re�ectance. Calibration data were collected across a series of 30-cm diameter rings (n = 
61) positioned in mixture and switchgrass communities to span a wide range in aboveground N content.
Re�ectance was measured using an ASD HandHeld2 spectroradiometer. Vegetation then was harvested
to 5 cm height, dried (65 C), and weighed. Samples of dried plant material from each ring were analyzed
for [N] using inductively coupled plasma atomic emission spectroscopy (Isaac and Johnson 1998).
Aboveground N content (g N/ m2) per ring was calculated by multiplying biomass/m2 by [N] (g N/g
biomass). Linear regression explained 80% of the variance in community N content in calibration data
(Supplementary Fig. 1).

We used this regression model to estimate N content at the patch scale (7-m diameter). Regression
consistency in predicting N content across spatial scales was evaluated by comparing N content
calculated using patch-scale re�ectance to the average value of N content calculated using ground-level
measurements of re�ectance from eight 76-cm diameter plots randomly located in each of 16 patches.
The slope of a linear regression between patch N content and the mean N content of plots per patch that
was �t through the origin (Supplementary Fig. 2) did not differ signi�cantly from 1 (t15 = -1.50, P > 0.10).
The regression model thus adequately predicted patch-scale N content using measurements collected at
smaller spatial scale.

( )



Page 7/19

We used linear regression to calculate log-log scaling slopes between community RGR and its N
components and to assess relationships between spatial variation in RGR in each community and year
and the unique (independent) effects of each of its N components. RGR was regressed on residuals from
a regression of community NP on community [N] (statistically independent effects of NP) and residuals
from a regression of community [N] on community NP (independent effects of [N]). Results of simple
bivariate regression of RGR on each of its N components are in�uenced by shared contributions of the
two N components to RGR. Correlation between community NP and [N] was assessed using Pearson
correlation.

Precipitation effects on NP-[N] correlation coe�cients and community N were investigated by regressing
mean values of Pearson correlation coe�cients and community N per year on precipitation summed over
the 120-day period prior to RGR measurement each year. Precipitation sums were calculated for all
possible time intervals with a minimum duration of 15 days (e.g., 31–45 days) and maximum duration of
120 days (e.g., 1-120 days) each year. The precipitation value that exhibited strongest correlation (highest
r2 value) with each dependent parameter was selected. Regressions were �t using SAS 9.4.

Results

RGR and links to NP and [N]
Spring values of community RGR at the patch scale ranged from − 29.8 to 62.4 mg/g/d among years and
communities (Fig. 1). Community NP varied between − 3.6 and 6.7 g biomass/g N/d. [N] differed by as
much as a factor of 3.3 among patches across years and communities. Median values of community
RGR and NP were greater in switchgrass than mixture communities in 5 of 6 years.

RGR correlated more strongly with community NP than [N] (Table 1). Community RGR was highly and
positively correlated with community NP (not shown; adj. r2 = 0.88, P < 0.0001). Relationships between
community RGR and [N] were weakly positive in 3 of 5 and 4 of 5 years for mixture and switchgrass,
respectively, and not signi�cant in remaining years.
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Table 1
Relationships between community RGR (g biomass/g biomass/d), Nitrogen Productivity (NP;

g biomass/g N/d), and [N] (g N/g biomass). Shown are slopes of linear regression
relationships between RGR and independent effects of community NP and [N] (Independent

slopes), scaling slopes of log-log relationships between RGR and community NP and [N], and
statistical correlation coe�cients (Pearson correlation) between NP and [N]. Adj. r2 values of

regressions are shown in parentheses below slope values. NS = not signi�cant (P > 0.05)

  Independent slopes Pearson correlation

coe�cients

Scaling

Slopes

Community/year RGR-NP RGR-[N] NP-[N] RGR-NP RGR-[N]

Mixture          

2016 0.0083

(0.97)

1.152

(0.08)

-0.347 0.91

(0.91)

NS

2017 0.0110

(0.99)

NS -0.100 0.99

(0.99)

NS

2018 0.0092

(0.88)

2.092

(0.06)

-0.594 0.78

(0.91)

-0.83 (0.10)

2019 0.0080

(0.94)

2.458

(0.25)

-0.481 0.79

(0.72)

NS

2021 0.0087

(0.58)

NS -0.356 0.92

(0.98)

-2.88

(0.19)

Switchgrass          

2016 0.0111

(0.77)

1.340

(0.11)

-0.826 0.70

(0.87)

-0.89

(0.21)

2017 0.0096

(0.96)

NS -0.036 0.97

(0.96)

NS

2018 0.0099

(0.82)

2.621

(0.32)

-0.227 0.93

(0.64)

0.83

(0.25)

2019 0.0075

(0.71)

3.119

(0.16)

0.036 1.02

(0.82)

1.30

(0.21)

2021 0.0097

(0.84)

1.421

(0.08)

-0.625 0.78

(0.89)

-0.74

(0.09)
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Correlation coe�cients between community NP and [N] were negative in 9 of 10 year-community
evaluations (Table 1), ranging from slightly positive (0.036) to strongly negative

(-0.826). RGR will change in direct proportion to change in NP when the NP-[N] correlation coe�cient = 0
such that scaling slope relating RGR to NP = 1. Because the NP-[N] correlation generally was negative,
however, slopes of scaling regressions between community RGR and NP were < 1.0 in 9 of 10 year-
community comparisons. Across years and communities, RGR-NP scaling slopes declined linearly as NP-
[N] correlation coe�cients became more negative (Fig. 2). The plot of RGR-NP scaling slopes contained
one outlying point. The RGR-NP response was greater than predicted by regression for mixture in the year
(2021) in which RGR was most strongly negatively correlated with community [N] (Table 1). Negative
correlation between community NP and [N] also altered the sign of regression slopes between community
RGR and [N]. Positive relationships between RGR and statistically independent effects of [N] shifted to
negative or not signi�cant scaling slopes in 5 of 6 year-community comparisons in which NP-[N]
correlation coe�cients were negative (Table 1). RGR-[N] scaling slopes were positive in only 2 years and
then only for switchgrass. Slopes of RGR-[N] scaling regressions, like those of RGR-NP regressions,
declined in both communities as NP-[N] correlation coe�cients became more negative (Fig. 2). RGR
responded less to change in [N] during years in the NP-[N] correlation was strongly negative than near
zero.

Precipitation effects
NP-[N] correlation approached zero as precipitation increased in both mixture and switchgrass, although
the shape of response curves differed between communities (Fig. 3). Correlation coe�cients between
community NP and [N] were linearly related to precipitation summed over 1–90 days prior to RGR
measurements for mixture but varied as an exponential function of precipitation summed over 46–75
days prior to RGR measurements for switchgrass.

The precipitation effect on NP-[N] correlation coe�cients was associated with change in community N
content in mixture. Reduced precipitation reduced the mean of community N content in mixture (Fig. 4),
but did not signi�cantly affect N content in switchgrass, whether precipitation was summed over 1–90 d
(P = 0.67) or 46–75 d prior to measurements (P = 0.41). Reduced N content in mixture was, in turn,
associated with increasingly negative NP-[N] correlation coe�cients (Fig. 5). Precipitation did not affect
the mean of either NP or RGR in mixture (P = 0.92, 0.91) or switchgrass (P = 0.60, 0.93).

Discussion
Community RGR measured near the spring peak in biomass varied substantially among years and
grassland communities.  RGR was strongly correlated with community NP in mixture and switchgrass.
 IAV in precipitation did not affect means of either community RGR or NP, but low precipitation during the
3 months prior to RGR measurement lessened scaling of RGR to NP in both simple and diverse grassland
by strengthening negative correlation between community-scale values of NP and [N].   Results
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demonstrate that precipitation may in�uence the relationship between grassland growth and plant N
independently of any apparent precipitation effect on means of RGR or its N components.  

RGR and precipitation effects on RGR-NP scaling
RGR varied substantially among patches each year, among years, and between communities, likely
re�ecting spatial and temporal variation in abundances of species functional groups (Polley et al.
2020a).  Variation in community RGR was strongly and positively correlated to variation in NP, the
e�ciently with which N is utilized in growth, in both mixture and switchgrass as predicted.  By contrast,
independent effects of [N] of RGR were weakly positive or not signi�cant. A given proportional increase in
growth rate per unit of plant N should result in a similar proportional increase in growth rate per unit of
plant biomass.  Studies with individual plants usually document a strong RGR-NP correlation (Wright and
Westoby 2001).  

Scaling of community RGR to NP depended on the sign and magnitude of correlation coe�cients
between community NP and [N].  NP-[N] correlation coe�cients generally were negative, as may occur if
greater growth per unit of N dilutes plant N by increasing aboveground biomass.  As a result, RGR usually
was smaller than anticipated had NP and [N] varied independently.  Soussana et al. (2005) observed
negative covariance between N productivity and plant [N] in grass stands.  But NP need not correlate
negatively with [N].  Indeed, the NP-[N] correlation for switchgrass approximated zero for two years.

Precipitation is a principal driver of grassland productivity (Sala et al. 1988; Knapp and Smith 2001) and
regulated IAV in NP-[N] relationships in mixture and switchgrass communities as predicted.   NP-[N]
correlation coe�cients became more negative as precipitation declined in both communities.   Inter-
annual consistency in scaling of NP to [N] would have required that growth rate for each additional unit
of aboveground N be sustained among years.  The observed precipitation effect on the NP-[N] correlation
implies rather that precipitation mediated a tradeoff between N acquisition and use e�ciency in growth.
 Reduced precipitation limited the growth return on additional N such that patches with relatively elevated
aboveground [N] had lower NP.

There are at least two ways in which reduced precipitation could limit growth return on plant N.  First, low
precipitation may impose a physiological limitation on photosynthesis and growth by reducing plant
water status.  Higher [N] would contribute relatively little to additional growth under water limitation,
leading to a negative relationship between NP and [N].  Second, low precipitation may reduce growth
capacity per unit of plant N by limiting aboveground biomass and plant light interception.  Negative NP-
[N] correlation coe�cients were associated with low levels of aboveground N content in mixture.  Low N
content was, in turn, associated with reduced levels of aboveground biomass (N content-biomass
regression: adj. r2 = 0.62; P = 0.07).  Growth likely depends more on plant light interception than N content
or [N] when aboveground biomass is low than high.  Limits on light capture, therefore, may have
constrained the growth response to additional plant N and contributed to the precipitation-mediated
tradeoff between community NP and [N].
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Greatest decrease in scaling slopes in both mixture and switchgrass occurred in years in which
precipitation during the 3 months prior to RGR measurements was relatively low.  We detected no
precipitation effect on mean values of community RGR or NP.  Rather, RGR exhibited smaller proportional
response to NP during relatively dry than wet years.  Although precipitation did not affect means of
community RGR or NP over relatively brief periods (14-38 d) in spring, we have found that spring and
annual biomass production are positive functions of precipitation in both mixture and switchgrass
(Polley, Collins and Fay 2020, 2022).  Increased precipitation also increased the response of aboveground
production to community [N] in spring in both communities (Polley, Collins and Fay 2022), implying a
positive precipitation effect on community growth per unit of plant N.

Community differences
The response of NP-[N] correlation coe�cients to precipitation and link between correlation coe�cients
and community N content differed between mixture and switchgrass communities.  NP-[N] correlation
coe�cients were linearly related to precipitation in mixture but exhibited an exponential increase with
precipitation in switchgrass with correlation coe�cients approaching zero at approximately 70 mm
precipitation (46-75 d prior to measurement).  The latter trend in switchgrass implies the existence of a
precipitation threshold above which NP and [N] varied independently.  Nitrogen effects on the scaling of
RGR to NP differed even more greatly between communities.    NP-[N] correlation coe�cients did not vary
signi�cantly with N content in switchgrass, implying that community N dynamics exerted little effect on
scaling on RGR to NP in switchgrass.  Conversely, NP-[N] correlation coe�cients declined from near zero
as community N content declined in mixture.   This trend has at least two implications.  First, because
negative NP-[N] correlation reduces scaling of RGR to NP, RGR was lower than anticipated at given NP
value when community N content was low than high in mixture.  Second, because increasingly negative
NP-[N] correlation is associated with greater increase in NP per unit of decline in [N], NP increased to
partially compensate for negative effects of reduced community N on mixture RGR.  Greater increase in
NP per unit of decline in [N] during years in which mean N content was relatively low should stabilize
mean values of mixture RGR among years, consistent with observations that NP and nitrogen use
e�ciency increase when N availability and plant N acquisition decline (Yuan et al. 2006; Egan et al.
2019).  

Conclusions
Grassland production is sensitive to both precipitation (Sala et al. 1988; Knapp and Smith 2001) and
plant N accumulation and N productivity (Fay et al. 2015; Stevens et al. 2015; Egan et al. 2019). We found
that reduced precipitation lessened the proportional response of community RGR to increased NP in both
simple and diverse grassland communities in the absence of precipitation effects on mean values of RGR
and NP. Results highlight an under-appreciated aspect of the pervasive role of precipitation in grassland
growth that is mediated via change in the relationship between community-scale values of NP and [N].
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Figure 1

Spatial variation in RGR, NP, and [N] in mixture and switchgrass communities. Shown are median values
(bolded horizontal lines) and the �rst and third quartiles (boxes) of the distribution of RGR (mg
biomass/g biomass/d; upper panel), Nitrogen Productivity (g biomass/g N/d; center panel) and mean [N]
(%; lower panel) among 7-m diameter patches of a mixture of grassland forbs and grasses (shaded) and
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switchgrass monoculture (open) during each of 5 years (n = 104). Variables were calculated over two
dates in spring each year.  Lines above and below boxes represent extreme values 

Figure 2

Relationship of log-log scaling slopes between RGR and its N components (n = 104) and Pearson
correlation coe�cients between NP and [N]. Relationships were �t with a single regression across mixture
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and switchgrass communities (upper panel; RGR-NP scaling slope = 0.9946 + 0.2967 x correlation, adj. r2

= 0.68, P = 0.0002, n = 10) or separate regressions per community (lower panel; RGR-[N] scaling slope =
((0.2415 x correlation)/(1 + 1.2863 x correlation)), adj. r2 = 0.96, P = 0.002 and 0.8282 + 2.1727 x
correlation, adj. r2 = 0.63, P = 0.07 for mixture and switchgrass, respectively ( n = 5 years). The y-axis in
the upper panel does not include the origin

Figure 3
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Precipitation altered correlation between community-scale means of Nitrogen Productivity (NP) and [N] (n
= 104) for mixture (upper panel) and switchgrass (lower panel). Lines represent regression �ts to
relationships between NP-[N] correlation coe�cients and precipitation summed over 1-90 d (upper panel)
or 46-75 d (lower panel) prior to the initial measurement date each year (correlation = -1.3206 + 0.0054 x
precipitation, adj. r2 = 0.81, P = 0.024 and correlation = -0.8976 + 1.0066 x (1 – exp((-0.0252 x
precipitation)), adj. r2 = 0.98, P = 0.01 for mixture and switchgrass, respectively). The x-axis in the upper
panel does not include the origin

Figure 4

Precipitation altered means of community N content (n = 104). Aboveground N content increased as
precipitation summed over 1-90 d prior to the initial measurement date each year increased for mixture (N
content = 0.65 + 0.01 x precipitation, adj. r2 = 0.77, P = 0.03) but not switchgrass (0.67). Note that the x-
axis does not include the origin
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Figure 5

Correlation coe�cients between Nitrogen productivity (NP) and [N] varied with community N
content. Pearson correlation coe�cients between means of community-scale NP and aboveground [N]
increased as a function of mean community N content for mixture (NP-[N] correlation = -1.58 + 0.51 x N
content, adj. r2 = 0.83, P = 0.02) but not for switchgrass (P = 0.70)
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