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Abstract
Cellulosic biofuels are an important source of renewable biomass within the alternative energy portfolio. Switchgrass (Panicum
virgatum L.), a perennial C4 grass native to North America, is widely studied as a biofuel feedstock for its consistently high yields
and minimal input requirements. The influences of precipitation amount and temporal variability on the fertilizer response of switch-
grass productivity are not fully understood. Moreover, global climate models predict changes in rainfall patterns towards lower and
increasingly variable soil water availability in several productive areas worldwide, whichmay impact net primary production of biofuel
crops. We conducted a meta-analysis of aboveground net primary production of switchgrass from 48 publications encompassing 82
different locations, 11 soil types, 52 switchgrass cultivars, fertilizer inputs between 0 to 896 kgN ha−1 year−1, and 1 to 6 years of annual
productivity measures repeated on the same stand. Productivity of the lowland ecotype doubled with N rates > 131 kg N ha−1 year−1,
but upland ecotype productivity increased only by 50%. Results showed an optimum N rate of 30 to 60 kg N ha−1 year−1 for both
ecotypes, after which biomass gain per unit of N added decreased. Growing season precipitation (GSPPT) and inter-annual precip-
itation variability (inter-PPTvar) affected both ecotypes similarly. Long-term mean annual precipitation (MAP) differentially affected
lowland and upland productivity, depending on the N level. Productivity responses to MAP and GSPPTwere similar for both upland
and lowland ecotypes at none or low N rates. When N increased beyond 60 kg N ha−1 year−1, lowland cultivars had a greater growth
response to MAP than uplands. Productivity increased with increasing GSPPT and MAP and had a positive linear response to MAP
ranging from 600 to 1200 mm year−1. One third of the variability in switchgrass production was accounted for by inter-PPTvar. After
accounting for MAP, sites with higher inter-PPTvar had lower switchgrass productivity than sites with lower inter-PPTvar. Increased
inter-annual variation in precipitation reduced production of both ecotypes. Predicted changes in the amount and timing of precipitation
thus likely will exert greater influence on production of upland than lowland ecotypes of switchgrass.
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Introduction

Cellulosic biofuels are likely to be part of the future energy
portfolio to meet the Congressional mandate that ~ 25% of US
gasoline consumption should come from renewable sources
(EISA 2007, DOE 2011). The use of perennial native grasses
has the potential to mitigate global climate change, with fewer
environmental impacts than intensive cropping from corn-
based ethanol [1]. Switchgrass (Panicum virgatum L.) is a
perennial, warm-season C4 grass native to North America.
Switchgrass is ideal for its consistently high yields with min-
imal inputs, and for its success in lands less well-suited to food
or commodity production [2, 3]. Ideally, biomass sources of
energy will be resilient to changes in climate. Climate change
scenarios predict increased precipitation variability with more
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frequent and severe droughts and extreme rain events in sev-
eral highly productive regions, worldwide [4]. Switchgrass
productivity increases with annual precipitation both when
grown in monocultures and in mixtures [5]. Increased rainfall
variability decreased productivity in arid and semiarid ecosys-
tems, even when mean annual rainfall amounts remained con-
stant [6, 7]. Changes in precipitation amount and variability
are thus likely to impact switchgrass productivity.

Switchgrass populations show local adaptations to temper-
ature and habitat [8, 9]. Populations of Blowland^ ecotypes
thrive in floodplains of the southern USA, whereas Bupland^
ecotypes better tolerate freezing temperatures and shorter
growing seasons in drier regions of the northern US [10, 11].
In addition, lowland ecotypes are 25 to 50% more productive
than upland ecotypes [5, 12, 13], in part due to their early
growth initiation, thicker leaves, and higher water use efficien-
cy [13]. As a result, ecotypes may respond differently to cli-
mate change. For example, traits that favor productivity of
lowland ecotypes, such as high water use efficiency, may pro-
vide resilience to lowland ecotypes during periods of low
precipitation. In contrast, upland ecotypes may be more lim-
ited by low growing season precipitation (GSPPT) than low-
land ecotypes [12].

Nitrogen (N) limitation is widespread across terrestrial eco-
systems [14–16]. The harvest of high-yielding crops results in
high soil N withdrawals that must be replenished with fertil-
izer inputs for sustained high yields. Perennial plant species
can reduce the negative effects of N fertilizers due to their N
recycling capacity during senescence and belowground N
storage compared to annual crops [17, 18]. For this reason,
perennials may be preferred over annuals in cellulosic biofuel
production systems. Increasing fertilizer N use has negative
consequences on ecosystems by increasing carbon emissions
from fertilizer production, the fossil fuels expended to apply
these fertilizers, and the amount of reactive N in the global N
cycle, which can later result in eutrophication and ground
water pollution [19–21]. However, there is a broad range of
variability among perennials in their effects on N cycling [22,
23]. Switchgrass populations that originated in warm climates
in lower latitudes have a longer growing season, higher tiller
mass, C/N ratios, and higher overall productivity than switch-
grass from cooler, high-latitude populations [11, 13]. High-
latitude switchgrass populations show traits associated with
shorter growing seasons, such as high nutrient concentration,
rapid tissue turnover, and overall higher rates of physiological
processes. The higher yield of lowlands suggests a higher N
requirement for lowlands than uplands. On the other hand,
uplands higher leaf N content may result in demand for N
comparable to that of larger lowlands. Thus, the effects of N
fertilization on productivity of upland and lowland switch-
grass remain unclear [5, 12].

Precipitation variability can impact productivity indepen-
dently from the effects of long-term mean annual precipitation

(MAP) [24–26]. For example, in annual crops, inter-annual
variability in precipitation accounted for 30 to 60% of the
variability in yield [26], while in a perennial-dominated eco-
system the inter-annual variability in precipitation explained
11 to 18% of ANPP variability [27]. In contrast, increased
intra-annual PPT variability (intra-PPTvar) may have neutral
to positive effects on ANPP in dry sites, but negative effects in
more mesic sites [28, 29], depending on whether greater intra-
PPTvar increases or decreases the soil water content.
Switchgrass can grow roots to > 2-m depth, [30–32], and
therefore precipitation variability, may affect switchgrass pro-
ductivity less than other species with shallower rooting sys-
tems [30, 32].

Increased precipitation variability may cause drying-
rewetting cycles and result in Bleaky^ ecosystems with higher
losses of reactive N and increased N limitation than under
constant soil moisture conditions [33, 34]. Small water pulses
can stimulate microbial activity, but large pulses are required
to stimulate vascular plant activity [35]. Thus, during longer
drought periods, N mineralization may continue without plant
uptake, resulting in inorganic N accumulation susceptible to
loss by leaching during subsequent wet periods [36]. In agro-
ecosystems, increased intra- or inter-annual precipitation var-
iability will likely reduce the effectiveness of N fertilization
compared to less variable precipitation.

This review evaluates published switchgrass productivity
studies to determine ecotypic-specific productivity responses
to interactions of intra- and inter-annual variation in precipi-
tation with N fertilization. We predicted that (1) N fertilization
increases switchgrass productivity in lowland more than up-
land ecotypes; (2) growing season precipitation limits upland
productivity more than lowlands; (3) increasing precipitation
enhances the response of switchgrass productivity to N fertil-
izer, with upland ecotype productivity maximizing at lower
rates of N addition than lowland ecotypes. With respect to
precipitation variability, we predicted that (1) increased pre-
cipitation variability decreases the productivity of both eco-
types, and (2) any decrease in switchgrass productivity with
increasing precipitation variability may be partially offset by
N fertilization.

Methods

Data Collection

We assembled a database of peer-reviewed studies
reporting switchgrass productivity in experiments conduct-
ed under ambient precipitation in stands ≥ 2 years old grow-
ing in plots with area > 3 m2 (Supplementary Material 1,
Table S1). We included only studies in which plots were
harvested once per year, either at the end of the growing
season or after the first killing frost. All studies identified
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switchgrass ecotype, cultivar, soil type, site location, N fer-
tilization rate (kg ha−1 year−1), harvest date, and dry matter
yield (DM Mg ha−1 year−1). If yearly yield data was not
included in the publication, we obtained it from the authors.
We excluded yield data from the establishment year be-
cause immature stands usually have significantly lower pro-
ductivity than subsequent years due to weed competition
[12, 37, 38].

For each location, we compiled total annual precipitation
(PPT), and growing season precipitation (GSPPT) for the
years that the experiments were carried out from values re-
ported in the study or from NOAA [39] for the weather station
nearest to each study site. GSPPTwas calculated as the sum of
monthly PPT from frost-free months, or as the PPT between
the first frost-free month and harvest date, whichever occurred
first.

In total, our database included 48 peer-reviewed publica-
tions (Supplementary Material 1, Table S1), half of which
were used in previously published syntheses [5, 12]. These
48 publications span 82 locations, 11 soil types, 52 switch-
grass cultivars (21 lowland and 31 upland), fertilizer rates
ranging 0 to 896 kg N ha−1 year−1, and 1 to 6 years of biomass
measures repeated on the same stand. All 75 US sites were
located east of the Rocky Mountains; 2 sites were in southern
Canada, 3 in Italy, and the remaining 2 in the UK
(Supplementary Material 1, Fig. S1).

To examine the relationship between switchgrass pro-
ductivity, long-term mean annual precipitation (MAP) and
PPT variability, we used the Climate Research Unit’s (CRU
TS 3.22) gridded monthly data [40]. We extracted monthly
precipitation data for a 30-year period (1983–2013) for each
switchgrass planting location by computing distance vec-
tors between the experimental sites and the CRU gridded
data [R version 3.2.0, Bncdf^ package, 41]. We then calcu-
lated intra-PPTvar for each site by calculating the coeffi-
cient of variation (the ratio of the standard deviation to the
mean, CV) of mean monthly precipitation for each year in
the 30-year period (n = 12 values in each calculation of
CV), then averaging CV values over 30 years. To calculate
the inter-annual precipitation variability (inter-PPTvar), we
first calculated the total annual precipitation for each year in
the 30-year range, and then calculated the standard devia-
tion and the CV of total annual precipitation for a 5-year
moving average. Lastly, we averaged the 5-year CVs to
obtain one 30-year mean inter-PPTvar for each location.
The moving average approach in the inter-PPTvar calcula-
tion was used to account for the negative relationship be-
tween standard deviation and sample size that would result
in reduced CVs when calculated over a 30-year period. The
5-year range was chosen for comparing CVs to the majority
of field studies, which usually span between 4 and 8 years
(see Supplementary Material 2 for more details on the ra-
tionale for the PPT-related variables).

Data Analysis

Nitrogen Level Effects

Rates of N fertilization were divided into four categories, with
comparable numbers of experiments in each: (1) No N added,
(2) low N (0 < kg N ha−1 year−1 ≤ 60), (3) medium N (60 <
kg N ha − 1 y e a r − 1 ≤ 130 ) , a nd ( 4 ) h i gh N (>
130 kg N ha−1 year−1). To test for differences in productivity
between ecotypes and levels of N fertilization, we fit linear
mixed models with ecotype, fertilizer level, and their interac-
tion as fixed effects [42, 43]. For this analysis, we used all
individual year data from 82 study sites (n = 1203).

Nitrogen Response Efficiency and MAP Interactions

Nitrogen response efficiency (NRE) was calculated as the bio-
mass gain per unit of N added (kg DM biomass kg−1 N added)
[44]. We calculated the mean NRE only for those experiments
that had at least 3 years of productivity data (3+ years data-
base). We excluded experiments with only 1 year of observa-
tions due to uncertainties in the initial soil N yielding biased
representations of NRE. The 3+ years database included 47
study sites, some of which may have multiple experiments
conducted on different ecotypes, cultivars and N levels. The
effect of siteMAP onNREwas accounted for by addingMAP
as a covariate in a mixed effect model with ecotype and N
level as fixed effects.

Precipitation Amount and Variability

We tested GSPPT limitation on ecotype productivity with a
linear model with ecotype as fixed effect, GSPPTas covariate,
and yield as explanatory variable. For this analysis, we used
non-fertilized experiments only.

To study the relationship between mean site switchgrass
productivity, MAP and PPTvar, we first had to account for
the relationship between precipitation and precipitation vari-
ability [24] that could confound the unique contribution of
changes in precipitation variability to changes in productivity.
We used sequential regression to control for multicollinearity
and biased analyses, as a way to separate unique from shared
contributions of the explanatory variables [45]. Sequential re-
gression allowed us to study the independent effect of intra-
and inter-PPTvar on switchgrass productivity after accounting
for the MAP effect. The sequential regression assumes that
one variable is functionally more important than the other,
and thus we assigned higher priority to MAP over PPTvar
(see Supplementary Material 2 for details on sequential
regression).

For all the analyses, random effects terms were used to
account for the variability that was not accounted for by the
fixed-effects and covariates due to limited and/or unbalanced
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replication. Random effects include differences in soil type or
cultivars within ecotypes. Repeated measures on experimental
units across years, as well as the publication record number
and the study site were also included as random effects to
control for the temporal, spatial, and other sources of correla-
tion in the data.

Models were fit with the lmerTest R package [43], and non-
significant terms were backward eliminated based on their p
values (α = 0.05). The analysis also calculates least squares
means for the fixed factors of the model, which were used to
produce the figures. When significant interactions were de-
tected, we used the package phia [post hoc interaction analy-
ses, 46] to evaluate multiple contrasts between factor levels
with Tukey’s p value adjustment for family-wise estimates,
and to test the effect of the covariate (slopes) for different
factor level combinations. We used the marginal and condi-
tional R2 to assess how the inclusion of additional predictors
increased the variance explained by the models [47]. We de-
fined outliers at each N level by ecotype combination as any
individual observation outside 1.5× the interquartile range
(a.k.a. box-and-whisker plot method).

Results

Lowland and upland ecotypes showed different productivity
responses to N fertilizer across the 82 study sites (N level ×
ecotype, p < 0.000 l, Table 1). Averaged across all N levels,
switchgrass productivity was 50% higher for lowlands than
for uplands (11.45 ± 0.69 versus 7.44 ± 0.64 Mg ha−1 year−1).
Productivity in the unfertilized treatments did not differ be-
tween ecotypes (post hoc test, p = 0.19). In contrast to unfer-
tilized productivity levels, lowland ecotype productivity al-
most doubled with high rates of N addition (7.99 ± 0.88 versus
14.69 ± 0.74Mg ha−1 year−1, post hoc test, p < 0.0001) where-
as upland ecotype productivity increased by 50% (5.93 ± 0.78
versus 8.23 ± 0.77 Mg ha−1 year−1, post hoc tests, p = 0.01,
Fig. 1). Of the random effects, most of the variation in pro-
ductivity was accounted for by the publication record number
(37%), followed by experimental units (11%), soil types (5%),
and cultivars within ecotypes (4%). In addition, the produc-
tivity of unfertilized lowland and upland ecotypes increased
with the increasing GSPPT (p < 0.03). Ecotypes did not differ
in their response to increasing GSPPT (p > 0.05, Fig. 2).

The effectiveness of N fertilizer addition, measured as the
increase in biomass per kilogram of N added (nitrogen response
efficiency, NRE), differed between ecotypes, N level, and across
MAP (MAP × ecotype × N level, p = 0.023, Table 2). Overall,
NRE was highest at the low rate (0–60 kg N ha−1 year−1) of N
addition, and decreasedwithmedium (61–130 kgN ha−1 year−1)
and high N rates (> 130 kg N ha−1 year−1) (Fig. 3). At low,
medium, and high levels of N addition, the NRE for lowland
ecotypes was 20, 65, and 40% higher than upland ecotypes (post

hoc compassions p < 0.0008, 0.0001, and 0.07). As MAP of the
sites increased, the NRE increased at low and medium N levels
for lowland ecotypes, and at low N for upland ecotypes (post
hoc test for MAP slopes at p = 0.05, Fig. 3).

Fertilizer level, ecotypes, and site MAP had interactive ef-
fects on productivity (ecotype ×N level ×MAP, p = 0.01, Table
3, Fig. 4). Productivity responses toMAPwere similar for both
upland and lowland ecotypes at 0 and low N levels (R2 = 0.14–
0.33, p = 0.005, Fig. 4). Upland ecotype productivity increased
by 1.36 Mg ha−1 year−1 for every 100 mm increase of the site
MAP, compared to 0.98 Mg ha−1 year−1 for lowland ecotypes.
When N increased beyond this, lowlands had a greater growth

Table 1 Mixed-effects model of ecotype (lowland, upland), N level
(none, low, medium, high), and their interactions on the productivity of
switchgrass across 83 study sites

Effect on yield F value p (> F)

Ecotype 53.36 < 0.0001

N level 28.73 < 0.0001

Ecotype × N level 11.40 < 0.0001

Random effects VC

Exp unit ID 1.15

Publication RN ID 3.69

Cultivar (ecotype) 0.41

Soil type 0.52

Residuals 4.22

R2(m) 27%

R2(c) 63%

VC variance components, R2
(m) marginal R2 , i.e., variance explained by

fixed and covariate factors compared to a null model, R2 (c) conditional
R2 , i.e., variance explained by the model compared to a null model

Significant p values at α = 0.05 are shown in italics

Fig. 1 Response of lowland and upland switchgrass productivity
(Mg ha−1) to none, low, medium, or high rates of N fertilization.
Different letters denote significant differences (p < 0.05) between
ecotype × N level combinations. See Table 1 for significance of fixed
and random effects
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response toMAP (higher slope) but uplands showed little to no
change in productivity with MAP at medium N fertilizer level
(slope ~ 0). Lowlands yield responses to MAP remained linear
regardless of N level, while the very steep slope for the upland
yield vs. MAP response at high N level was driven by a few
data points. In both ecotypes, the yield at the lower end ofMAP
increased with N level with respect to the previous, lower N
level, but less so for uplands.

Linear regressions showed that increased inter-PPTvar re-
duced switchgrass productivity across ecotypes and N levels.

Switchgrass productivity decreased at a rate of 0.35 Mg ha−1

per percent increase in the site’s inter-annual precipitation var-
iability (%CV, p = 0.03, Fig. 5, Table 3). The negative effect of
increasing inter-PPTvar was independent of fertilizer level and
ecotype. Lastly, intra-PPTvar of the sites was not associated
with changes in switchgrass yield after accounting for site
MAP, regardless of whether intra-PPTvar or inter-PPTvar
were prioritized (p > 0.05).

Discussion

Our results indicate that the wide range of switchgrass pro-
ductivity is strongly associated with (1) the ecotype, based on
plant morphology and adaptation area, (2) the long-termMAP
and inter-PPTvar, and (3) ecotype-specific responses to in-
creasing rates of N fertilizer and its interaction with the
long-term MAP. We found that lowland ecotypes were 50%
more productive than upland ecotypes, similar to previous
multisite analyses [5, 12]. In contrast to Wang et al.’s [5]
conclusions that ecotypes did not differ in their response to
N addition, we found that the productivity of lowland eco-
types was twice as responsive to N additions as upland eco-
types. Greater fertilization response in lowland ecotypes may
be explained by its longer growing season, and structural/
physiological adaptations to warm climates that result in larger
leaves, tiller mass, and overall biomass [13]. These traits may
enhance water-use efficiency and stress tolerance but also re-
sult in higher tissue investment costs, such as demand for N.
Upland ecotype productivity increased when fertilized at low
levels (up to 60 kg N ha−1), but no additional yield responses
occurred for fertilizer inputs > 60 kg N ha−1. We did not find
support for the hypothesis that productivity would be greater
in lowland than upland ecotypes compared at similar GSPPT.
Due to morphological, ecophysiological, or growing season
length differences, the productivity of upland ecotypes was

Fig. 2 Relationship between lowland and upland ecotypes productivity (Mg ha−1) and growing season precipitation (GSPPT) in experiments without N
fertilizer and with > 3-year duration. Solid lines show significant relationships between productivity and GSPPT at p < 0.05

Table 2 Mixed-effects models of ecotype (lowland, upland), N level
(low, medium, high), mean annual precipitation (MAP), and their
interactions on the mean nitrogen response efficiency (NRE) of each
189 switchgrass experiments 3+ years long across 47 sites. Ecotype and
publication ID random effect terms were not significant at α = 0.1 and
removed from the final model

Effect on NRE F value p (> F)

Ecotype 2.46 0.12

N level 0.47 0.63

MAP 4.59 0.03

Ecotype × N level 3.43 0.03

Ecotype × MAP 0.52 0.47

MAP × N level 0.72 0.49

Ecotype × N level × MAP 3.82 0.02

Random effects VC

Site 5.7

Soil type 0.8

Residuals 3.5

R2(m) 68%

R2(c) 89%

VC variance components, R2
(m) marginal R2 , i.e., variance explained by

fixed and covariate factors compared to a null model, R2 (c) conditional
R2 , i.e., variance explained by the model compared to a null model

Significant p values at α = 0.05 are shown in italics
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more water-limited than N-limited, whereas lowland ecotype
productivity was both N- and water-limited.

We found that the change in NRE as a function of MAP
differed between ecotypes, indicating ecotypic constraints to
productivity. Given that the growth response to fertilizer usu-
ally follows an asymptotic response curve, there should be a
point at which further increases in N cause no further increase
in NRE [44].We found an optimumN rate of 30–60 kgN ha−1

for both ecotypes, after which biomass gain per unit of N
added decreased. It has been shown that N uptake increases
with N fertilization, with fertilizer recovery ranging from 22 to
57% [48], to 100% [37, 49] more as a result of increased N
concentration in biomass than to increases in yield [50].
Because a high N concentration is not desirable in a high-
quality switchgrass production system [51], reducing N inputs
could be a win-win solution for both the quality and the long-
term sustainability of switchgrass production for biofuels.

As predicted, MAP is a significant driver of switchgrass
productivity across sites. MAP explained an extra ~ 30% of
the variability in switchgrass productivity over that explained
by Ecotype and N level (56 versus 27% variance explained).
The N fertilization effect on ANPP increased significantly with
MAP, with a higher magnitude of N limitation in lowlands than
in uplands. N limitation of upland ecotypes may differ from our
estimate, because a relatively small number of studies included
uplands at the high N level. Further studies are needed to refine
this estimate. We found a 2× increase in productivity across the
600 to 1200 mm year−1 range of MAP in these studies. Our
results support the notion that the N effects on productivity are
tightly related to water availability in arid-subhumid ecosys-
tems possibly due to the direct effect of water limitation to plant
growth, and its indirect effect through limitation to N mineral-
ization when water availability decreases [15].

After accounting for the MAP effect, sites with higher
long-term inter-PPTvar had lower switchgrass productivity
than sites with lower inter-PPTvar, similar to trends found in
non-managed grassland systems [7]. This negative effect of
inter-PPTvar on ANPP can be the result of a shift of the soil
water profile towards deeper soil layers, which in turn in-
creased water limitation for species with more shallow roots
[7, 52]. Moreover, inter-PPTvar can also affect plant growth
indirectly by interacting with the N cycle. Reichmann et al.
[36] found that inorganic soil N increased by 2–4 times during

Fig. 3 Mean nitrogen response efficiency (NRE, kg biomass kg−1 N
applied) of 3+ year long experiments in lowland and upland ecotypes
as a function of 30-year mean annual precipitation (MAP, mm). Solid

lines show significant relationships between NRE and MAP by N level
(low, medium, high) at p < 0.05 (Tukey method for family-wise
estimates)

Table 3 Mixed-effects models of ecotype (lowland, upland), N level
(none, low, medium, high), mean annual precipitation (MAP), inter-
PPTvar residuals, and their interactions on the mean productivity of
switchgrass from 217 switchgrass experiments 3+ years long across 54
sites. Intra-PPTvar residuals fixed effect term was not significant at α =
0.05, and soil type, publication ID, ecotype random effect terms were not
significant at α = 0.1, and therefore were removed from the final model

Effect on yield F value p (> F)

Ecotype 2.96 0.09

N level 3.59 0.02

MAP 15.43 0.0001

Inter-PPTvar resid 4.93 0.03

Ecotype × N level 3.55 0.02

Ecotype × MAP 0.59 0.44

MAP × N level 2.38 0.07

Ecotype × N level × MAP 3.62 0.01

Random effects VC

Site 6.82

Residuals 3.18

R2(m) 56%

R2(c) 86%

VC variance components, R2
(m) marginal R2 , i.e., variance explained by

fixed and covariate factors compared to a null model, R2 (c) conditional
R2 , i.e., variance explained by the model compared to a null model

Significant p values at α = 0.05 are shown in italics
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extreme dry years because drought prevented plant uptake but
did not affect N mineralization, suggesting that increased
inter-PPTvar results in an open N cycle with increased loss
of reactive N, and thus possibly N limitation [also see 33]. In
the present analysis, N addition did not change the relation-
ship between inter-PPTvar and productivity. Therefore, in-
creased inter-PPTvar affected productivity through changes
in the distribution of water in the soil profile. However, not
statistically significant, N addition reduced the inter-PPTvar
effect in lowlands. Manipulative experiments may be able to
better show the interaction between precipitation variability
and N limitation.

The response of unfertilized switchgrass to increasing
MAP (0.98–1.36 g m−2 mm−1) was higher than that of native

grasslands [0.6–0.69 g m−2 mm−2, 25], and the N fertilization
effect in lowlands was also much higher (110%) than the N
fertilization effect reported for various grasslands ranging
from arid to temperate [18–51%; 14–16]. Our analysis implies
that switchgrass alone can maintain or even increase produc-
tion compared to diverse systems composed of herbaceous
vegetation. Noteworthy is that these comparisons do not ac-
count for carbon costs associated with land-use change and
fertilizer use in switchgrass [19, 53]. Our study included a
larger number of individual studies than previously published
syntheses [5, 12] and is unique in accounting for the variation
in switchgrass yields that result from differences in ecotype, N
fertilizer, long-term PPT, and, more importantly, inter- and
intra-PPTvar across a wide range of sites with different soils,

Fig. 4 Changes in lowland and upland mean productivity (Mg ha−1, 3+-
year-long experiment means) to none, low, medium, or high rates of N
fertilization with changes in site 30-yearmean annual precipitation (MAP,

mm). Solid lines show mixed model covariate slope fit, which took into
account the unbalanced number of experiments at each site

Fig. 5 Response of lowland and upland mean productivity (t ha−1, 3+-
year-long experiment means) to changes in site inter-annual precipitation
variability after accounting for site MAP (inter-PPTvar deviations), to
none, low, medium, or high rates of N fertilization. Solid lines show

mixed model covariate slope estimates for ecotypes, dashed lines show
N level × ecotype covariate estimates. See Table 3 for significance of
fixed effects and covariate

Bioenerg. Res.



nutrient availability, and climates. As precipitation variability
is predicted to increase globally [54], results from the present
analysis will aid in the design of strategies to stabilize produc-
tion for biofuels and alleviate negative feedbacks such as N
losses.
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