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Impacts of drought on plant water relations and nitrogen
nutrition in dryland perennial grasses

Albina Khasanova - Jeremy J. James -
Rebecca E. Drenovsky

Abstract

Background and aims Extensive worldwide dryland
degradation calls for identification of functional traits
critical to dryland plant performance and restoration
outcomes. Most trait examination has focused on
drought tolerance, although most dryland systems are
water and nutrient co-limited. We studied how drought
impacts both plant water relations and nitrogen (N)
nutrition.
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Methods We grew a suite of grasses common to the
Intermountain West under both well-watered and
drought conditions in the greenhouse. These grasses
represented three congener pairs (Agropyron, Elymus,
Festuca) differing in their habitat of origin (“wetter” or
“drier”). We measured growth, water relations, N re-
sorption efficiency and proficiency and photosynthetic
N use efficiency in response to drought.

Results Drought decreased growth and physiological
function in the suite of grasses studied, including a
negative impact on plant N resorption efficiency and
proficiency. This effect on resorption increased over
the course of the growing season. Evolutionary history
constrained species responses to treatment, with gen-
era varying in the magnitude of their response to
drought conditions. Surprisingly, habitat of origin
influenced few trait responses.

Conclusions Drought impacted plant N conservation,
although these responses also were constrained by evo-
lutionary history. Future plant development programs
should consider drought tolerance not only from the
perspective of water relations but also plant mineral
nutrition, taking into account the role of phylogeny.

Keywords Drought tolerance - Gas exchange -
Nitrogen use efficiency - Resorption efficiency -
Resorption proficiency

Abbreviations

Nesr, %0 Nitrogen resorption
efficiency

Nprof> € kg Nitrogen resorption proficiency

A, umol COzm_2 s ! Photosynthetic assimilation
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PNUE, pumol CO, Photosynthetic nitrogen use

mol N ' 57! efficiency

g, mmol m > s Stomatal conductance
v, MPa Water potential
WUE, pmol Water use efficiency

CO,mol ! H,0

Introduction

Drylands cover 40 % of the Earth’s land surface, support
over 2 billion people and house one third of the hotspots
for global biodiversity (Millennium Ecosystem Assess-
ment 2005; Myers et al. 2000). Despite their importance,
dryland ecosystems also are some of the regions
most susceptible to degradation and climate change
(Reynolds et al. 2007). While restoration to combat
dryland degradation is a top international priority
(UNCCD 2012), water and nutrient co-limitations
strongly impede the recovery of functional plant com-
munities (Drenovsky and Richards 2004; James et al.
2005). Researchers have focused heavily on selection
and development of plant functional traits that may
improve dryland restoration outcomes (Jones 2003;
Jones and Monaco 2009). Most of this work, however,
has focused on selection and development of traits re-
lated to drought tolerance and growth rate with little
emphasis on traits that increase long-term nutrient con-
servation. Nutrient conservation, which is realized
through a suite of plant traits that limit nutrient losses
to the environment (e.g., proficient resorption, long
mean retention times, high nutrient use efficiency), is
expected to influence population growth rate and resto-
ration outcomes of nutrient-limited systems (Berendse
1994; James et al. 2011). In the process of selecting and
developing plant material for dryland restoration it is
critical to evaluate the relationship between drought
tolerance and nutrient conservation traits.

While a general relationship between stress tolerance
and tissue longevity has been well established (Coley et
al. 1985; Lambers et al. 2008; Wright and Westoby
2003), the specific impacts of drought on nutrient con-
servation, particularly that of nitrogen (N) are complex.
Under drought conditions, plants alter metabolic and
physiological function to minimize negative impacts
and maximize survival (Thapa et al. 2011). In response
to drying soils, plants alter gene expression for proteins
involved in drought tolerance (Lambers et al. 2008;

Thapa et al. 2011). At the same time, plants decrease
physiological rates and alter growth and allocation pat-
terns (Drenovsky et al. 2012; Flexas and Medrano
2002). Although reduced stomatal conductance de-
creases plant water loss, it also limits carbon assimila-
tion (Casper et al. 2006), which, compounded with
decreased cell turgor, can limit growth. Additionally,
allocation patterns shift due to shedding of older leaves
in response to water deficit (Ludlow 1989) and in-
creased root mass allocation (Creelman et al. 1990;
Ribaut et al. 2009). Although these changes help mini-
mize cellular damage and water loss, they also have
important implications for whole plant mineral nutrition.
As soils dry, N uptake by roots may be limited due to
decreased N supply via mass flow and diffusion
(Dunham and Nye 1973) and reduced root N intercep-
tion due to lower root elongation rates (Lambers et al.
2008). However, N nutrition and drought tolerance are
interrelated, with increased external N supply improving
physiological status and growth in response to low soil
water availability (Drenovsky et al. 2012; Saneoka et al.
2004). Thus, under drought conditions, plants require
nitrogen to support changes in cellular and whole plant
processes and to maintain function, but they are limited
in their ability to access soil N due to decreased N
supply and uptake rates. Thus, N resorption, the with-
drawal of N-containing biomolecules from senescing
tissues, and internal plant N stores should play a critical
role in drought tolerance (Yuan and Li 2007). However,
efficient transport of recycled nutrients through the
phloem requires adequate water recycling from the xy-
lem, which may be limited under drought conditions
(Ruehr et al. 2009). As such, N resorption responses
under water-limiting conditions may be complex.

The impact of drought on N resorption has varied in
the literature, with studies documenting drought increas-
ing (Pavon et al. 2005), decreasing (Drenovsky et al.
2012; Minoletti and Boerner 1994; Wright and Westoby
2003), or not affecting (Diehl et al. 2008; Drenovsky et
al. 2010) N resorption. A suite of factors may influence
N resorption including (but not limited to) the timing of
drought relative to phenology, the evolutionary history
of the organism (i.e., phylogeny), as well as the severity
of the drought (Killingbeck 1996, 2004; Marchin et al.
2010; Silla and Escudero 2006). Thus, understanding
the relationship between a species’ drought tolerance
and its ability to conserve important internal N reserves
is critical and requires controlled studies that isolate one
or more co-varying factors influencing resorption.
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The aim of this study was to examine if species that
maintain greater growth and physiological function
under drought (i.e., species that are more drought
tolerant) also maintain greater N conservation under
drought. For this study we included a suite of grasses
widely used in dryland restoration in the western Unit-
ed States. The grass species used in this study
represent three congener pairs, with one species
in each pair being distributed largely in drier sites
and the other species more common in wetter
sites. Although we expected that drought would
decrease growth and physiological responses in
all species, we hypothesized that grass species
distributed predominately in drier sites would bet-
ter maintain trait responses under drought com-
pared to congener species that typically dominate
wetter sites. We also predicted that phylogeny would
constrain physiological and growth responses, lead-
ing to variation among the genera studied. Lastly, we
sought to understand how phenological processes and
drought interact to influence the amount of N lost
during senescence. We predicted that N resorption
efficiency and proficiency would be greater during
the fall than during the summer due to other physio-
logical changes occurring during seasonally-cued
aboveground senescence during the fall. However,
we expected that drought would limit the amount of
N resorbed from leaves, leading to greater plant N
losses, regardless of season.

Materials and methods
Study species

The selection of genera broadly represents those used
in some of the largest dryland restoration projects in
the United States. Congener pairs within these peren-
nial grass genera were used for study. Species selected
represent cultivars that have been developed for resto-
ration and vegetation management projects throughout
the Intermountain West. In each pair, one species tends
to be naturally distributed as well as planted in drier
regions while the other species tends to be more dom-
inant, as well as planted, in wetter regions (T.A. Jones,
personal communication). Species more common in
drier regions include: Agropyron fragile (Roth.) P.
Candargy (cultivar Stabilizer), Elymus elymoides
(Raf.) Swezey (cultivar Rattlesnake GP), and Festuca

idahoensis Elmer; species more common to wetter
regions were: A. desertorum (Fisch. ex. Link) Schult.
(cultivar ‘Douglas’), E. glaucus Buckley (cultivar
‘Arlington’), and F. roemeri (Pavlick) Alexeev. Seeds
were obtained from T.A. Jones, USDA-ARS, Logan
UT.

Experimental design

In April 2011, prior to germination, seeds were im-
bibed in water for 24 h. Following imbibition, seeds
were transferred to Petri dishes moistened with 10 %
strength modified Hoagland’s solution (Epstein 1972).
Once radicals appeared, seeds were transferred into
pots (10 cm wide, 30.5 cm deep; Treepots, Stuewe
and Sons, Tangent OR) with two seeds per pot and
placed in the John Carroll University greenhouse un-
der ambient light conditions. All pots were watered
twice per week with 25 % modified Hoagland’s solu-
tion to promote seedling growth. After 5 weeks, pots
were thinned to one plant per pot, and plants were
assigned to a randomized block design with eight
blocks. Two watering treatments (control and drought)
were applied. Control plants received water two to
three times per week, or as necessary to maintain field
capacity (approximately 20 % volumetric soil water
content). Soils in the drought treatment were allowed
to dry down to 7-8 % water content. Sufficient water
was added to the pots to re-wet the soil to 10 % soil
water content, and then allowed to dry again. Soil
water content was measured using a soil moisture
probe (Hydrosense, Campbell Scientific Inc., North
Logan, Utah) three times per week. Plants were
grown in the greenhouse from April to December
2011. To encourage natural senescence processes
during the fall (October-December), greenhouse
temperatures were allowed to cool to a minimum
temperature of 4 °C. Daytime temperature during
this period averaged ~10 °C.

Physiological measurements and harvest

Physiological measurements were made during July
2011, 2 months after treatments were initiated.
Predawn plant water potential was assessed using a
Scholander pressure bomb following the procedures of
Turner (1988) to minimize transpirational water loss.
Photosynthetic assimilation and stomatal conductance
were measured using a Li-Cor 6400 infrared gas
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analyzer (Li-Cor Biosciences, Lincoln Nebraska).
Three sub-sample measurements were made at 10 s
intervals once conditions had equilibrated inside the
chamber. Water use efficiency (WUE, pumol CO,
mol ' H,0) was calculated as photosynthetic assimi-
lation (A, pmol CO, m™? s ') divided by stomatal
conductance (g, mmol m > s™'). All physiological
measurements (except predawn water potential, which
was measured from 3:20 a.m. to 5:10 a.m.) were made
from 9:45 a.m. to 12:15 p.m. during four sunny days
with 790 pumol m 2 s ' average photosynthetically
active radiation. Green leaves were collected for each
sample for tissue elemental analysis at this time. Ad-
ditionally, all leaves that senesced during the course of
the experiment were collected, once the watering treat-
ments were initiated. Leaves that senesced during the
active growing season were collected separately from
those that senesced at the end of the growing season to
assess how phenology influences the resorption
process.

Total aboveground and belowground biomass was
determined by harvesting all tissues at the end of the
experiment, separating live, green leaves, senesced
leaves and roots. All biomass was oven-dried at
65 °C and then weighed. Subsamples of green and
senesced leaves were ground with a ball mill and then
weighed for total N concentration by micro Dumas
combustion on a CN analyzer (Costech Analytical,
Valencia California). Leaves collected during the sum-
mer were used to estimate green leaf N concentration
and to determine photosynthetic N use efficiency
(PNUE, umol CO, mol N ! s, which indicates the
amount of carbon fixed per unit of leaf N. N resorption
efficiency (N.g) was determined as the proportion of
nutrients resorbed from senesced leaves compared to
green leaves (Lajtha and Klein 1988). N resorption
proficiency (Nprof) Was assessed as senesced leaf N con-
centration (sensu Killingbeck 1996). Leaves senescing
during the course of the experiment were analyzed sep-
arately from those senescing in the last month of the
experiment (December 2011), when plants were under-
going end-of-season senescence.

Statistical analysis

Means among congener pairs and drought treatments
were compared using analysis of variance (ANOVA)
for the following response variables: predawn leaf
water potential; A; g;; WUE; number of tillers; total

biomass; root mass ratio; summer green leaf N con-
centration; and PNUE. Main effects in our model
were: taxonomic group (i.e., genus); habitat of origin
(hereafter, “habitat”); watering treatment (control or
drought); and block. Explicitly including taxonomic
group into the model accounts for potential phyloge-
netic effects or constraints on traits (Harvey and Pagel
1991), rather than assuming that environmental effects
are the sole drivers of trait responses. To determine
whether resorption was influenced during drought and
at the end of the growing season, we assessed N and
Npror in summer and fall with repeated measures
ANOVA (RM-ANOVA). The between-subject effects
included the same main effects and interaction terms
as for the univariate models. The within-subjects ef-
fects included the same main effects as for the univar-
iate models, with the addition of time into the model;
the interaction terms included those in the univariate
models as well as their interaction with time. Since our
goal was to understand how resorption patterns
changed over time, only within-subjects effects are
presented. Normality within the data was assessed
using the Shapiro Wilks test. Levene’s test was used
to test for equal variance among treatment groups. If
variances were not equal, the ANOVA models were
weighted by the inverse of the variance of the factor or
factors violating this assumption (Neter et al. 1990).
All data were analyzed with SAS v9.2.

Results
Physiological measurements

Drought treated plants had 2.2-fold more negative
predawn water potentials (1y,) compared to controls
(Fig. 1, Table 1). There was a significant three-way
interaction of treatment*genus*habitat (Fig. 1,
Table 1). Regardless of their habitat of origin, both
Agropyron species showed similar declines in
predawn 1, under drought conditions. In contrast,
E. glaucus, which typically grows in wetter soils,
had a 1.6-fold less negative predawn 1, under control
conditions but a 1.7-fold more negative predawn 1,
under drought conditions than E. elymoides, which
typically grows in drier soils. This trend was not
observed in the third congener pair, in which both
Festuca species had similar predawn 1, under control
conditions, but F idahoensis, which generally grows
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Fig. 1 Predawn water potential in response to soil water avail-
ability in grasses differing in their habitat of origin. Data are
means + S.E. (n=7-8). Species from drier environments are
indicated by an asterisk. Other abbreviations include: C control,
D drought

in drier soils, had a more negative predawn 1, under
drought conditions than F. roemeri, which generally
grows in wetter soils. All other main effects and inter-
action terms were not significant (Table 1).

Photosynthetic rates (A) and stomatal conductance
(gs) were 1.3 and 2.5-fold higher for control relative to
drought treated plants, respectively (Fig. 2a-b,
Table 1); as a result, instantaneous water use efficiency
(WUE) was 4.5-fold higher in drought-treated plants
compared to controls (Fig. 2c, Table 1). There was
also a difference between genera for A and g
(Table 1). Festuca species had the highest and Elymus
species had the lowest photosynthetic rates. Similarly,
gs was 1.4-fold higher for Festuca and Agropyron than
for Elymus. There was also a significant difference
among blocks for A and WUE (Table 1), but none of
the other main effects or their interactions were signif-
icant (Table 1).

Growth and biomass allocation

Compared to the physiological responses, growth and
biomass allocation responses were more complex,
with multiple, significant two and three-way interac-
tions observed for tiller production, total biomass, and
root mass ratio (Fig. 3a—c; Table 1). As a result, only
the trends resulting from the highest interaction
term(s) are described for each trait.

The only significant three-way interaction among
treatment*genus*habitat was observed for total biomass
(Table 1). In both the Elymus and Agropyron congener
pairs, the species typically growing in wetter soils had a

Table 1 Results of univariate ANOVAs for response variables measured. Significant F-ratios with their associated degrees of freedom for the numerator and denominator (dfn, dfd)

and P-values are reported in bold

Habitat* treatment Genus* habitat* treatment

Genus* treatment Genus* habitat

Block

Habitat

Genus
Fap, aa P

Treatment

Trait

Fap, ara P

Fap, aran P

Fap, apa P

Fap, ara P Fup, ama P

Fap, ara P

Foap, ar P

6.53.76, 0.002

n.s.

n.s.

n.s.

54.31 75, <0.0001 n.s.

Predawn V¥, (MPa)

A (umol m 2 s7")

n.s.

6.5771, <0.0001 n.s. n.s.

ns

n.s.

14.9, 71, 0.0002  4.9,,, 0.01

n.s. n.s.

n.s.

n.s.

n.s.

48.7; 71, <0.0001 5.4, ;, 0.006

11.6,71, 0.0001

-2 S‘l)

gs (mmol m

n.s. n.s.

7.72’77, 0.0009 27.02777, <0.0001 n.s.

5.9, 77, 0.004

n.s.

n.s. 6.77,71, <0.0001 n.s.

n.s.

WUE (pmol mol ")

5.62.77, 0.005

n.s.

353,77, <0.0001 151.2, 77, <0.0001 42.5,,,, <0.0001 n.s.

Total biomass (g)

n.s.

5.3,.77, 0.0007

16.4,.77, <0.0001 4.35, 75, 0.0004

29.65,77, <0.0001
90.75.77, <0.0001
29.4, 74, <0.0001

n.s
n.s.

Tiller number

n.s.

n.s.

7.9577, 0.0008 3.8, 7, 0.03

6.1374, 0.003

15.47’70, <0.0001 6-12,70’ 0.004

23,77, 0.03

ns

n.s.

n.s.

Root mass ratio (%)

n.s. n.s.

n.s.

n.s.

5.9, 74, 0.02

n.s.

Green leaf N (g kg ")

PNUE

n.s.

n.s.

n.s.

5.5,.70, 0.02

(umol mol ' 571
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stronger and more negative biomass response to drought
conditions than the species typically growing in drier
soils. However, this trend was reversed in the Festuca
congener pair, with £, roemeri, which typically grows in
wetter soils, producing a similar amount of biomass
under both control and drought conditions, while F.
idahoensis, which generally grows in drier soils, pro-
duced 1.5-fold more biomass under control relative to
drought conditions. Although the 3-way interaction term
was not significant for either tiller number or root mass
ratio (Table 1), there were significant genus*treatment
and genus*habitat interactions observed for these traits.
Agropyron and Elymus produced fewer tillers under
drought compared to control conditions; additionally,
both genera allocated slightly more biomass below-
ground when exposed to drought. In contrast, averaged
across the two species, Festuca produced more tillers

and allocated less biomass belowground under drought
than control conditions. Averaging across drought treat-
ments, species from drier sites tended to produce more
tillers than species from wetter habitats, but the number of
tillers produced also was driven by genus, with the
Elymus species tending to produce more tillers than the
other two genera. Likewise, although the genus*habitat
interaction was significant for root mass ratio, this pattern
was strongly driven by the two Festuca species, which
showed the largest difference in RMR based on habitat.
Although a similar pattern was observed in the Elymus
species (i.e., slightly higher RMR in the more drought
tolerant F. idahoensis), Agropyron species showed simi-
lar allocation patterns, regardless of habitat of origin. The
block effect was significant for both tiller number and
root mass ratio (Table 1). All other main effects and
interaction terms were not significant (Table 1).
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Fig. 3 Green leaf N concentration (panel a) and photosynthetic
N use efficiency (PNUE) (panel b) in response to soil water
availability in grasses differing in their habitat of origin. Data
are means + S.E. (n=6-8). Abbreviations follow those in Fig. |

Nutrient use, allocation, and conservation

Similar to the growth and biomass allocation traits,
significant 2-way interactions were observed for green
leaf N concentration and photosynthetic N use effi-
ciency (PNUE) (Table 1). The genus*treatment inter-
action was significant for both traits (Fig. 3a-b,
Table 1). For example, green leaf N concentration
was similar among control and drought-treated
Festuca plants but tended to be higher in control than
drought-treated Agropyron plants. In contrast, PNUE
was similar in control and drought treated Agropyron
and Festuca plants but greater in Elymus control
plants. The treatment*habitat interaction also was sig-
nificant for photosynthetic N use efficiency (PNUE).
Species from wetter sites had 1.6-fold higher PNUE
under control relative to drought conditions, but spe-
cies from drier sites had higher PNUE under drought
conditions (Table 1). There were also significant
differences among blocks for PNUE (Table 1).
All other main effects and interaction terms were
not significant (Table 1).

Repeated measures ANOVA revealed that both N
and N,,o¢ Was poorer in summer compared to fall (i.e.,
lower proportion of leaf N resorbed and higher
senesced leaf N concentration in summer compared
to fall; Table 2, Fig. 4a—d). These resorption responses
through time also were influenced by treatment
(Table 2). For both N¢g and Np,op, differences in re-
sorption between control and drought-treated plants
were small in summer but increased significantly dur-
ing fall. The genera also varied in their resorption
responses across the two seasons (Table 2), and the
interaction of time*habitat was significant for Np.¢
(Table 2). However, the three way time*genus*habitat
interaction also was significant for Neg and Npor
(Table 2). In the fall, Nqs was similar among all
genera, irrespective of habitat of origin. In contrast,
the patterns varied among the three genera in summer
based on habitat of origin. Both Agropyron species
had similar N in summer. However, E. glaucus
(typically from wetter sites) had higher Ng in summer
than E. elymoides (typically from drier sites), while the
pattern was reversed for the Festuca species, with F.
roemeri (typically from wetter sites) having lower Neg
than F idahoensis (typically from drier sites). In gen-
eral, E. elymoides and A. fragile (both from drier sites)
had poorer N,;o¢ in summer and fall relative to the E.
glaucus and A. desertorum (both from wetter sites).
However, Ny,.o¢ Was similar for Festuca species at both
time periods.

Discussion

In this study, we assessed the impacts of drought,
evolutionary history, and habitat of origin on plant
growth and physiology. We predicted that drought
would decrease growth and physiological responses,
but that evolutionary history and/or habitat of origin
would constrain plant responses. As predicted, the
experimental drought treatment had a significant, neg-
ative effect on physiology and growth responses in the
six grasses included in our study, although these re-
sponses, in some cases, were also influenced by phy-
logenetic effects (i.e., significant effects of genus) and
the plant’s habitat of origin. Under drought conditions,
instantaneous measurements such as predawn water
potential, photosynthetic rate, and stomatal conduc-
tance showed strong declines. In contrast, seasonally
integrated measurements, such as tiller production,
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Table 2 Results of within-subjects repeated measures ANOVAs for N resorption efficiency (N) and proficiency (Npof). Significant F-ratios with their associated degrees of freedom

for the numerator and denominator (dfn, dfd) and P-values are reported in bold

Time* genus*

Time*

Time*

Time* habitat Time* block Time*

Time* treatment Time* genus

Time

Trait

Fup, apa P

Fa, aa P

genus* treatment genus* habitat habitat* treatment habitat* treatment
Fup, agar P

Fap, ara P Fap, ara P

Fap, ara P

Fap, a P

Fup, agar P

Fap, ara P

n.s.

n.s.

5.62.74, 0.005
70274, 0.002

n.s.

n.s.

15.22’74, <0.0001 n.s.

232.5, 74, <0.0001 4.7, 44, 0.03

Nesr (%)
Npmf (g kg‘l) 347.81’74, <0.0001 9.61’74, 0.003

n.s.

n.s.

n.s.

n.s.

51174, 0.03

8.62.74, 0.0004

total biomass, and root mass ratio were more variable
among species in their response to drought treatments,
and the magnitude of the responses were often smaller.
Similar declines in water potential (Guenni et al. 2004;
Signarbieux and Feller 2012; Zhang et al. 2011), gas
exchange (Casper et al. 2006; Mukherjee et al. 2011),
and growth (Geber and Dawson 1997; Kimball et al.
2012; Yin et al. 2005) have been observed under both
greenhouse and field conditions in a variety of func-
tional groups.

Extending the well-described effects of drought on
plant growth, in this study we also demonstrated that
low soil water availability can directly impact whole
plant mineral nutrition, although these responses also
were modulated by phylogeny and/or habitat of origin.
In the present study, green leaf N concentration tended
to be higher in well watered Agropyron plants versus
drought treated plants, although responses to treatment
were minimal for Festuca plants. In a study of semi-
arid grasslands of Inner Mongolia, China, plants from
irrigated plots had higher leaf N concentration than
plants from unwatered control plots (Lu and Han
2010). These differences may be related to higher
plant transpiration rates and thus increased mass flow
of N through the soil under well-watered conditions
(Dunham and Nye 1973). In contrast, other authors
have observed higher leaf N under drought conditions
(Drenovsky et al. 2012; Huang et al. 2009; Wright et
al. 2001). This variability may be related to how plant
growth and N allocation are influenced by water avail-
ability. Increased water availability can lead to bio-
mass dilution of plant nutrients due to increased
growth rates under well watered conditions (e.g.,
Drenovsky et al. 2012), and higher N investment in
leaf tissue can promote greater WUE under drought
conditions (Wright et al. 2001). Additionally, although
PNUE typically declines under drought conditions
(Drenovsky et al. 2012; Yang et al. 2011), we observed
no consistent differences in PNUE among control and
drought plants. Instead, these responses were influenced
by the interaction of genus*treatment and genus*drought
tolerance effects. These data suggest that although phy-
logeny may constrain PNUE responses, environmental
selection pressures also drive how this trait is impacted
by drought. In our species, we observed that Elymus
species responded more strongly to drought treatments,
with respect to PNUE, than Agropyron and Festuca
species. However, species from wetter sites tended to
have higher PNUE under control relative to drought
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conditions, supporting the typically observed trade-off
between PNUE and WUE in response to drought
(Wright et al. 2001). In contrast, plants from drier sites
tended to have higher PNUE under drought conditions.
In a recent study comparing drought tolerance among
European beech populations, the most drought tolerant
populations showed the smallest declines in PNUE in
response to drought, and this trait was considered to be a
key factor in drought tolerance in this study (Sanchez-
Gomez et al. 2013).

Surprisingly, habitat of origin, in many cases, was
not associated positively or negatively with plant re-
sponses to drought, although the cultivars used in this
experiment are selected for use in large-scale restora-
tion projects based on their expected drought toler-
ance, as well as site conditions. It is possible that more
chronic or severe drought, which plants may experience
under field conditions, pose a stronger environmental
filter than was possible in our greenhouse study. Typi-
cally, more drought tolerant species are able to maintain
or show smaller reductions in performance-related traits
such as biomass and tiller production when faced with
declining soil moisture availability (Couso and
Fernandez 2012). In our study, most species produced
less biomass under drought conditions, and these reduc-
tions were similar across a priori classifications of
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drought tolerance or susceptibility, as predicted by hab-
itat of origin. However, in two of the three genera stud-
ied, species from drier sites tended to produce more
tillers, regardless of treatment. Although the ability to
maintain shoot growth under drought conditions can be
used as criterion for drought tolerance (Lu et al. 2012),
slow growing species with decreased leaf area tend to be
more stress tolerant (Ludlow 1989). Thus, drought tol-
erance may be conferred by various combinations of
traits related to biomass and its allocation. One important
difference among the congeners was the ability of the
species from drier sites to maintain PNUE under drought
conditions, which may be a key functional trait
supporting drought tolerance (Sanchez-Gomez et al.
2013).

As hypothesized, phylogeny had a significant influ-
ence on physiology and growth responses, as evolution-
ary relationships can constrain plant responses to
environmental variation. As a result, responses to
drought varied across the three genera studied. Similar
to our work, in a study comparing drought tolerance
among eleven tree species, there was significant varia-
tion in functional trait responses to how drought toler-
ance was achieved among the five genera included in
the study. Quercus species tended to alter total leaf arca
and biomass in response to drought, whereas Pinus,



550

Arbutus, and Viburnum tended to change biomass allo-
cation patterns and photochemistry (Valladares and
Sanchez-Gomez 2006). In our study, differences among
genera were observed among traits related to gas ex-
change, growth, biomass allocation, and nutrient alloca-
tion and conservation. These phylogenetic effects may
offer insight as to why nutrient resorption responses to
drought are not consistent in the literature, as previous
studies have not conducted their work within a phylo-
genetic framework. Future work should investigate cor-
relations among these traits and drought tolerance from
a phylogenetic perspective.

Phenology also played an important role in internal
plant N recycling. Across treatments, poorer Ng and
Npror Were observed in summer compared to fall,
particularly among the Festuca species. Additionally,
drought resulted in poorer Neg and Npop, With the
magnitude of difference between control and drought
plants increasing by the end of the growing season.
These data indicate three critical aspects of the resorp-
tion process. First, low soil water availability limits
plant nutrient resorption. During the senescence pro-
cess, mobile nutrients are retranslocated to storage
tissues via the phloem, and water availability influ-
ences this process (Ruehr et al. 2009). Although not as
well studied as the influence of soil nutrient availabil-
ity, other authors have observed decreased resorption
in response to drought (Huang et al. 2009; Marchin et
al. 2010; Wright and Westoby 2003 but see Sanz-
Perez et al. 2009). Second, the impacts of drought on
resorption may depend on seasonal timing and dura-
tion of the drought. We observed a stronger negative
impact of drought on resorption later in the growing
season, when plants were also undergoing natural
senescence processes, than during the summer grow-
ing season, suggesting that the impacts of drought on
plant nutrient budgets may be amplified over time.
Future research should assess the relative impacts of
short-term versus long-term drought effects, as well as
the impact of drought severity on the resorption pro-
cess. At a global scale, N resorption is more efficient
and proficient with decreases in mean annual precipi-
tation (Yuan and Chen 2009a, b). However, in our
study, we observed poorer resorption in plants
experiencing drought, relative to control plants. Thus,
patterns predicted at the global scale were not ob-
served in our suite of co-occurring species. At smaller
spatial extents, variability in local environmental pres-
sures, such as interannual precipitation differences and

variation in soil type (which influences soil moisture
availability) may obscure predicted patterns in plant
resorption responses to drought (Drenovsky et al.
2010). Third, phenological differences in resorption
are likely linked to the relative importance of growth
versus storage at the time of leaf drop. Although not
measured in our study, during end-of-season whole
plant senescence, other critical physiological process-
es are occurring, such as storage of non-structural
carbohydrates in root tissues. Sink strength is consid-
ered to be one of the most critical controls over the
resorption process, as it influences phloem transport
rates (Chapin and Moilanen 1991). Thus, greater N
resorption during fall may be associated with other,
concurrent storage processes.

Survival patterns in arid systems are heavily driven
by plant size, with larger individuals typically having
greater survival rates (Toft and Fraizer 2003). Restora-
tion research programs have placed major emphasis on
screening and breeding varieties for size and vigor under
drought conditions with the overall aim of producing
plant materials more capable of establishing and restor-
ing some aspects of ecosystem function in heavily de-
graded, often novel, conditions (Toft and Fraizer 2003).
Here, we show that beyond the direct effects of drought
on growth and plant N supply, drought also can have a
negative impact on internal N cycling processes. While
the impacts of drought on internal N cycling processes
did not necessarily correspond with expected differ-
ences based on habitat of origin, in five of our six study
species drought inhibited the ability of plants to
remobilize N from senescing leaves, as assessed by both
Negrand Np,yor. In some of our species, drought prevented
30 to 50 % of the leaf N that could have been
remobilized from senescing leaves and stored internally,
as compared to control plants. The large variation in
response among the genera and the large variation in this
trait among study species suggest an important role of
evolutionary history in these responses as well as a
strong potential for selection on this important trait.
Thus, while selection and development of varieties with
increased drought tolerance will remain central in arid
land restoration programs, our study provides an argu-
ment for also simultaneously assessing N cycling traits
and trait variation of improved varieties.

Acknowledgments We thank J. R. Johansen, C. A. Sheil, and
two anonymous reviewers for helpful comments regarding the
manuscript and T. Jones for help with species selection and



551

access to plant material. For additional laboratory and green-
house assistance, we thank S. Harrington, M. Julian, J. Walker,
N. Pietrasiak, and M. Thornhill. The John Carroll University
Office of Graduate Studies and the Biology Department helped
to support this work.

References

Berendse F (1994) Competition between plant-populations at
low and high nutrient supplies. Oikos 71:253-260

Casper BB, Forseth IN, Wait DA (2006) A stage-based study of
drought response in Cryptantha flava (Boraginaceae): gas
exchange, water use efficiency, and whole plant perfor-
mance. Am J Bot 93:978-987

Chapin FS, Moilanen L (1991) Nutritional controls over nitro-
gen and phosphorus resorption from Alaskan birch leaves.
Ecology 72:709-715

Coley PD, Bryant JP, Chapin FS (1985) Resource availability
and plant antiherbivore defense. Science 230:895-899

Couso LL, Fernandez RJ (2012) Phenotypic plasticity as an
index of drought tolerance in three Patagonian steppe
grasses. Ann Bot 110:849-857

Creelman RA, Mason HS, Bensen RJ, Boyer JS, Mullet JE (1990)
Water deficit and abscisic-acid cause differential inhibition of
shoot versus root-growth in soybean seedlings - analysis of
growth, sugar accumulation, and gene-expression. Plant
Physiol 92:205-214

Diehl P, Mazzarino MJ, Fontenla S (2008) Plant limiting nutrients
in Andean-Patagonian woody species: effects of interannual
rainfall variation, soil fertility and mycorrhizal infection.
Forest Ecol Manage 255:2973-2980

Drenovsky RE, Richards JH (2004) Critical N: P values:
predicting nutrient deficiencies in desert shrublands. Plant
Soil 259:59-69

Drenovsky RE, James JJ, Richards JH (2010) Variation in nutrient
resorption by desert shrubs. J Arid Environ 74:1564—1568

Drenovsky RE, Khasanova A, James JJ (2012) Trait conver-
gence and plasticity among native and invasive species in
resource-poor environments. Am J Bot 99:629-639

Dunham RJ, Nye PH (1973) Influence of soil-water content on
uptake of ions by roots.1. Soil-water content gradients near
a plane of onion roots. J Appl Ecol 10:585-598

Epstein E (1972) Mineral nutrition of plants: principles and
perspectives. John Wiley, New York

Flexas J, Medrano H (2002) Drought-inhibition of photosynthe-
sis in C-3 plants: stomatal and non-stomatal limitations
revisited. Ann Bot 89:183-189

Geber MA, Dawson TE (1997) Genetic variation in stomatal
and biochemical limitations to photosynthesis in the annual
plant, Polygonum arenastrum. Oecologia 109:535-546

Guenni O, Baruch Z, Marin D (2004) Responses to drought of
five Brachiaria species. 1I. Water relations and leaf gas
exchange. Plant Soil 258:249-260

Harvey P, Pagel M (1991) The comparative method in evolu-
tionary biology. Oxford University Press, Oxford

Huang JY, Yu HL, Li LH, Yuan ZY, Bartels S (2009) Water
supply changes N and P conservation in a perennial grass
Leymus chinensis. J Integr Plant Biol 51:1050-1056

James JJ, Tiller RL, Richards JH (2005) Multiple resources limit
plant growth and function in a saline-alkaline desert com-
munity. J Ecol 93:113-126

James JJ, Drenovsky RE, Monaco TA, Rinella MJ (2011) Man-
aging soil nitrogen to restore annual grass-infested plant
communities: effective strategy or incomplete framework?
Ecol Appl 21:490-502

Jones TA (2003) The restoration gene pool concept: beyond the
native versus non-native debate. Restor Ecol 11:281-290

Jones TA, Monaco TA (2009) A role for assisted evolution in
designing native plant materials for domesticated land-
scapes. Front Ecol Environ 7:541-547

Killingbeck KT (1996) Nutrients in senesced leaves: keys to the
search for potential resorption and resorption proficiency.
Ecology 77:1716-1727

Killingbeck KT (2004) Nutrient resorption. In: Noodén L (ed)
Plant cell death processes. Elsevier, Amsterdam, pp 215-226

Kimball S, Gremer JR, Angert AL, Huxman TE, Venable DL
(2012) Fitness and physiology in a variable environment.
Oecologia 169:319-329

Lajtha K, Klein M (1988) The effect of varying nitrogen and
phosphorus availability on nutrient use by Larrea tridentata,
a desert evergreen shrub. Oecologia 75:348-353

Lambers H, Chapin F, Pons T (2008) Plant physiological ecol-
ogy. Springer, New York, p 540

Lu XT, Han XG (2010) Nutrient resorption responses to water
and nitrogen amendment in semi-arid grassland of Inner
Mongolia, China. Plant Soil 327:481-491

Lu YL, Xu J, Yuan ZM, Hao ZF, Xie CX, Li XH, Shah T, Lan
H, Zhang SH, Rong TZ, Xu YB (2012) Comparative LD
mapping using single SNPs and haplotypes identifies QTL
for plant height and biomass as secondary traits of drought
tolerance in maize. Mol Breed 30:407—418

Ludlow MM (1989) Strategies of response to water stress. In:
Kreeb KH, Richter H, Hinckley TM (eds) Structural and
functional responses to environmental stresses: water
shortage. SPB Academic Publishing, The Hague

Marchin R, Zeng HN, Hoffmann W (2010) Drought-deciduous
behavior reduces nutrient losses from temperate deciduous
trees under severe drought. Oecologia 163:845-854

Millennium Ecosystem Assessment (2005) Ecosystems and hu-
man well-being: desertification synthesis. World Resources
Institute, Washington, D.C.

Minoletti ML, Boerner REJ (1994) Drought and site fertility
effects on foliar nitrogen and phosphorus dynamics and
nutrient resorption by the forest understory shrub Viburnum
acerifolium 1. Am Midl Nat 131:109-119

Mukherjee JR, Jones TA, Adler PB, Monaco TA (2011) Drought
tolerance in two perennial bunchgrasses used for restoration
in the Intermountain West, USA. Plant Ecol 212:461-470

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB,
Kent J (2000) Biodiversity hotspots for conservation prior-
ities. Nature 403:853-858

Neter J, Wasserman W, Kutner M (1990) Applied linear statis-
tical models: regression, analysis of variance and experi-
mental design. Irwin, Boston

Pavon NP, Briones O, Flores-Rivas J (2005) Litterfall produc-
tion and nitrogen content in an intertropical semi-arid
Mexican scrub. J Arid Environ 60:1-13

Reynolds JF, Stafford Smith DM, Lambin EF, Turner BL,
Mortimore M, Batterbury SPJ, Downing TE, Dowlatabadi



552

H, Fernandez RJ, Herrick JE, Huber-Sannwald E, Jiang H,
Leemans R, Lynam T, Maestre FT, Ayarza M, Walker B
(2007) Global desertification: building a science for dry-
land development. Science 316:847-851

Ribaut JM, Betran J, Monneveux P, Setter T (2009) Drought
tolerance in maize. In: Handbook of maize: its biology.
Springer, New York, pp 324-325

Ruehr NK, Offermann CA, Gessler A, Winkler JB, Ferrio JP,
Buchmann N, Barnard RL (2009) Drought effects on allo-
cation of recent carbon: from beech leaves to soil CO,
efflux. New Phytol 184:950-961

Sanchez-Gomez D, Robson TM, Gasco A, Gil-Pelegrin E, Aranda
1 (2013) Differences in the leaf functional traits of six beech
(Fagus sylvatica L.) populations are reflected in their re-
sponse to water limitation. Environ Exp Bot 87:110-119

Saneoka H, Moghaieb REA, Premachandra GS, Fujita K (2004)
Nitrogen nutrition and water stress effects on cell mem-
brane stability and leaf water relations in Agrostis palustris
Huds. Environ Exp Bot 52:131-138

Sanz-Perez V, Castro-Diez P, Millard P (2009) Effects of drought
and shade on nitrogen cycling in the leaves and canopy of
Mediterranean Quercus seedlings. Plant Soil 316:45-56

Signarbieux C, Feller U (2012) Effects of an extended drought
period on physiological properties of grassland species in
the field. J Plant Res 125:251-261

Silla F, Escudero A (2006) Coupling N cycling and N produc-
tivity in relation to seasonal stress in Quercus pyrenaica
Willd. Saplings. Plant Soil 282:301-311

Thapa G, Dey M, Sahoo L, Panda SK (2011) An insight into the
drought stress induced alterations in plants. Biol Plant
55:603-613

Toft CA, Fraizer T (2003) Spatial dispersion and density depen-
dence in a perennial desert shrub (Chrysothamnus nauseosus:
Asteraceae). Ecol Monogr 73:605-624

Turner NC (1988) Measurement of plant water status by the
pressure chamber technique. Irrig Sci 9:289-308

UNCCD (2012) Zero net land degradation: a sustainable devel-
opment goal for Rio + 20. UNCCD, Bonn

Valladares F, Sanchez-Gomez D (2006) Ecophysiological traits
associated with drought in Mediterranean tree seedlings:
individual responses versus interspecific trends in eleven
species. Plant Biol 8:688—697

Wright 1J, Westoby M (2003) Nutrient concentration, resorption
and lifespan: leaf traits of Australian sclerophyll species.
Funct Ecol 17:10-19

Wright 1J, Reich PB, Westoby M (2001) Strategy shifts in leaf
physiology, structure and nutrient content between species
of high- and low-rainfall and high- and low-nutrient habi-
tats. Funct Ecol 15:423-434

Yang Y, Liu Q, Wang GX (2011) Physiological behaviors of
Acer mono under drought and low light. Russ J Plant
Physiol 58:531-537

Yin CY, Wang X, Duan BL, Luo JX, Li CY (2005) Early
growth, dry matter allocation and water use efficiency of
two sympatric Populus species as affected by water stress.
Environ Exp Bot 53:315-322

Yuan ZY, Chen HYH (2009a) Global-scale patterns of nutrient
resorption associated with latitude, temperature and precip-
itation. Glob Ecol Biogeogr 18:11-18

Yuan ZY, Chen HYH (2009b) Global trends in senesced-
leaf nitrogen and phosphorus. Glob Ecol Biogeogr
18:532-542

Yuan ZY, Li LH (2007) Soil water status influences plant
nitrogen use: a case study. Plant Soil 301:303-313

Zhang HR, Dewald LE, Kolb TE, Koepke DE (2011) Genetic
variation in ecophysiological and survival responses to
drought in two native grasses: Koeleria macrantha and
Elymus elymoides. Western North Am Nat 71:25-32






	Impacts of drought on plant water relations and nitrogen nutrition in dryland perennial grasses
	Recommended Citation

	Impacts of drought on plant water relations and nitrogen nutrition in dryland perennial grasses
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study species
	Experimental design
	Physiological measurements and harvest
	Statistical analysis

	Results
	Physiological measurements
	Growth and biomass allocation
	Nutrient use, allocation, and conservation

	Discussion
	References


