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Abstract Increases in woody vegetation and declines in
grasses in arid and semi-arid ecosystems have occurred
globally since the 1800s, but the mechanisms driving this
major land-cover change remain uncertain and controver-
sial. Working in a shrub-encroached grassland in the north-
ern Chihuahuan Desert where grasses and shrubs typically
diVer in leaf-level nitrogen allocation, photosynthetic path-
way, and root distribution, we asked if diVerences in leaf-
level ecophysiology could help explain shrub proliferation.
We predicted that the relative performance of grasses and
shrubs would vary with soil moisture due to the diVerent
morphological and physiological characteristics of the two
life-forms. In a 2-year experiment with ambient, reduced,
and enhanced precipitation during the monsoon season,
respectively, the encroaching C3 shrub (honey mesquite
Prosopis glandulosa) consistently and substantially outper-
formed the historically dominant C4 grass (black grama
Bouteloua eriopoda) in terms of photosynthetic rates while
also maintaining a more favorable leaf water status. These
diVerences persisted across a wide range of soil moisture
conditions, across which mesquite photosynthesis was

decoupled from leaf water status and moisture in the upper
50 cm of the soil proWle. Mesquite’s ability to maintain
physiologically active leaves for a greater fraction of the
growing season than black grama potentially ampliWes and
extends the importance of physiological diVerences. These
physiological and phenological diVerences may help
account for grass displacement by shrubs in drylands. Fur-
thermore, the greater sensitivity of the grass to low soil
moisture suggests that grasslands may be increasingly sus-
ceptible to shrub encroachment in the face of the predicted
increases in drought intensity and frequency in the desert of
the southwestern USA.

Keywords Drought · Photosynthesis · Precipitation 
manipulation · Water potential · Woody encroachment

Introduction

Grasslands, shrublands, and savannas cover approximately
50% of the Earth’s land surface. Although characterized by
low and highly variable rainfall, drylands represent 30–
35% of the terrestrial net primary production (NPP; Field
et al. 1998) and are home to >30% of the global human
population and the majority of the global livestock (Safriel
and Adeel 2005). As such, these ecosystems play an impor-
tant role in global change via their inXuence on the carbon
(C), water, and nitrogen (N) cycles and human health
(Campbell and StaVord Smith 2000). A directional shift
from herbaceous to woody plant dominance is one of the
most striking land-cover changes over the past 150 years
(Archer 2010). In drylands, increases in shrubs at the
expense of grasses are often accompanied by accelerated
wind and water erosion (Breshears et al. 2009; Wainwright
et al. 2000). Furthermore, this vegetation change may aVect
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primary production, nutrient cycling and soil organic matter
accumulation, hydrology, livestock production, and biodi-
versity (Archer 2010; Barger et al. 2011; Eldridge et al.
2011). Despite the diverse implications of this global phe-
nomenon, little is known about the ecophysiological basis
of woody encroachment and how this might inXuence vege-
tation dynamics in the face of predicted climate changes.

The causes of this global land-cover change are a topic
of active debate. Traditional explanations center around the
intensiWcation of livestock grazing, changes in Wre regimes,
non-native woody species introductions, and declines in
browser abundance (Archer 1994; Naito and Cairns 2011).
Changes in climate, N deposition, and atmospheric CO2

have also been suggested as potential drivers (Archer et al.
1995), and the occurrence of woody plant proliferation in
drylands worldwide over the past 150 years hints that large-
scale forcings may be at work. It is probable that many of
these drivers interact to varying degrees in various locales,
making it unlikely that any individual driver holds primacy.

To what extent are the outcomes of interactions between
shrubs and grasses dictated by diVerences in life-form eco-
physiology? Shrubs typically have higher leaf N than
grasses (Yuan and Chen 2009), which could result in a
physiological advantage for shrubs over grasses. Leaf N is
generally positively correlated with photosynthesis (Reich
et al. 1995) and is also associated with compounds such as
proline that enhance the avoidance of water stress (Delau-
ney and Verma 1993). In addition, many dryland shrubs are
from families in which symbiotic N2-Wxation occurs (e.g.,
Fabaceae, Rhamnaceae), thus giving them a further poten-
tial advantage over grasses in drylands where N is often co-
limiting with water (Yahdjian et al. 2011). In addition to
aVecting the N economy, contrasting root architectures of
grasses and shrubs may aVect water uptake (Jackson et al.
1996). Walter (1971) suggested that while grasses and
shrubs compete for water and nutrients in the upper soil
layers, shrubs have greater access to deep resources. This
hypothesis has been generally supported in geographically
disparate drylands (e.g., Brown and Archer 1990; Knoop
and Walker 1985; Sala et al. 1989). Thus, shrubs may be
favored on sites where deep moisture is typically available,
whereas grasses would be favored where shallower soil
moisture occurs (Sala et al. 1997). Changes in the depth of
water distribution that accompany changes in climate may
therefore aVect the competitive balance between grasses
and shrubs with their contrasting rooting patterns.

In low- to mid-latitude regions, grasses typically posses
the C4 photosynthetic pathway, whereas shrubs typically
possess the C3 pathway. Thus, C4 grasses should have a
physiological advantage by virtue of their higher maximum
potential photosynthetic rates and greater water-use and
N-use eYciencies (Sage and Monson 1999). However,
while much is known about the physiological costs and

beneWts of diVerent photosynthetic pathways, there have
been few direct ecophysiological comparisons in drylands
between C4 grasses and encroaching C3 shrubs, particularly
in the context of variation in soil moisture availability.
McCarron and Knapp (2001) found that the dominant C4

grass in a mesic grassland typically had higher photosyn-
thetic rates and instantaneous water-use eYciency (WUE)
than did three encroaching C3 shrubs. Similarly, in a high-
elevation Chihuahuan Desert grassland, Patrick et al.
(2009) found that photosynthetic rates for a C4 grass were
typically greater per unit leaf area than those for a deep-
rooted, woody C3 monocot. In contrast, the photosynthesis
of C3 mesquite (Prosopis glandulosa) shrubs was found to
be generally comparable to or higher than that of C4 grasses
in the south-central Great Plains (Ansley et al. 2002) and
higher than that for the dominant perennial C4 grass in the
southern Great Plains (Brown and Archer 1990). Some of
these inconsistencies may reXect other characteristics of C3

shrubs (e.g., leaf N content and rooting depth) that could
compensate for the disadvantages typically associated with
the C3 photosynthetic pathway. However, future global
environmental conditions [e.g., predicted decreases in pre-
cipitation–evaporation ratios in southwestern drylands
(Seager et al. 2007), coupled with elevated atmospheric
CO2] may alter the relative advantages of these morpholog-
ical and physiological characteristics (Morgan et al. 2011).

The Chihuahuan Desert in the southwestern USA is a
model ecosystem of woody plant proliferation as it has
undergone a dramatic, well-documented transformation
(Gibbens et al. 2005). This region is characterized by a C4

grass Xora and a climate where the majority (62%) of the
total annual precipitation (PPT) falls during June–Septem-
ber when temperatures are conducive to rapid plant growth
(Wainwright 2006). Hypotheses related to grazing and cli-
mate change have been proposed to explain this transfor-
mation, but none of these account for all existing evidence.
For example, reductions in livestock grazing in the mid-
20th century did not curtail shrub invasion (Fredrickson
et al. 1998), and there is little evidence to suggest the
change was climate-driven (Conley et al. 1992). Although
there have been studies on the ecophysiology of C3 and C4

plants in the Chihuahuan Desert, there have been very few
direct comparisons between C4 grasses and C3 shrubs, and
none within the context of their relative response to broad
changes in water availability. Projections for future increases
in drought and PPT variability in this region (Seager et al.
2007; Solomon et al. 2007) make understanding compara-
tive ecophysiological responses to PPT extremes a poten-
tially critical component of predicting future encroachment
dynamics.

In the study reported here, we sought to address one of
the determinants for shifts from grass to shrub dominance
from a Wrst-principle basis by quantifying the ecophysio-
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logical performance of grass and shrub life-forms in the
context of a PPT manipulation. We used as model plants
black grama grass (Bouteloua eriopoda), the historic domi-
nant grass of Chihuahuan Desert grasslands, and honey
mesquite (P. glandulosa), a prominent woody invader. Our
Wrst objective was to characterize the leaf-level photosyn-
thetic response of black grama and mesquite across a broad
range of soil moisture conditions during the monsoon sea-
son, when both life-forms have photosynthetically active
tissue. We hypothesized that the C4 grass would maintain
higher photosynthetic rates than the C3 shrub under drier
conditions. In contrast, we hypothesized that the shrub,
with its N2-Wxing capacity, would outperform the grass
under wetter conditions. A second objective was to deter-
mine if leaf water potential, leaf N concentration, stomatal
conductance, transpiration, and/or WUE diVerentially inXu-
ence grass and shrub photosynthetic performance across
a broad range of soil moisture conditions. A combination
of rainout shelters and irrigation treatments was used to
test these hypotheses. Precipitation manipulations, which
ranged from an 80% reduction to an 80% supplementation
of ambient, were designed to encompass the full range of
variation recorded at the site during the last 90 years
(Fig. 1). Through this direct comparison of C3 shrub and C4

grass performance under a PPT manipulation, we aimed to
determine if leaf-level physiological diVerences may help
explain the recent displacement of grasses by shrubs in this
ecosystem.

Materials and methods

The study took place at the Jornada Basin LTER (Long
Term Ecological Research) study site (32.5°N, 106.8°W;
1,188 m a.s.l.) in the northern Chihuahuan Desert, approxi-
mately 40 km north–northeast of Las Cruces, New Mexico.
Mean annual precipitation (1928–2008) is 240 mm, with
most (>60%) occurring as monsoonal thunderstorms
between 1 June and 1 October. Average temperature is
15°C, with a mean monthly minimum of 4°C (January) and
a mean monthly maximum of 36°C (June). Experiments
were conducted in a livestock exclosure that had been sub-
jected to light to moderate grazing before exclosure con-
struction in 1998 (Drewa 2003). The site is situated on a
level upland with deep Wne-loamy, thermic Typic Haplar-
gid soils. The dominant species are Bouteloua eriopoda, a
C4 grass with dense, Wne roots concentrated within 30 cm
of the soil surface, and Prosopis glandulosa, a C3 shrub
with shallow, lateral roots and a tap root system that may
extend many meters into the soil (Gibbens and Lenz 2001).
Cover at the beginning of the study was roughly 50% bare
soil, 20%, black grama, 10% mesquite, and 20% other
species (L.G. Reichmann, unpublished data). See Drewa
et al. (2006) for additional details on vegetation and soils at
the site.

Manipulations during the 2007–2008 growing seasons
consisted of Wve levels of PPT relative to ambient: ¡80,
¡50%, control, +50, +80%, with 12 replicates per treat-
ment. Time constraints to perform ecophysiological mea-
surements on both species simultaneously led us to measure
these variables in four replicate plots for each of the Wve
PPT treatments. Plots were 2.5 £ 2.5 m, and each was cen-
tered around a single mature mesquite shrub that was simi-
lar in size to other mesquite on this ecological site (mean
height 0.5 m, canopy diameter 1.1 m; Drewa 2003). Shrubs
were surrounded by black grama (mean basal area 11.48
cm2; Drewa et al. 2006); black grama individuals selected
for measurements were >0.75 m from plot edges. Reduc-
tions in PPT were achieved via passive rainout shelters;
supplementation was achieved via a sprinkler irrigation
system. Desired levels of rainfall reduction (¡80 and
¡50%) relative to ambient were achieved by modifying the
number of transparent V-shaped acrylic strips per shelter
[Acrylite FF; CYRO Industries, Parsippany, NJ; see Yahdj-
ian and Sala (2002) for a detailed description of shelter
design and their minimal eVect on the microenvironment].
A PVC-pipe irrigation system was used at the enhanced
PPT plots, which were irrigated the day after PPT events
>2 mm, with an amount of water equal to 50 or 80% of the
event. Supplementation occurred during the spring and fall
of 2007 and 2008 using PPT that was captured nearby and
stored. Control plots received ambient PPT and had neither
shelters nor irrigation systems.

Fig. 1 Time-series of yearly precipitation at the Jornada Basin LTER
(Long Term Ecological Research) study site from 1916 to 2009
(points connected by solid lines), showing the site average over this
period (horizontal solid line) and 50 and 80% departures from the site
average (horizontal dashed and dotted lines, respectively). Dashed
lines denote missing data for 1977 and 1979. Data were obtained from
EcoTrends (Ecotrends resource: 1311.1; http://www.ecotrends.info),
and these data are from the Jornada Basin (http://jornada-www.nmsu.
edu/), Climate and Hydrology Database Projects (CLIMDB/HYD-
RODB; http://www.fsl.orst.edu/climdb/)
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Soil volumetric water content (VWC) was quantiWed
simultaneously with ecophysiological measurements. VWC
was measured in six plots per treatment at depths of 0–5
and 30–50 cm using EC-5 and EC-20 soil moisture sensors
(Decagon Devices, Pullman, WA), respectively. Probes
were calibrated for soils at the site following the protocol
developed by the manufacturer (r2 of 0.98 and 0.96 for
EC-5 and EC-20 probes, respectively).

Leaf ecophysiology was quantiWed during the 2007 and
2008 growing seasons on dates with contrasting PPT
patterns in the days preceding the sampling date (Fig. 2).
Pre-dawn xylem water potential (�pd), photosynthetic rate
under saturating light conditions (Amax), and leaf N content
were measured. One mesquite and one black grama leaf
from each plot (n = 20 plots; 5 PPT treatments £ 4 replicate
plots/treatment) were measured on two dates in 2007 (25
July and 18 August) and three dates in 2008 (21 July, 25
July, 13 August). Predawn xylem water potential was quan-
tiWed with pressure chambers (black grama: model 1000,
with 100 bar capacity; PMS Instrument Co, Corvallis, OR;
mesquite: model 2005, Soil Moisture Equipment Corp,
Santa Barbara, CA). Leaves were excised from plants and
immediately measured for �pd. Measurements were com-
pleted at least 0.5 h before dawn. Amax was quantiWed with
a portable gas exchange system (model 6400; LiCor, Lin-
coln, NE) under standardized conditions [photosyntheti-
cally active radiation (PAR) 2,000 mmol photons m¡2 s¡1;
relative humidity 50–80%; CO2 sample 370 ppm; leaf
temperature 28–32°C]. Stomatal conductance of water vapor
(gs) and transpiration (E) were recorded concurrently
with Amax. Instantaneous WUE was calculated as Amax/
E. Ecophysiological data were recorded when photosyn-
thetic rates became visually stable, usually within 5 min of
inserting a leaf in the cuvette. Measurements began approxi-
mately 2 h after dawn and were completed by noon. Treat-
ments were blocked by time to reduce the inXuence of
diurnal patterns. The portions of leaves within the 6-cm2

cuvette were excised and kept on ice for transport to the lab
where they were immediately scanned (model 8800F Xatbed
scanner; Canon, Tokyo, Japan). Leaf area was determined

with ImageJ 1.38£ sofware (National Institutes of Health,
Bethesda, MD) and was used to express gas exchange on a
one-sided leaf area basis. Leaves used for �pd and Amax area
determination within a plot on a given date were pooled,
dried at 60°C, ground in a ball mill, and analyzed on an ele-
mental analyzer (model ECS 4010; Costech Analytical,
Valencia, CA) for N content (percentage N by mass; Nleaf).

Ecophysiological responses were analyzed in two diVer-
ent ways. First, responses (�pd, gs, Amax, E) to the PPT
manipulation were quantiWed separately for each species
for the wettest and driest sampling dates (Table 1) using
one-way analysis of variance (ANOVA). Second, to
explore overall patterns of plant response to soil moisture
conditions, which were a function of both PPT treatment
and natural PPT patterns, data for each species were pooled
for all PPT treatments and sampling dates. Relationships
between environmental and response variables (VWC, �pd,
Amax, Nleaf, gs, E, and WUE; non-transformed and trans-
formed variables) were then analyzed using simple and
stepwise linear regression. Analyses were carried out with
JMP ver. 7 software (SAS Institute, Cary, NC). Given the
co-occurrence of the two species in plots, physiological
responses to PPT treatments include responses to interspe-
ciWc interactions.

Results

Precipitation manipulations dramatically enhanced natural
variability and generated a range of rainfall scenarios that
could have been studied only after a multi-decade eVort
using natural conditions (Fig. 1). Annual PPT in control
plots was comparable each year of the study, but mon-
soonal PPT (01 June to 1 October) was greater and more
temporally concentrated in 2008 than in 2007 (Fig. 2). Soil
moisture varied broadly among treatments, reXecting the
PPT manipulations (Table 1). We obtained the desired
objective, with soils in irrigated plots typically having
higher VWCs than in those in non-irrigated plots.
Responses were highly asymmetric, with PPT additions

Fig. 2 Distribution of daily pre-
cipitation during the summer 
growing seasons of 2007 and 
2008. Monsoonal rain is deWned 
as precipitation between 1 June 
and 1 October. Asterisks Dates 
of ecophysiological measure-
ment campaigns (see Table 1)
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generally inXuencing VWC to a greater extent than PPT
reductions. Desert soils are usually close to their minimum
water content (Sala et al. 1992) and thus when soils were
dry, the eVects of reducing PPT were relatively minor com-
pared to the eVects of adding PPT. Volumetric soil water
content was, on average, lower and more variable at the
shallower (0–5 cm) depth (mean 9.3 § 0.14%; range 5.7–
14.3%) than at the deeper (30–50 cm) depth (mean 14.4 §
0.12%; range 10.8–18.1%; Table 1).

On the wettest sampling date, black grama and mesquite
�pd’s were high [mean § standard error (SE) across all treat-
ments: ¡0.4 § 0.04 MPa black grama and ¡0.4 § 0.03 MPa
mesquite], comparable, and unresponsive to PPT manipula-
tions (Fig. 3a). On the driest sampling date, mesquite �pd

was depressed slightly (¡1.6 § 0.07 MPa) and exhibited a
slight, but signiWcant response to PPT manipulations
(P < 0.05), with a decrease in �pd from irrigated to PPT
reduction plots. In contrast, black grama �pd was much
lower than mesquite �pd on the driest date and was highly
responsive to PPT, decreasing from ¡2.4 MPa in the +80%
treatment to ¡5.2 MPa in the ¡50 and ¡80% treatments
(P < 0.001; Fig. 3a). The eVects of PPT manipulation on
�pd were also reXected in patterns of morning gs, Amax, and
E, with black grama having lower values for these variables
on both the dry and wet dates, regardless of the PPT treat-
ments (Fig. 3b–d).

Pooled across all PPT treatments and dates, the mean
�pd of mesquite shrubs (¡1.2 § 0.07 MPa) was higher than
that of black grama grass (¡2.6 § 0.26 MPa). �pd declined
exponentially with decreases in VWC at both depths and
for both plant life forms (P < 0.001 for all; Fig. 4). The
slope of the VWC–�pd relationship was steeper for black
grama than for mesquite, indicating that the grass was more

sensitive to changes in water availability than the shrub at
both soil depths (Fig. 4). There was a signiWcant positive
relationship between �pd and gs for black grama grasses,
but no relationship between �pd and gs for mesquite shrubs
(Fig. 5).

Mean leaf N concentrations (Nleaf) were consistently
higher in mesquite shrubs (3.7 § 0.06%; range 2.42–4.80%)
than in black grama grasses (1.9 § 0.09%; range 0.66–
3.25%). Accordingly, mean (§SE) morning photosynthesis
across all treatments and dates under saturating light condi-
tions (Amax) was more than twofold higher in mesquite
(24.8 § 1.02 �mol C m¡2 s¡1) than in black grama (11.6 §
0.99 �mol C m¡2 s¡1). A positive relationship between �pd

and Amax was evident for black grama, but not mesquite
(Fig. 6a). Similarly, Amax was positively related to Nleaf for
black grama but not mesquite (Fig. 6b). Stepwise linear
regression indicated that the prediction of Amax was slightly
enhanced for black grama by including both �pd and Nleaf in
the model (Amax = 10.13 + 1.64*�pd + 3.19*Nleaf; r2 = 0.35,
P < 0.001). Including both terms for mesquite did not
improve predictive capability over Nleaf alone. There was a
positive relationship between gs and Amax for both species
(Fig. 6c). WUE was generally higher for black grama
(mean 7.6 § 1.00 �mol CO2 per mmol H2O, range 0.5–26.7)
than for mesquite (mean 4.4 § 0.19 �mol CO2 per mmol
H2O, range 1.6–10.1). WUE in black grama increased under
decreasing soil moisture conditions at both depths (0–5 cm
depth: WUE = 19.96 ¡ 1.28*VWC, r2 = 0.19, P < 0.01;
30–50 cm depth: WUE = 23.47 ¡ 1.10*VWC, r2 = 0.10,
P < 0.05), but WUE in mesquite did not respond to changes
in VWC (0–5 cm depth: WUE = 5.75 – 0.15*VWC, r2 = 0.04,
P > 0.05; 30–50 cm depth: WUE = 6.35 ¡  0.14*VWC,
r2 = 0.03, P > 0.05).

Table 1 Mean volumetric soil water content at two depths from Wve sampling dates

Data are presented as the mean § standard error (SE)

Precipitation treatments consist of manipulations of rainfall relative to ambient. The driest and wettest sampling dates are indicated by (D) and
(W), respectively. Data from these days were used for comparing ecophysiological responses to the precipitation manipulations (see Fig. 3)

Year Sampling date Depth (cm) Precipitation treatment

¡80% ¡50% Control +50% +80%

2007 25 July 0–5 7.5 § 0.47 9.1 § 1.12 8.9 § 1.17 9.7 § 1.07 10.7 § 1.63

30–50 13.1 § 0.70 13.4 § 1.32 12.1 § 0.58 14.1 § 2.10 15.1 § 2.42

18 August (D) 0–5 5.7 § 0.56 5.9 § 0.34 6.3 § 0.62 7.9 § 0.99 7.3 § 0.72

30–50 11.6 § 0.72 10.8 § 1.13 10.8 § 0.57 12.8 § 1.40 13.5 § 1.27

2008 21 July 0–5 9.6 § 0.72 8.8 § 0.72 7.8 § 0.40 11.6 § 1.39 10.9 § 0.57

30–50 15.3 § 0.97 15.6 § 0.94 14.2 § 0.42 16.8 § 0.82 16.9 § 0.68

25 July (W) 0–5 11.7 § 0.41 12.1 § 0.64 12.9 § 0.46 13.7 § 1.42 14.3 § 1.09

30–50 14.8 § 1.06 15.6 § 0.81 14.6 § 0.42 17.4 § 0.70 18.1 § 0.74

13 August 0–5 7.1 § 0.48 7.4 § 0.65 7.8 § 0.54 9.2 § 1.33 9.0 § 0.62

30–50 13.5 § 0.85 13.8 § 0.67 12.8 § 0.39 15.9 § 0.98 16.2 § 0.90
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Discussion

Explanations for shrub proliferation in grasslands typically
revolve around changes in climate, atmospheric CO2, and
disturbance regimes. With the exception of broad general-
izations regarding photosynthetic pathways, there has been
little consideration of the suite of physiological characteris-
tics that aVects the performance and growth of these con-
trasting life-forms. Furthermore, there have been few direct
comparisons of the physiological performance of C3 shrubs
and C4 grasses under Weld conditions, particularly in the
context of woody encroachment. Our results reveal that with
respect to photosynthesis and water relations, the C3 shrub
encroaching into the Chihuahuan Desert consistently and
substantially outperforms the historically dominant C4 grass.
Our a priori hypothesis that the C4 grass would maintain
higher photosynthetic rates than the C3 shrub under drier soil
moisture conditions was not supported, as C3 mesquite
shrubs consistently exhibited higher �leaf, Nleaf, and Amax

than the C4 grass across the full gamut of experimental PPT
regimes ranging from extreme drought (¡80% PPT) to
extremely wet conditions (+80% PPT). Thus, while C4

plants theoretically have the leaf-level biochemical potential
for greater C assimilation than C3 plants in warm, dry, sunny
environments, this advantage is not being realized in this
bioclimatic region during the hot monsoon season.

DiVerences in N metabolism and allocation may be an
important driver of ecophysiological diVerences between
the two life-forms studied. Black grama exhibited a signiW-
cant positive relationship between Nleaf and Amax, whereas
mesquite did not. Goedhart et al. (2010) obtained similar
results, suggesting fundamental diVerences in grass versus
shrub N relations. Moreover, the range of variation in mes-
quite Nleaf was narrower than that in black grama, and the
highest levels of grass Nleaf approximated the lowest levels
of mesquite Nleaf. The positive relationship between Nleaf

and Amax for the grass suggests that photosynthetic rates are
limited, at least in part, by carboxylating enzymes. The lack
of an Nleaf–Amax relationship in mesquite suggests that pho-
tosynthetic rates were not limited by N-rich carboxylating
enzymes within the Nleaf range encountered. These com-
bined observations suggest that a signiWcant fraction of
mesquite Nleaf may be allocated to osmotically active com-
pounds that help avert water stress (e.g., proline) and/or
reduce the probability of herbivory, rather than to the car-
boxylating enzyme. Mesquite in this study was at the high
end of Nleaf reported globally (Reich and Oleksyn 2004),
presumably reXecting its ability to obtain a considerable
portion of its leaf N via Wxation (Lajtha and Schlesinger
1986; Zitzer et al. 1996). This high Nleaf may be a factor in
mesquite’s greater photosynthetic capacity not only in com-
parison to black grama, but also in comparison to other

Fig. 3 Response of black grama grasses and mesquite shrubs to pre-
cipitation manipulation treatments on the driest and wettest sampling
dates (see Table 1). Mean [§ standard error (SE)] ecophysiological re-
sponses of pre-dawn leaf water potential (a), mid-morning stomatal

conductance (b), photosynthesis (c), and transpiration (d) are illus-
trated. The x-coordinate values are slightly oVset to facilitate visual
interpretation of the data

a b

c d
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native Chihuahuan Desert shrubs (de Soyza et al. 2004). In
contrast, black grama appears to have lower photosynthetic
rates, stomatal conductances, and leaf water potentials than
other co-occurring C4 grasses in the Chihuahuan Desert
(Senock et al. 1994), despite its historical dominance.
While Nleaf alone cannot ensure high photosynthetic rates in
the presence of co-limitation by water or other resources,
the costs associated with high Nleaf in mesquite may be
oVset if constraints to water acquisition are mitigated by
deep or extensive root systems.

Increased eYciency of the C4 pathway has long been
posited as an important driver of vegetation patterns. In
particular, greater WUE aVorded by the C4 pathway should
allow greater relative photosynthetic rates in water-limited
conditions. Accordingly, the dominant C4 grass in a mesic
tallgrass prairie maintained greater WUE and photosyn-
thetic rates than did three encroaching C3 shrubs (McCar-
ron and Knapp 2001). However, despite the fact that WUE
in our study was typically higher for the C4 grass than the
C3 shrub, the shrub photosynthetically out-performed the

grass throughout the growing season, regardless of PPT
manipulations. This suggests WUE is not the basis for
observed photosynthetic rate diVerences. However, longer
term integrative assessments of WUE (e.g., �13C) may pro-
vide better perspectives on WUE than our instantaneous
cuvette measurements, as leaf morphology and canopy
architecture can inXuence leaf-to-air vapor pressure deWcits
and subsequent calculated WUE (Marshall et al. 2007).

Relative to black grama, the minimal response of mes-
quite to variation in soil moisture in the upper 50 cm of the
proWle suggests that water acquisition trumps WUE as a
basis for ecophysiological diVerences. Mesquite’s dimor-
phic root system (extensive lateral roots combined with
deep tap roots; Gibbens and Lenz 2001) may give access to
ephemeral moisture in upper soil horizons and to more sta-
ble moisture resources lower in the soil proWle (Ansley
et al. 1990). This would explain why mesquite water status
in this study (e.g., �pd; Figs. 3a, 4) was largely decoupled
from soil moisture conditions at the measured depths. The
greater rooting extent of the shrub also likely limited the
inXuence of PPT manipulations on the shrub relative to the
grass, as shrub roots almost certainly penetrated to depths
below those monitored for VWC and laterally beyond the
plots and into areas not impacted by our PPT manipula-
tions. In contrast, black grama, with nearly all of its roots
concentrated in the upper 40 cm of the soil proWle (Gibbens
and Lenz 2001), was more tightly coupled to soil moisture
availability in the upper 50 cm of the soil proWle (Fig. 4).
Similar patterns were demonstrated in the southern Great
Plains, where photosynthetic rates of grasses varied with
soil moisture in the 0–30 cm portions of the soil, whereas

Fig. 4 Relationship between soil volumetric water content and
predawn xylem water potential (�pd) for black grama grasses and
mesquite shrubs in: a shallow soils [depth 0–5 cm; mesquite: �pd =
ln(¡0.149 + 0.057*VWC), r2 = 0.44; black grama: �pd = ln
(¡0.444 + 0.081*VWC), r2 = 0.38]; b deeper soils [depth 30–50 cm;
mesquite: �pd = ln(¡0.613 + 0.070*VWC), r2 = 0.51; black grama:
�pd = ln(¡1.295 + 0.113), r2 = 0.55 for black grama]. Points Individ-
ual plants in precipitation (PPT) manipulation treatments and include
all Wve sampling dates in 2007 and 2008, symbols PPT treatment and
species, lines Wtted responses of mesquite (solid line through open sym-
bols) and black grama (dashed line through closed symbols). �pd Pre-
dawn xylem water potential, VWC volumetric water content

a

b

Fig. 5 Relationship between predawn xylem water potential (�pd) in
leaves and mid-morning stomatal conductance (gs) for black grama and
mesquite. Points Individual plants in PPT manipulation treatments,
including all Wve sampling dates in 2007 and 2008, symbols PPT treat-
ment and species. There was a signiWcant linear relationship for black
grama (dashed line through Wlled symbols; gs = 0.130 + 0.020*�pd,
r2 = 0.40, P < 0.001); there was no relationship for mesquite (gs =
0.306 + 0.026*�pd, r2 < 0.01, P > 0.05)
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photosynthesis in adult mesquite tracked soil moisture at
depths >90 cm (Brown and Archer 1990). The ability of
shrubs to acquire deep water, while potentially still main-
taining uptake in shallower layers as well, may result in sta-
bility of the available soil moisture for shrubs relative to
grasses in this ecosystem (Eggemeyer et al. 2009). Thus,
the relatively lower WUE of mesquite compared to black
grama may be of relatively little consequence if it is able to
access more dependable sources of water than black grama.
Furthermore, greater access to soil moisture would allow
mesquite to realize the higher photosynthetic rates aVorded
by high Nleaf.

The inherent advantages of mesquite leaf-level physiol-
ogy, when coupled with phenological diVerences in leaf ini-
tiation and longevity, magnify mesquite’s C accumulation
advantage over black grama within an annual cycle. Mes-
quite leaves are typically initiated earlier and persist longer
than those of black grama (Kemp 1983), thus enabling the
shrub to Wx C during a larger fraction of the year. Some of
this diVerence in phenology is ostensibly related to diVer-
ences in photosynthetic pathway temperature optima. How-
ever, it may also be related to percolation of winter rains
into deep soil layers combined with hydraulic redistribution
that transfers dormant season PPT downward by mesquite
roots (Scott et al. 2008). Perennial grasses in the Chihuah-
uan Desert, in contrast, are almost exclusively dependent
on the summer monsoons for green-up and photosynthesis
(Huenneke et al. 2002). This was evident in our study, to
the point that we were unable to conduct physiological
measurements in 2009 because black grama produced little
green biomass until late August (approx. 2 months later
than an ‘average’ monsoon year), and then entered dor-
mancy in September. In contrast, mesquite plants initiated
leaves in March 2009 and maintained green leaves through

to the end of October. Although hydraulic redistribution
can occur in mesquite (Hultine et al. 2004; Zou et al. 2005),
we saw no evidence that this might have been beneWting
grasses during the dry portion of the 2009 monsoon season.

Based on available phenological data, mesquite would
have photosynthetically active tissue for approximately 210
days in an average PPT year, compared to approximately
90 days for black grama (Table 2). A coupling of these phe-
nological perspectives with our photosynthesis data sug-
gests annual C gain per unit leaf area would be on the order
of Wvefold higher in mesquite than black grama on average
and dry years, and threefold higher in wet years (Table 2).
We predict that diVerences in C uptake would be even
greater on a per plant basis, given that shrubs typically pro-
ject greater leaf areas with less self-shading than grasses
(Knapp et al. 2008).

Projected climate changes would be expected to
broaden the performance gap between mesquite and black
grama, potentially making remaining grasslands increas-
ingly susceptible to shrub encroachment. The Intergovern-
mental Panel on Climate Change (IPCC) A1B scenario
suggests a 5–10% decrease in PPT for the southwestern
USA and a concomitant increase in interannual variability
(Solomon et al. 2007); most general circulation models
agree on increasing aridity (Seager et al. 2007). Higher
temperatures would further decrease water availability by
increasing evapotranspiration, and the non-linear relation-
ship between VWC and �pd (Fig. 4) suggests reductions in
soil water availability would impact black grama more
adversely than mesquite. Furthermore, dynamic vegetation
models predict that the performance gap between C3

woody plants and C4 grasses will widen in favor of shrubs
under higher atmospheric CO2 concentrations (Scheiter
and Higgins 2009).

Fig. 6 Response of photosynthesis under saturating light conditions
(Amax) in black grama grasses and mesquite shrubs to: a xylem water
potential (�pd; black grama: Amax = 17.41 + 2.18*�pd, r2 = 0.32,
P < 0.001; mesquite: Amax = 25.87 + 0.73*�pd, r2 = 0.002, P > 0.05);
b leaf nitrogen content (Nleaf; black grama: Amax = ¡0.57 + 6.62*Nleaf,
r2 = 0.24, P < 0.001; mesquite: Amax = 36.94 ¡ 3.47*Nleaf, r2 = 0.03,
P > 0.05); c stomatal conductance (gs) (black grama: Amax = 2.59 +

106.38*gs, r2 = 0.64, P < 0.001; mesquite: Amax = 16.01 + 26.26*gs,
r2 = 0.26, P < 0.001). Points Individual plants in PPT manipulation
treatments and include all Wve sampling dates in 2007 and 2008. Sym-
bols PPT treatment and species. Linear responses are indicated for sig-
niWcant (P < 0.05) relationships for mesquite (solid line through open
points) and black grama (dashed line through solid points)

a b c
123



Oecologia (2012) 169:373–383 381
The results from our manipulative Weld study suggest that
the greater Nleaf of the shrub, coupled with its minimal reli-
ance on ephemeral near-surface soil moisture, more than
oVsets the WUE advantages of the C4 grass, thus oVering a
possible mechanistic basis for the propensity of shrubs to
displace grasses in this hot desert ecosystem. In the absence
of disturbances, such as Wre, which would prevent shrubs
from realizing their superior performance potential, their
continued proliferation in desert grasslands should be
expected. The continued encroachment of shrubs will aVect
a variety of regional ecosystem services, resulting in reduced
cattle production, altered wildlife habitat, increased wind
and water erosion, and changes in C dynamics and non-
methane hydrocarbon emissions (Archer 2010).

Acknowledgments We thank D.B. Hewins, N. Pierce, E. Johnson,
L. Ebbs, and G.A. Gil for Weld assistance and K. Havstad, D. Peters,
and the personnel of the Jornada Experimental Range site for logistical
support. SRA and OES thank M.J. Trlica for introducing them many
years ago and consequently providing the opportunity of working to-
gether. This work was supported by NSF grants to Arizona State Uni-
versity (DEB 09-17668), the University of Arizona (DEB 05-31691),
and the Jornada LTER (DEB 06-18210) program, and by USDA-NRI
2008-35320-18684 to New Mexico State University.

References

Ansley RJ, Jacoby PW, Cuomo GJ (1990) Water relations of honey
mesquite following severing of lateral roots: inXuence of location
and amount of subsurface water. J Range Manag 43:436–442

Ansley RJ, Dugas WA, Heuer ML, Kramp BA (2002) Bowen ratio/en-
ergy balance and scaled leaf measurements of CO2 Xux over
burned Prosopis savanna. Ecol Appl 12:948–961

Archer S (1994) Woody plant encroachment into southwestern grass-
lands and savannas: rates, patterns and proximate causes. In: Va-
vra M, Laycock W, Pieper R (eds) Ecological implications of
livestock herbivory in the West. Society for Range Management,
Denver, pp 13–68

Archer S (2010) Rangeland conservation and shrub encroachment:
new perspectives on an old problem. In: du Toit J, Kock R, Deu-
tsch J (eds) Wild rangelends: conserving wildlife while maintain-
ing livestock in semi-arid ecosystems. Wiley-Blackwell, Oxford,
pp 53–97

Archer S, Schimel DS, Holland EA (1995) Mechanisms of shrubland
expansion: land use, climate, or CO2? Clim Change 29:91–99

Barger NN, Archer SR, Campbell JL, Huang CH, Morton JA, Knapp
AK (2011) Woody plant proliferation in North American dry-
lands: a synthesis of impacts on ecosystem carbon balance.
J Geophys Res Biogeosci 117:GOOKO7. doi:10.1029/2010JG00
1506 

Breshears DD, Whicker JJ, Zou CB, Field JP, Allen CD (2009) A con-
ceptual framework for dryland aeolian sediment transport along
the grassland-forest continuum: EVects of woody plant canopy
cover and disturbance. Geomorphology 105:28–38

Brown JR, Archer S (1990) Water relations of a perennial grass and
seedlings vs adult woody plants in a subtropical savanna, Texas.
Oikos 57:366–374

Campbell BD, StaVord Smith DM (2000) A synthesis of recent global
change research on pasture and range production: reduced uncer-
tainties and their management implications. Agric Ecosyst Envi-
ron 82:39–55T

ab
le

2
E

st
im

at
ed

 p
er

 u
ni

t l
ea

f 
ar

ea
 c

ar
bo

n 
ga

in
 f

or
 b

la
ck

 g
ra

m
a 

an
d 

m
es

qu
ite

 p
la

nt
s 

in
 th

e 
no

rt
he

rn
 C

hi
hu

ah
ua

n 
de

se
rt

 ta
ki

ng
 p

he
no

lo
gi

ca
l s

ta
tu

s 
in

 a
 w

et
, a

ve
ra

ge
 a

nd
 d

ry
 y

ea
r,

 r
es

pe
ct

iv
el

y,
in

to
 a

cc
ou

nt

P
PT

, p
re

ci
pi

ta
ti

on
; C

, c
ar

bo
n

P
ho

to
sy

nt
he

ti
c 

ra
te

s 
(t

he
 m

ea
n 

of
 a

ll 
m

ea
su

re
m

en
ts

 f
or

 e
ac

h 
sp

ec
ie

s)
 w

er
e 

m
ul

ti
pl

ie
d 

by
 th

e 
to

ta
l n

um
be

r 
of

 h
ou

rs
 o

f p
ho

to
sy

nt
he

tic
 a

ct
iv

ity
 b

as
ed

 o
n 

le
af

 p
he

no
lo

gy
 in

 y
ea

rs
 w

ith
 d

iV
er

in
g 

P
PT

.
L

ea
f 

ph
en

ol
og

y 
w

as
 d

eW
ne

d 
ac

co
rd

in
g 

to
 K

em
p 

(1
98

3)
. F

or
 s

im
pl

ic
ity

, w
e 

as
su

m
ed

 4
h 

of
 p

ho
to

sy
nt

he
tic

 a
ct

iv
it

y 
pe

r 
da

y 
fo

r 
bo

th
 s

pe
ci

es

S
pe

ci
es

A
ve

ra
ge

 
ph

ot
os

yn
th

et
ic

 
ra

te
 (
�m

ol
C

m
¡

2
s¡

1 )

W
et

 y
ea

r
A

ve
ra

ge
 P

PT
 y

ea
r

D
ry

 y
ea

r

M
on

th
s 

w
it

h 
gr

ee
n 

ae
ri

al
 ti

ss
ue

N
um

be
r 

of
 d

ay
s

C
ar

bo
n 

ga
in

 p
er

 
un

it
 o

f 
le

af
 a

re
a 

(g
C

cm
¡

2
ye

ar
¡

1 )

M
on

th
s 

w
it

h 
gr

ee
n 

ae
ri

al
 ti

ss
ue

N
um

be
r 

of
 d

ay
s

C
ar

bo
n 

ga
in

 p
er

 
un

it 
of

 le
af

 a
re

a 
(g

C
cm

¡
2

ye
ar

¡
1 )

M
on

th
s 

w
ith

 
gr

ee
n 

ae
ri

al
 ti

ss
ue

N
um

be
r 

of
 d

ay
s

C
 g

ai
n 

pe
r 

un
it

 
of

 le
af

 a
re

a 
(g

C
cm

¡
2

ye
ar

¡
1 )

B
la

ck
 g

ra
m

a
11

.6
L

at
e 

A
pr

il 
th

ro
ug

h 
to

 m
id

- 
N

ov
em

be
r

19
5

0.
04

6
M

id
-J

ul
y 

th
ro

ug
h 

to
 m

id
-O

ct
ob

er
90

0.
02

1
M

id
 A

ug
us

t t
hr

ou
gh

 
to

 la
te

 O
ct

ob
er

75
0.

01
8

M
es

qu
ite

24
.8

E
ar

ly
 A

pr
il

 th
ou

gh
 

to
 la

te
 N

ov
em

be
r

24
0

0.
12

0
M

id
-A

pr
il 

th
ou

gh
 

to
 m

id
-N

ov
em

be
r

21
0

0.
10

5
L

at
e 

A
pr

il 
th

ou
gh

 
to

 la
te

 O
ct

ob
er

18
0

0.
09

0

123

http://dx.doi.org/10.1029/2010JG001506
http://dx.doi.org/10.1029/2010JG001506


382 Oecologia (2012) 169:373–383
Conley W, Conley MR, Kart TR (1992) A computational study of epi-
sodic events and historical context in long-term ecological pro-
cesses: climate and grazing in the northern Chihuahuan Desert.
Coenoses 7:55–60

de Soyza AG, Killingbeck KT, Whitford WG (2004) Plant water rela-
tions and photosynthesis during and after drought in a Chihuahuan
desert arroyo. J Arid Environ 59:27–39. doi:10.1016/j.jaridenv.
2004.01.011

Delauney AJ, Verma DPS (1993) Proline biosynthesis and osmoregu-
lation in plants. Plant J 42:215–223

Drewa PB (2003) EVects of Wre season and intensity on Prosopis glan-
dulosa Torr. var. glandulosa. Int J Wildland Fire 12:147–157

Drewa PB, Peters DPC, Havstad KM (2006) Population and clonal lev-
el responses of a perennial grass following Wre in the northern
Chihuahuan Desert. Oecologia 150:29–39

Eggemeyer KD, Awada T, Harvey FE, Wedin DA, Zhou X, Zanner CW
(2009) Seasonal changes in depth of water uptake for encroaching
trees Juniperus virginiana and Pinus ponderosa and two dominant
C4 grasses in a semiarid grassland. Tree Physiol 29:157–169

Eldridge DJ, Bowker MA, Maestre FT, Roger E, Reynolds JF, Whit-
ford WG (2011) Impacts of shrub encroachment on ecosystem
structure and functioning: towards a global synthesis. Ecol Lett
14:709–722. doi:10.1111/j.1461-0248.2011.01630.x

Field CB, Behrenfeld MJ, Randerson JT, Falkowski P (1998) Primary
production of the biosphere: integrating terrestrial and oceanic
components. Science 281:237–240

Fredrickson E, Havstad KM, Estell R (1998) Perspectives on desertiW-
cation: south-western United States. J Arid Environ 39:191–207

Gibbens RP, Lenz JM (2001) Root systems of some Chihuahuan Des-
ert plants. J Arid Environ 49:221–263

Gibbens RP, McNeely RP, Havstad KM, Beck RF, Nolen B (2005)
Vegetation changes in the Jornada Basin from 1858 to 1998.
J Arid Environ 61:651–668

Goedhart C, Pataki D, Billings S (2010) Seasonal variations in plant
nitrogen relations and photosynthesis along a grassland to shrub-
land gradient in Owens Valley, California. Plant Soil 327:213–
223. doi:10.1007/s11104-009-0048-4

Huenneke L, Anderson J, Remmenga M, Schlesinger W (2002)
DesertiWcation alters patterns of aboveground net primary pro-
duction in Chihuahuan ecosystems. Glob Change Biol 8:247–264

Hultine KR, Scott RL, Cable WL, Goodrich DC, Williams DG (2004)
Hydraulic redistribution by a dominant, warm-desert phreato-
phyte: seasonal patterns and response to precipitation pulses.
Funct Ecol 18:530–538

Jackson RB, Canadell J, Ehleringer JR, Mooney HA, Sala OE, Schulze
ED (1996) A global analysis of root distributions for terrestrial bi-
omes. Oecologia 108:389–411

Kemp PR (1983) Phenological patterns of Chihuahuan Desert plants in
relation to the timing of water availability. J Ecol 71:427–436

Knapp AK et al (2008) Shrub encroachment in North American grass-
lands: shifts in growth form dominance rapidly alters control of
ecosystem carbon inputs. Glob Change Biol 14:615–623.
doi:10.1111/j.1365-2486.2007.01512.x

Knoop WT, Walker BH (1985) Interactions of woody and herbaceous
vegetation in a Southern African Savanna. J Ecol 73:235–253

Lajtha K, Schlesinger WH (1986) Plant response to variations in nitro-
gen availability in a desert shrubland community. Biogeochemis-
try 2:29–37

Marshall JD, Brooks JR, Lajtha K (2007) Sources of variation in the
stable isotopic composition of plants. In: Michener R, Lajtha K
(eds) Stable isotopes in ecology and environmental science.
Blackwell, Malden, pp 22–60

McCarron JK, Knapp AK (2001) C3 woody plant expansion in a C4
grassland: Are grasses and shrubs functionally distinct? Am J Bot
88:1818–1823

Morgan JA, LeCain DR, Pendall E, Blumenthal DM, Kimball BA et al
(2011) C4 grasses prosper as carbon dioxide eliminates desicca-
tion in warmed semi-arid grassland. Nature 476:202–205.
doi:10.1038/nature10274

Naito AT, Cairns DM (2011) Patterns and processes of global shrub
expansion. Prog Phys Geog 35:423–442. doi:10.1177/030913331
1403538

Patrick LD, Ogle K, Bell CW, Zak J, Tissue D (2009) Physiological
responses of two contrasting desert plant species to precipitation
variability are diVerentially regulated by soil moisture and nitro-
gen dynamics. Glob Change Biol 15:1214–1229

Reich PB, Oleksyn J (2004) Global patterns of plant leaf N and P in
relation to temperature and latitude. Proc Natl Acad Sci USA
101:11001–11006. doi:10.1073/pnas.0403588101

Reich PB, Kloeppel BD, Ellsworth DS, Walters MB (1995) DiVerent
photosynthesis-nitrogen relations in evergreen conifers and
deciduous hardwood tree species. Oecologia 104:24–30

Safriel U, Adeel Z (2005) Dryland systems. In: Hassan R, Scholes R,
Ash N (eds) Ecosystems and human well-being: Current state and
trends. Island Press, Washington D.C., pp 623–662

Sage RF, Monson RK (1999) C4 plant biology. Academic Press, San
Diego

Sala OE, Golluscio RA, Lauenroth WK, Soriano A (1989) Resource
partitioning between shrubs and grasses in the Patagonian steppe.
Oecologia 81:501–505

Sala OE, Lauenroth WK, Parton WJ (1992) Long term soil water
dynamics in the shortgrass steppe. Ecology 73:1175–1181

Sala OE, Lauenroth WK, Golluscio RA (1997) Plant functional types
in temperate semi-arid regions. In: Smith TM, Shugart HH,
Woodward FI (eds) Plant functional types. Cambridge University
Press, Cambridge, pp 217–233

Scheiter S, Higgins S (2009) Impacts of climate change on the vegeta-
tion of Africa: an adaptive dynamic vegetation modelling
approach. Glob Change Biol 15:2224–2246

Scott R, Cable W, Hultine K (2008) The ecohydrologic signiWcance of
hydraulic redistribution in a semiarid savanna. Water Resour Res
44:W02440. doi:10.1029/2007WR006149

Seager R, Ting M, Held I, Kushnir Y, Lu J et al (2007) Model projec-
tions of an imminent transition to a more arid climate in south-
western North America. Science 316:1181–1184

Senock RS, Devine DL, Sisson WB, Donart GB (1994) Ecophysiology
of three C4 perennial grasses in the northern Chihuahuan Desert.
Southwest Nat 39:122–127

Solomon SD, Qin M, Manning Z, Chen M, Marquis KB, Tignor AM.
Miller HL (eds) (2007) IPCC Fourth Assessment Report 2007:
climate change 2007: The physical science basis. Contribution of
Working Group I to the Fourth Assessment Report of the Inter-
governmental Panel on Climate Change. Cambridge University
Press, Cambridge

Wainwright J (2006) Climate and climatological variations in the
Jornada Basin. In: Havstad K, Huenneke L, Schlesinger W (eds)
Structure and function of the Chihuahuan Desert ecosystem.
Oxford University Press, Oxford, pp 44–80

Wainwright J, Parsons AJ, Abrahams AD (2000) Plot-scale studies of
vegetation, overland Xow and erosion interactions: case studies
from Arizona and New Mexico. Hydrol Process 14:2921–2943

Walter H (1971) Ecology of tropical and subtropical vegetation
(Burnett J, ed). Oliver and Boyd, Edinburgh

Yahdjian L, Sala OE (2002) A rainout shelter design for intercepting
diVerent amounts of rainfall. Oecologia 133:95–101

Yahdjian L, Gherardi L, Sala OE (2011) Nitrogen limitation in arid-
subhumid ecosystems: a meta-analysis of fertilization studies.
J Arid Environ 75:675–680

Yuan Z, Chen HYH (2009) Global trends in senesced-leaf nitrogen and
phosphorus. Glob Ecol Biogeogr 18:532–542
123

http://dx.doi.org/10.1016/j.jaridenv.2004.01.011
http://dx.doi.org/10.1016/j.jaridenv.2004.01.011
http://dx.doi.org/10.1111/j.1461-0248.2011.01630.x
http://dx.doi.org/10.1007/s11104-009-0048-4
http://dx.doi.org/10.1111/j.1365-2486.2007.01512.x
http://dx.doi.org/10.1038/nature10274
http://dx.doi.org/10.1177/0309133311403538
http://dx.doi.org/10.1177/0309133311403538
http://dx.doi.org/10.1073/pnas.0403588101
http://dx.doi.org/10.1029/2007WR006149


Oecologia (2012) 169:373–383 383
Zitzer SF, Archer SR, Boutton TW (1996) Spatial variability in the
potential for symbiotic N2 Wxation by woody plants in a subtrop-
ical savanna ecosystem. J Appl Ecol 33:1125–1136

Zou C, Barnes P, Archer S, McMurtry C (2005) Soil moisture redistri-
bution as a mechanism of facilitation in savanna tree-shrub clus-
ters. Oecologia 145:32–40. doi:10.1007/s00442-005-0110-8
123

http://dx.doi.org/10.1007/s00442-005-0110-8

	Response of dominant grass and shrub species to water manipulation: an ecophysiological basis for shrub invasion in a Chihuahuan Desert Grassland
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments
	References


