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Riparian plants in arid areas are subject to frequent hydrological fluctuations induced through natural flow variation and
water use by humans. Although many studies have focused on the success of Tamarix ramosissima Ledeb. in its invaded
ranges, its major competitor in its home range, Populus euphratica Oliv., historically has dominated riparian forests where
both species occur naturally. Thus, identifying ecophysiological differences between T. ramosissima and its co-evolved com-
petitor under varying hydrological conditions may help us understand how flow regimes affect dominance in its home range
and promote invasion in new ranges. We examined ecophysiological responses of T. ramosissima and P. euphratica, which
are both native to the Tarim River Basin, northwest China, to experimental alterations in groundwater. Seedlings of both spe-
cies were grown in lysimeters, first under well-watered conditions and then exposed to different groundwater treatments:
inundation, drought, and relatively shallow, moderate and deep groundwater. Under inundation, T. ramosissima showed little
growth whereas P. euphratica died after ~45 days. Droughted seedlings of both species suffered from considerable water
stress evidenced by slow growth, decreased total leaf area and specific leaf area, and decreased xylem water potential (y),
maximum photosynthetic rate and carboxylation efficiency. Both species had better ecophysiological performances under
shallow and moderate groundwater conditions. When groundwater declined below rooting depth, seedlings of both species
initially experienced decreased y, but y of T. ramosissima recovered late in the experiment whereas P. euphratica maintained
decreased . This ability of T. ramosissima to recover from water deficit might result from its rapid root elongation and sub-
sequent ability to acquire groundwater, which in turn likely provides ecophysiological advantages over P. euphratica. Our
results suggest that recent groundwater declines along the Tarim River could facilitate T. ramosissima more due to its rapid
response to changed groundwater availability. This trait may also help the success of T. ramosissima as it invaded riparian
ecosystems in southwestern USA.
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Introduction determined by flow regime, greatly influences reproduction,
Riparian zones have a highly variable physical environment, survival, growth, community structure and even patterns of
including frequent groundwater fluctuations that range from riparian vegetation (Friedman and Lee 2002, Corenblit et al.
inundation in the flooding season to drought in the dry season 2009, Stromberg et al. 2010). To survive disturbances, ripar-
(Naiman and Décamps 1997). This disturbance regime, ian plants evolved adaptive traits that include both life-history
of which the timing, frequency, intensity and duration are strategies that are synchronized with flow patterns and
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morphological adaptations that provide benefits when distur-
bances occur (Lytle and Poff 2004, Merritt et al. 2010). For
example, seed release of willows and cottonwoods often syn-
chronizes with timing of flood recession, which provides ideal
germination and initial growth conditions (Blom 1999).
Environmental fluctuations can favor different species at differ-
ent times, thus promoting coexistence (Hutchinson 1961).
Therefore, riparian plants are expected to exhibit differences in
individual adaptive traits in response to the disturbance regime
(from inundation to groundwater rise/decline, to drought), i.e.,
some species may be more adaptive to one disturbance
whereas some are more adaptive to another.

Because natural flow variability increases with increased
aridity, riparian plant communities in arid regions should expe-
rience a greater range and higher frequency in groundwater
variation. One particular example is the riparian forest along
the Tarim River, a 1321-km-long inland river located in the
Tarim Basin, which is the most arid basin in China. The Tarim
riparian forest currently is dominated by Populus euphratica
Oliv. (Zhang et al. 2005). Commonly, Populus seedlings
become established on bare, moist and newly deposited sedi-
ment near the active river channel. As the alluvial plain evolves
through channel meandering and narrowing, a transverse (i.e.,
perpendicular to the channel) gradient in Populus stand age
develops, where younger stands are nearer to the channel
(Han et al. 2007). This pattern in the Tarim riparian corridor of
increased P. euphratica population age with increased distance
from the active channel suggests that the riparian plant com-
munity structure is determined by succession at the seedling
stage because Tamarix ramosissima Ledeb., which is the sub-
dominant species in this region and P. euphratica’s only possi-
ble competitor, also becomes established on newly deposited
sediment near the active river channel. Thus, P. euphratica and
T. ramosissima share the same establishment niche (Zhao and
Yin 2005). Our investigations along the Tarim riparian corridor
also show that P. euphratica and T. ramosissima seedlings had
strong positive association, both establishing on alluvial flats
near to the channel (Figure 1).

The shift from T. ramosissima and P. euphratica co-domi-
nance in seedling community to P. euphratica dominance in
riparian forest along the Tarim River suggests that P. euphratica
is possibly more adaptive to the riparian habitats than T. ramo-
sissima after their establishments. This is quite different from
observations in the southwestern USA, where T. ramosissima
establishes dense stands that exclude native species
(DiTomaso 1998). Actually, as a seedling Populus outcompetes
Tamarix in the USA, suggesting that interspecific competition is
not the mechanism for the initial invasion of Tamarix (Sher
et al. 2000, 2002, Sher and Marshall 2003). Dynamics of
plant seedling communities are more sensitive to environmental
fluctuations (Norden et al. 2007), and subtle interspecific
differences in growth that result from different responses

Figure 1. A seedling community with similar abundance of P. euphrat-
ica (narrow leaves) and Tamarix (scale-like leaves) located in the Tarim
River riparian zone. Photo credit: J. Li (August 2008).

to hydrological fluctuations during early community succession
may increase over time, and consequently determine the
future structure of the mature population (Sher and Marshall
2003). Thus, comparing seedling responses to hydrological
fluctuations is ecologically important for understanding mecha-
nisms of community succession in highly variable riparian
environments.

Now Tamarix occupies most riparian corridors in the south-
western USA, displacing native Populus and Salix plants and
becoming the dominant or subdominant species in these
riparian ecosystems (Busch and Smith 1995, Cleverly et al.
1997, Smith et al. 1998, Friedman et al. 2005, Bhattacharjee
et al. 2009, Merritt and Poff 2010). Ecophysiological traits
have been extensively compared between T. ramosissima
and Populus plants (see the review by Glenn and Nagler
2005). Previous work shows that Tamarix is more salt- (Glenn
et al. 1998, Vandersande et al. 2001), drought- (Busch et al.
1992, Pockman and Sperry 2000) and fire (Busch and Smith
1995)-tolerant than native riparian plants in the southwest-
ern USA, and these traits may contribute to the success of
Tamarix in its invaded range. However, with flood distur-
bance Tamarix seedling growth and survival are influenced
by densities of its neighbors, i.e., the native Populus and
Salix, while growth and survival of the natives are not cor-
related with Tamarix densities (Sher et al. 2002). Another
work shows that first-year cottonwood seedlings can survive
fall flooding better than Tamarix (Gladwin and Roelle 1998).
More work indicates that flow regime alterations caused by
extensive water diversions likely favor Tamarix establishment
more than the flooding-dependent native Populus (Busch
and Smith 1995, Poff et al. 1997, Scott et al. 1997, Sher
et al. 2000, Glenn and Nagler 2005). In case of the Tarim
River, the riparian forests historically have been dominated
by P. euphratica despite the co-occurrence of T. ramosissima.
Thus, we speculate that P. euphratica has adaptive advan-
tages over T. ramosissima, especially at the seedling stage as
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these two species cope with their highly variable riparian
habitats. Considering that P. euphratica co-evolved in the
same environment with T. ramosissima whereas North
American cottonwoods did not, understanding how P. euphra-
tica and T. ramosissima seedlings differ in their responses to
hydrological fluctuations may provide information useful for
understanding the success of T. ramosissima in southwestern
US riparian corridors that underwent a rapid alteration of
hydrological conditions in the past century.

Our central objective was to evaluate ecophysiological and
growth traits of P. euphratica and T. ramosissima seedlings in
response to typical hydrological scenarios that frequently occur
along the Tarim riparian forest. In particular, we addressed two
hypotheses: (i) P. euphratica and T. ramosissima seedlings
exhibit different trait responses under different groundwater
scenarios that allow for long-term coexistence of the species
under natural conditions. (ii) Trait responses of P. euphratica
seedlings are more beneficial than those of T. ramosissima
seedlings and allow P. euphratica to dominate the Tarim ripar-
ian corridor. These hypotheses were tested by assessing
physiological and morphological traits of P. euphratica and
T. ramosissima seedlings grown in lysimeters that simulated
variable riparian habitats.

Materials and methods

Plant materials

Populus euphratica, a tree species, and T. ramosissima, a shrub
species, are phreatophytic and native to central Eurasia.
Populus euphratica seeds are often released between July and
September, which coincides with the flooding period of the
Tarim River, whereas T. ramosissima produces seeds for a lon-
ger time period, from May to September. Both species produce
tiny, wind- and water-dispersed seeds that germinate on moist
sites newly created by floods, and thus they exploit the same
riparian habitat for establishment. This habitat similarity pro-
vides an opportunity for interspecific competition, especially at
the seedling stage: seedlings of whichever species grows more
rapidly and first develops dense stands will most likely be the
better competitor and suppress the other species. Thus, our
studies focused on 3-year-old P. euphratica and T. ramosissima
seedlings, 50 = 5 cm in height, because seedlings at this stage
are just entering a rapid growth stage, but neither species has
developed dense stands (Figure 1).

In August 2005, seeds of each species were collected from
a natural population established in the riparian zone of the
Tarim River, and then sown in a nursery at the Aksu Water
Balance Station, Chinese Academy of Sciences (40°27°N,
80°45E, hereafter Aksu Station). Aksu Station is ~30 km north
of the source of the Tarim River and is where experiments were
conducted. On 24 March 2009, seedlings that met the above-
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mentioned size requirements were selected and transplanted
into lysimeters designed for simulating hydrological conditions
in riparian corridors.

Experimental design

To simulate hydrologic fluctuations in riparian habitats, we
modified lysimeters that have been widely used in experimen-
tal studies of groundwater table effects on plants (Mueller
et al. 2005). Each lysimeter was a 1.2 m tall X 0.3 m inner
diameter PVC pipe that was closed at the bottom with a drain
valve. When drain valves were open, water flowed freely out of
lysimeters, and lysimeters lacked a water table. To impose
water table treatments, the drain valve was closed and water
was added to lysimeters through a 2 cm diameter tube that
was inserted vertically just above the lysimeter bottom so that
lysimeters could be watered from the bottom up. Bottoms of
lysimeters were filled with a 10 cm layer of cobblestone <2 cm
in diameter, which allowed the water table to rise evenly when
watered. A discharge valve was installed at specific heights to
control the water table within each lysimeter. The remainder of
each lysimeter was filled with loamy (sand : silt : clay averaged
20:75:5) and loosely structured soil that was collected from
the soil surface of a riparian site where both P. euphratica and
T. ramosissima were present. We did not add any fertilizer to
lysimeters because low nutrient availability typically occurs in
Tarim riparian zones (Fan et al. 2005).

One seedling was transplanted into each lysimeter on
24 March 2009. To reduce transplant shock after transplanting
and allow all seedlings a short period of establishment, soils in
all lysimeters initially were well-watered. Each week, water was
added from the soil surface until it lowed out through the open
drain valve. On 4 July, we initiated experimental treatments by
closing the drain valve, opening the discharge valve and manu-
ally watering through the irrigation tube to attain a range of
hydrologic scenarios. Five hydrologic treatment scenarios were
used: no groundwater table, soil inundation, and depth to
groundwater (DGW) at deep (100 cm DGW), moderate (60 cm
DGW) and shallow (20cm DGW) groundwater conditions.
Each hydrologic treatment had five replications per species,
and an additional five alternates for each species were pre-
pared in case of transplant failure. Thus, the total experimental
design included 60 lysimeters: 2 species X 5 treatments X 5
replications + 10 alternates. Lysimeters were randomly placed
in outdoor troughs at Aksu Station to keep them upright. Dried
reeds were laid around the upper part of each lysimeter to
protect it from sunlight and avoid over-heating. Although Aksu
Station has an annual mean precipitation <50 mm, we used a
rainfall shelter to exclude confounding effects of rainfall on the
lysimeter hydrologic treatments.

During the treatment period, water addition occurred
every afternoon (4—6 p.m. local time). For the inundation
treatment, water depth above the soil surface within lysimeters
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was kept >10 cm, varying from 10 to 12.cm as a result of
evapotranspiration. For the no water table treatment, we simply
stopped watering during the corresponding treatment period,
which effectively led to a drought treatment in these lysime-
ters. The experiment ended and seedling biomass was har-
vested in early September, which was the end of the growing
season when leaves of both species had begun to turn yellow
in the field.

Data collection

Right before initiation of treatments on 4 July, pre-treatment
measurements of aboveground and belowground biomass
were obtained by destructive harvest of three randomly
selected seedlings for each species from the 10 alternates.
Soil in lysimeters was removed at 5-cm intervals to obtain
roots layer by layer, and then fresh roots were scanned for
calculation of root length density within the entire soil column
in lysimeters. From treatment onset to 4 September, above-
ground stem diameter and height of each seedling were docu-
mented every 10 days.

Assimilation rate —internal CO, concentration (A—-C)
response was determined using an LI-6400 portable photo-
synthesis system (LI-COR Corp., Lincoln, NE, USA) with a
2 cm x 3 cm chamber equipped with a light source (6400-
02B; LI-COR Corp.). Leaves measured were the youngest
mature ones and were in full exposure to sunlight.
Measurements were made between 10:00 and 14:00 h local
time on clear days over a 25-day sampling period in August.
During A — C, measurements, a CO, injecting tank was attached
to the Li-Cor system to control cuvette CO, concentration (C,),
which was initially maintained at 200 umol mol=" for 5 min to
stimulate stomatal opening. Then C, was controlled at 50, 100,
200, 300, 400, 600, 800, 1000, 1200 and 2000 pumol mol-,
and gas exchange properties were logged at each C, until the
system reached a stable point defined as coefficient of variation
<1%. In-chamber photosynthetic photon flux density (PPFD)
was maintained at light saturation that was previously deter-
mined by photosynthetic light-response curves of each species
(2500 umol m=' s=" for P. euphratica and 1800 pmol m~" s~
for T. ramosissima). Temperature and relative humidity within
the cuvette were respectively controlled at 30 °C and 30%,
which was similar to ambient conditions. Immediately after
measurement, leaves within the cuvette were cut and then
photographed with a 1.3 x 107 pixel digital camera (Canon 5D,
Canon Inc., Tokyo, Japan), such that leaf area in the cuvette for
each measurement could be calculated from these photo-
graphs using Image Pro Plus software (Media Cybernetics Inc.,
MD, USA). For cylindrical leaves of T. ramosissima, we calcu-
lated actual leaf surface area as the photographic projected
area x1/2, as Chen and Black (1992) suggested. A—-C
response measurement was repeated on three or four individu-
als of each species under each treatment. The data were fitted

with non-linear least-squares regression to an exponential
function y =a(1—exp™) + ¢, from which maximum photosyn-
thetic rate (A, and carboxylation efficiency (CE) were calcu-
lated (Jacob et al. 1995).

Plant water status was determined by measuring predawn
(W) and midday (y,4) xylem water potentials () with a PMS
Model 1000 (PMS Instrument Co., Albany, OR, USA) pressure
chamber. y,4 and w4 were measured about half an hour
before sunrise and at solar noon, respectively. Because suit-
able branches for water potential measurements were lacking
at the beginning of the hydrologic treatments, we only mea-
sured plant water status twice (on 17 July and 30 August, i.e.,
~2 and ~8 weeks after treatment initiation, respectively) dur-
ing the treatments, and for each time, three replicates were
taken for each species under each treatment.

At the end of the experiment, three seedlings of each spe-
cies for each treatment were harvested to measure both
aboveground and belowground biomass. For aboveground
biomass, leaves and branches were separated, dried and
weighed for the entire plant. In addition, fresh leaves from
three randomly selected branches of each harvested seedling
were gently extended onto a white board, and then photo-
graphed for determining total leaf surface area of each branch.
Average specific leaf area (SLA) of each harvested seedling
was obtained from the ratio of average leaf surface area to
average dry biomass for each of the three randomly selected
branches. The total leaf area (TLA) of each seedling was esti-
mated as average SLA X total harvested leaf biomass. For
belowground harvests, we first longitudinally cut the lysimeter
wall, removed the wall and measured the depth at which roots
were mainly developed. Then, the whole soil cylinder was
soaked with water for a few hours to facilitate removal of
whole root systems from the loamy soils with a spray nozzle.
All biomass was dried in an oven at 65 °C for 72 h and then
weighed.

Gravimetric soil water content was measured at the end of
the experiment. Soil in each lysimeter, with the exception of
inundation treatment, was sampled from soil surface to the
experimental groundwater table (to 100 cm deep for drought
treatment) at 10 cm depth increments.

Data analysis

Interspecific differences in root length density at each soil
depth prior to treatment onset were determined by t-tests.
Analysis of variance was used to determine sensitivity of physi-
ological and morphological traits to hydrological scenarios.
Plant growth was compared by two-way repeated-measures
analysis of variance (ANOVA). A two-way ANOVA was applied
to determine the species and treatment as well as their interac-
tion effects on SLA, TLA, biomass A.., CE and w. If a signifi-
cant effect (defined as P <0.05) occurred, then a least
significant difference (LSD) post hoc test was used to deter-
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mine which hydrological treatments differed for each species.
All statistical tests and descriptive statistics were performed
using SPSS 13.0 (SPSS Inc., Chicago, IL, USA).

Results

Root length distribution prior to treatment

Prior to the onset of treatment when seedlings of both species
were well watered from the soil surface, root distribution within
lysimeters differed between P. euphratica and T. ramosissima
(Figure 2). Total root length density peaked at 35 cm depth for
P. euphratica, compared with 20 cm for T. ramosissima. Populus
euphratica had a greater rooting depth (80 vs. 60 cm) than its
counterpart, and had significantly greater root length density in
topsoil and below 30 cm. Total root length over the entire soil
profile did not differ significantly between species (data not
shown).

Soil water content distribution within lysimeters

At the end of the experiment, soil water profiles in lysimeters
containing either with P. euphratica or with T. ramosissima dif-
fered significantly (P <0.05, ANOVA) among hydrological
treatments (Figure 3). Overall, soil water content at any one
depth decreased with increasing DGW. However, soils close to
the groundwater table for P. euphratica were wetter than those
for T. ramosissima under 60 and 100 cm DGW.

Total root length (m)

0 4 8 12 16
0 T I L] I T I L]
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0
20 1—\I—+—|>D—|

\: .
\\H

Soil depth (cm)
2

* e
E —0O—T. ramosissima

80 —m— P. euphratica

100

Figure 2. Total root length distributions of P. euphratica and T. ramo-
sissima within lysimeter soil profiles, prior to the onset of treatment.
Error bars represent the standard deviation of the mean of three meas-
urements. An asterisk indicates a significant difference (P < 0.05;
t-test) between species at corresponding soil depth.
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Figure 3. Soil water content within soil profiles in lysimeters (N = 3)
grown with P. euphratica (left) and T. ramosissima (right) at the end of
60-day treatments with depth to groundwater at 20, 60 and 100 cm
and without any groundwater (drought treatment). Solid line indicates
that soils at the corresponding depths were water-saturated due to
inundation (gravimetric saturated soil water content is 38—43% for the
site where soil was collected).

Plant growth and biomass accumulation

Growth (Figure 4) and biomass accumulation (Tables 1 and 2)
of P. euphratica and T. ramosissima seedlings significantly
varied between species and among treatments. Populus
euphratica seedlings grown under inundation conditions started
to defoliate after ~20 days of treatment and then died one
plant after another until all plants were dead at ~45 days. In
contrast, T. ramosissima seedlings tolerated inundation and
even showed a slight, persistent increase in height and diame-
ter over the experiment. Our daily observations indicated that
T. ramosissima seedlings developed vegetative roots above the
soil surface after ~2 weeks of inundation, but P. euphratica did
not. This ability by T. ramosissima to produce new roots may be
partially responsible for the difference in survival under inunda-
tion between the two species.

Under shallow (20 cm DGW) and moderate (60 cm DGW)
groundwater treatments, both species grew rapidly, achieving
~70 cm growth in height (>1 cm per day) during the 60-day
experiment period. Although height and diameter growth of
the two species were similar for these two DGW treatments
(Figure 4), T. ramosissima seedlings had significantly greater
aboveground and total biomass at the end of the experiment
than P. euphratica (Table 2). Greater aboveground biomass for
T. ramosissima was due in part to more new branch develop-
ment. The greatest aboveground biomass accumulation rate
approached 5 g day™ for T. ramosissima at 60 cm DGW com-
pared with 3 g day™" for P. euphratica at 20 cm DGW.

The greatest difference between species occurred for
the deep groundwater treatment (100 cm DGW), where

Tree Physiology Online at http://www.treephys.oxfordjournals.org

102 ‘€ Yore |\ uo Aydeiboas) pue ABoj0o3 Jo axnisu| Buellury e /Bio'seulnolplojxosAydealy//:dny wouy papeojumoq


http://treephys.oxfordjournals.org/
http://treephys.oxfordjournals.org/

62 Lietal

2.0 —~ T T T T T - - T T T T — 180
1.8 : 4160
1.6 Inundation
: 4140
1.4 : z 2
1.2 e B 10
g, 4100
1(] I ', (- = E . T I T I D
0.8 L I I H—-"—10) 0O <480
81 = b0 : : :
n = . ] ) T [
2.0 T T T T T T T T T T T — 180
1.8 o 4160
16 20cm ;8 _-o
= 5 — 14 140
1.4 _ 9 —N
12 3 ik
L7
10 . e L 4100
o 08 g8 o+ 180
5 20~ ; . . . . - ; - ; . - — 180
Py 1.8} ot <4160
oD 16 60 cm Wt
2 ur 140 =
S 14t - £
= - ol : ! 5
= L : { 120 2.
= 1.2} : ) : ;- =
=) i - A a—— R J100 =
2 1of g ——1—" g
b —— Lt o—=0 i 5
o 03 8 A 2
eh 2.0~ i : : : - : : - : : T — 180
]
z 1.8} L 1160
= 16fF 100 cm | 1140
< 14}
- 4120
Lk ¥u & &
1.0+ . o T . ——a—g iy 100
R ] —— ——— wf 80
2.0 : ; . . . rtr . . ; . ; — 180
18} L -
| 6| Drought ® P euphratica -
]- 4l i o— T. ramosissima'4?
: - 1120
12} . - .
o PO S S | o T S S S, G|
(Y L - — - e ——3 o 0 o480
0.6 i : i : : -t : : T T T — 60
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Days of treatment (d))

Figure 4. Change in shoot diameter and height during the experiment for P. euphratica (filled symbols) and T. ramosissima (open symbols) grown
under inundation, 20, 60 and 100 cm DGW, and drought treatments. Error bars represent the standard deviation of the mean (N =5).

T. ramosissima seedlings at the end of the experiment were
about 7, 2 and 4 times greater in aboveground, belowground
and total biomass, respectively, than P. euphratica (Table 2).
Diameter and height growth (Figure 4) of P. euphratica seed-
lings for the 100 cm DGW treatment were nominal over the
entire experiment, whereas T. ramosissima seedlings had an
evident growth spurt during the last 20 days of the treatment
period.

Tamarix ramosissima in the drought treatment also had
significantly greater aboveground biomass accumulation than
P. euphratica (Table 2). For both species, biomass measure-
ments for the drought treatment were significantly lower than
the other treatments. As with the 100 cm DGW treatment,
diameter and height of P. euphratica grown in the drought
treatments were relatively unchanged over the experiment
(Figure 4).

Morphological traits

Seedlings also significantly varied in SLA and TLA between
species and among treatments (Table 1). Specific leaf area of
P. euphratica seedlings grown at moderate (60 cm) DGW was
significantly greater than that at all other hydrological treat-
ments (Figure 5), with SLA of the shallow (20 cm DGW) treat-
ment intermediate and with the deep (100 cm DGW) and
drought treatment lowest. Tamarix ramosissima seedlings
grown at 60 cm DGW also had the greatest SLA, but in con-
trast to P. euphratica, SLA of T. ramosissima grown at 100 cm
DGW was intermediate to those at shallow and moderate
groundwater, and SLA of the drought treatment was signifi-
cantly lower than all other treatments (Figure 5). Differences
in TLA among treatments also differed between species. For
P. euphratica, shallow and moderate groundwater treatments
had significantly greater TLA than deep groundwater and
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Table 1. Two-way ANOVA for growth, morphological and ecophysiological traits of P. euphratica and T. ramosissima grown under different hydro-
logical treatments (N = 3). Biomass and leaf area (SLA, TLA) data collected at end of treatment period; leaf gas exchange data collected in August;
water potential data (¥4 and ¥,q) were collected 2 times: early in the treatment (20 July) and near the end of the treatment (30 August).

Factor Species Hydrological treatment Species X hydrological treatment
F P F P F P

Aboveground 211 <0.01 171 <0.01 2.7 0.08
biomass

Belowground 3.9 0.06 20.7 <0.01 4.5 0.02
biomass

Total biomass 14.7 <0.01 18.5 <0.01 2.9 0.07
R/S ratio 44.7 <0.01 10.6 <0.01 3.9 0.03
SLA 33.6 <0.01 12.2 <0.01 4.1 0.03
TLA 24.2 <0.01 10.0 <0.01 2.8 0.07
W4 on 20 July 35.4 <0.01 50.0 <0.01 16.2 <0.01
Yng ON 20 July 25.5 <0.01 23.4 <0.01 33 0.04
Yy ON 20 August 166.2 <0.01 380.6 <0.01 1271 <0.01
Wing ON 20 August 112.9 <0.01 139.6 <0.01 57.2 <0.01
CE 38.9 <0.01 52.9 <0.01 4.0 0.01
A 12.9 <0.01 40.8 <0.01 2.1 0.13

SLA, specific leaf area; TLA, total leaf area; CE, carboxylation efficiency; A,,.,, maximum CO, assimilation rate; R/S, root/shoot ratio; ¥4, predawn

xylem water potential; 4, midday xylem water potential.

Table 2. Aboveground, belowground, total dry biomass and root/shoot
seedlings grown under varying hydrological treatments.

ratio at the end of the experiment for P. euphratica and T. ramosissima

Inundation 20 cm 60 cm 100 cm Drought
Aboveground biomass (g)
P. euphratica — 203.9+92.4a 182.7 £ 117.4a 251 +£6.7b 16.8 £ 4.1b
T. ramosissima 108.2 £ 20.4c 333.8 £ 56.9a 448.7 £ 157.4a 216.8 £ 26.5b 29.0+1.3d
Belowground biomass (g)
P. euphratica 141.4 £ 14.3a 153.5+55.4a 50.4 + 15.6b 23.0+4.9c
T. ramosissima 13.6 £ 2.8¢c 96.9 £ 37.4b 231.3+79.7a 144.2 + 15.6ab 19.0+4.2c
Total biomass (g)
P. euphratica — 345.3 + 106.6a 336.2+ 172.6a 75.4+18.1b 39.8+8.9¢c
T. ramosissima 121.7£23.2c 430.8 £94.3ab 680.0 £ 236.3a 3609+ 12.4b 481 +4.7d
Root/shoot ratio
P. euphratica — 0.78 £0.29b 0.94 £0.22b 2.07 £0.65a 1.38 £0.09a
T. ramosissima 013+ 0.01c 0.28 £0.07b 0.52 £0.04a 0.68+0.17a 0.66 £0.14a

Values are mean * SE of three measurements. Different letters indicate significant differences between treatments for each species determined by
an LSD post hoc test (P < 0.05) after significant treatment effects were determined with a two-way ANOVA.

drought treatments, whereas all three groundwater treatments
for T. ramosissima were not significantly different from each
other but significantly greater than the drought treatment.
Furthermore, T. ramosissima had greater TLA than P. euphrat-
ica, especially in the 100 cm DGW treatment (Figure 5).
Rooting depth of P. euphratica and T. ramosissima seedlings
exhibited high plasticity across treatments (Figure 6). Root sys-
tems of plants grown under the drought treatments were less
developed than other treatments, with roots of P. euphratica
extending deeper than T. ramosissima (compare ‘a’ in Figure 6a
and b) and producing greater biomass (Table 2). An important
phenomenon was that root systems of P. euphratica seedlings
did not reach the groundwater in the 100 cm DGW treatment.

In comparison, T. ramosissima seedlings rooted >1 m in depth in
the 60 and 100 cm DGW treatments (Figure 6), reaching the
cobble layer in the lysimeters. Root biomass of T. ramosissima
was greater than that of P. euphratica for these two treatments
(Table 2). At 20 cm DGW, both species had shallow rooting
depth with most of their absorbing roots distributed just above
the controlled DGW (Figure 6).

The root/shoot ratio was affected by species and treatments
as well as their interaction (Table 1). Root/shoot ratios of both
species tended to increase with increasing DGW, with highest
values in the 100 cm DGW treatment (Table 2). Root/shoot
ratios of P. euphratica were usually more than twice those of
T. ramosissima, especially for 100 cm DGW treatment where
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ratios of P. euphratica seedlings exceeded 2.0 because below-
ground biomass increased to a greater extent than above-
ground biomass.

Physiological traits

Pre-dawn (y,4) and midday (;,4) xylem water potentials on
both sampling dates were significantly affected by species and
hydrological treatments as well as their interaction (Table 1).
On 20 July (16 days after the onset of hydrological treatments),
W,q of P. euphratica grown in deep groundwater and drought
treatments was significantly lower than that grown in inunda-
tion, shallow and moderate groundwater treatments (Figure 7).
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Figure 5. Specific leaf area and TLA at the end of the experiment for
P. euphratica and T. ramosissima seedlings grown in 20, 60 and
100 cm DGW and drought treatments. Letters indicate significant
differences among treatments for each species determined by an LSD
post hoc test (N =3, P <0.05) after significant treatment effects were
determined with a two-way ANOVA.

W..q Showed a similar pattern, but with no significant difference
detected among seedlings grown in shallow, moderate and
deep groundwater. Similarly, both w4 and ;4 of T. ramosis-
sima seedlings grown in deep groundwater and drought treat-
ments were lower than those in inundation, shallow and
moderate groundwater treatments (Figure 7). On 30 August,
both w4 and w4 of P. euphratica seedlings grown in deep
groundwater and drought treatments were significantly lower
than those grown in shallow and moderate groundwater. For
T ramosissima, both y,4 and Y4 of seedlings grown in varying
groundwater treatments were similar and significantly higher
than those in the drought treatment (Figure 7).

The main effects of species and treatments were significant
for CE and A,,,, along with the species X treatment effect for
CE (Table 1). Carboxylation efficiency in P. euphratica seed-
lings grown in the 100 cm DGW treatment was reduced by
~25% compared with those grown in 20 and 60 cm DGW
treatments but was ~3 times higher than that of the drought
treatment (Figure 8). A, of P. euphratica seedlings showed a
different pattern among treatments, with the greatest value in
the 100 cm DGW treatment. For T. ramosissima, CE and A,
showed similar patterns among treatments: they were not sig-
nificantly different among 20, 60 and 100 cm DGW treatments,
but these three treatments had significantly (P < 0.05) greater
values than inundation and drought treatments (Figure 8).

Discussion

Populus euphratica and T. ramosissima seedlings varied greatly
in growth, in biomass accumulation and allocation, and in mor-
phological and physiological traits in response to simulated
groundwater scenarios. It should be noted that the lysimeter
that we used has been criticized for overestimating water use
by plants (Shafroth et al. 2005); here it is appropriate since we
did not focus on water use. Our experiment was designed to
simulate the range of hydrological conditions that P. euphratica
and T. ramosissima seedlings are likely to experience along the
Tarim River as well as within most other riparian ecosystems,

+

Figure 6. Whole root systems of P. euphratica (a) and T. ramosissima (b) grown in drought (a), 100 (b), 60 (c) and 20 (d) cm DGW hydrological

treatments.
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Figure 8. Carboxylation efficiency and maximum CO, assimilation rate
(Anmay) Of P. euphratica and T. ramosissima grown under different hydro-
logical treatments. Letters indicate significant differences among treat-
ments for each species determined by an LSD post hoc test (N =3 or
4, P < 0.05) after significant treatment effects were determined with a
two-way ANOVA.

i.e., between the extremes of drought (no additional water
input) and inundation as well as to various DGWs where the
groundwater table is above, near or below the rooting depth of
the seedlings prior to treatments (Figure 2). Our focus was not
the first stage in vegetation recolonization of flood plains, i.e.,
how seeds germinate and seedlings initially grow, but rather
the second stage, i.e., how established seedlings respond to
subsequent alterations in hydrological conditions.

During the short duration (60 days) of the experimental
treatments, both species grew rapidly under shallow (20 cm)
and moderate (60 cm) groundwater treatments, but T. ramo-
sissima had greater aboveground biomass accumulation.
Especially under the deep (100 cm) groundwater treatment,
T. ramosissima performed better than P. euphratica, as evi-
denced by all of the ecophysiological traits we measured.
Furthermore, T. ramosissima was much more tolerant of
extreme hydrological conditions (e.g., drought and inunda-
tion) than P. euphratica. Therefore, whereas we accept our
first hypothesis that P. euphratica and T. ramosissima adapt
to groundwater fluctuations in different ways, we reject our
second hypothesis that P. euphratica has distinct growth
advantages over T. ramosissima.

Rapid growth is a life-history trait widely observed for ripar-
ian species (Lytle and Poff 2004, Corenblit et al. 2009). Our
data show that seedlings of both species can grow ~1 m (from
0.5 to 1.5 m) in height in one season. However, rapid growth
occurs only under favorable hydrological conditions when
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groundwater table is maintained near the rooting depth of
growing seedlings. When groundwater is not available, as
shown in the drought treatment, both species show little
growth, reduced shoot elongation, leaf senescence, reduced
leaf area and poor ecophysiological performance such as
reduced photosynthesis and y; similar to the results from fields
that riparian plants exhibit poor ecophysiological performances
in response to groundwater decline (Scott et al. 1999, Horton
and Clark 2001, Amlin and Rood 2003, Chen et al. 2011).

As with many riparian trees, P. euphratica and T. ramosissima
are phreatophytic and rely heavily on groundwater (Busch and
Smith 1995, Shafroth et al. 1998, Horton and Clark 2001), and
access to groundwater is important for riparian tree growth
(Stromberg and Patten 1990). In the short duration of our
experiment, T. ramosissima seedlings reached groundwater in
the 100 cm DGW treatment (Figure 6) whereas P. euphratica did
not, even though T. ramosissima was relatively shallow rooted at
the start of the experimental treatments (Figure 2). This result
provides evidence that T. ramosissima is able to reach ground-
water more rapidly than P. euphratica when the groundwater
table declines below their initial rooting depths, evidence that is
consistent with faster root elongation of Tamarix in response to
declining groundwater reported by Horton and Clark (2001).
Cottonwood seedlings also show the ability to increase root
elongation when groundwater declines gradually, but similar to
the 100 cm DGW P. euphratica, they exhibit reduced growth as
a result from drought stress when an abrupt groundwater decline
occurs because the rate of moisture zone decline is more rapid
than the rate of root elongation (Rood et al. 2000). Tamarix is
known to be a facultative phreatophyte that is able both to use
groundwater and associated capillary fringe and to extract water
from unsaturated soils (Everitt 1980, Busch and Smith 1995).
Lower soil water content close to the groundwater table for 60 and
100 cm DGW lysimeters grown with T. ramosissima (Figure 3) also
suggests that T. ramosissima extracted more soil water from
soils. This attribute may help T. ramosissima access rapidly
declining groundwater and may be a possible reason for field
observations that Tamarix becomes more abundant with
increasing DGW (Zhu et al. 2011). The rapid response of
T. ramosissima root systems to decreased groundwater avail-
ability also may contribute to its invasive success in riparian
ecosystems of the southwest USA, where natural flow regimes
were intensively altered over the 20th century (Cleverly et al.
1997, Merritt and Poff 2010). These altered flow regimes coin-
cided with the rapid invasion of Tamarix (Friedman et al. 2005),
and Tamarix has the highest dominance along rivers with the
most altered flow regimes (Merritt and Poff 2010). In terms of
relative dominance between P. euphratica and T. ramosissima
along the Tarim River, rapid response of T. ramosissima
to declined groundwater may improve its advantage over
P. euphratica, given the groundwater decline along the Tarim
River in recent decades (Chen et al. 2006).

Ecophysiological characteristics of riparian plants are often
studied along gradients of DGW (Rood et al. 2003, Hao et al.
2010, Chen et al. 2011) or between dry and wet seasons
(Horton et al. 2001a, 2001b) to understand DGW thresholds
for riparian vegetation. Our data provide evidence that the eco-
physiological performances of riparian plants are dependent
upon the context of groundwater fluctuations and the rapid-
ness of plant response to altered groundwater tables. For
example, both P. euphratica and T. ramosissima showed
decreased y soon after DGW was decreased to 100 cm (July
20), but w of T. ramosissima recovered to those at shallower
groundwater by the end of the experiment (30 August)
whereas P. euphratica did not (Figure 7). Lower y of T. ramo-
sissima than P. euphratica under drought condition is similar to
the pattern where Tamarix has lower ¥4 than native Populus
competitors in dry years (Horton et al. 2001a) or at greater
DGW (Gries et al. 2003). These results suggest that Tamarix is
more drought tolerant than Populus and better able to extract
water from relatively dry soils. The flexible rooting ability of
Tamarix could also explain why Tamarix shows reduced gas
exchange at 3 m DGW (Horton et al. 2001a) whereas it is still
vigorous at 7-8 m DGW (Stromberg 1998): previously shal-
low-rooted riparian plants can exhibit weak ecophysiological
performance even at a relatively shallow groundwater condi-
tion (e.g., 3 m DGW), but if given sufficient time to grow deep
roots under deep DGW (e.g., 7-8 m DGW), they can appear
vigorous under those deep DGW conditions.

The monoculture in our experiment limits our understanding
of interspecific interaction between P. euphratica and T. ramo-
sissima. However, our results raise an interesting question: how
can P. euphratica currently be the dominant species in Tarim
River riparian forests if T. ramosissima consistently grew more
and adapted better to hydrological fluctuations? In all treat-
ments, P. euphratica had greater root/shoot ratios than T. ramo-
sissima especially in the 100 cm DGW treatment. In the 100 cm
DGW treatment, aboveground biomass of P. euphratica seed-
lings hardly increased while root biomass doubled during the
experiment (Table 2), suggesting that a large proportion of
photosynthetic end products were allocated belowground. This
allocation strategy, at the cost of possible reduction of above-
ground biomass (Barrat-Segretain 2001, Karrenberg et al.
2002), may be an adaption to variable riparian habitats: plants
often lose part of their aboveground biomass during floods and
droughts (Usherwood et al. 1997), whereas allocation to root
biomass enhances resprouting ability during favorable times
(Barrat-Segretain 2001). Greater allocation to root systems
also may increase the ability of P. euphratica to absorb limited
soil resources such as N and other nutrients. However, optimal
allocation might be determined by magnitude and frequency of
flow events (Lytle and Poff 2004) that control fluctuations of
water environment in riparian zones. Assuming that current
dominance of P. euphratica along the Tarim River benefitted
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from its biomass allocation strategy that evolved during histori-
cal hydrological regimes, more recent hydrological regimes
marked by reductions in both magnitude and frequency of
flooding (Chen et al. 2003) may facilitate T. ramosissima more
than P. euphratica, causing a possible shift in future dominance
to T. ramosissima at newly developed point bars along the
Tarim River. Thus, to understand the current dominance of
P. euphratica in Tarim River riparian forests is worthy of further
work, on the one hand, on the benefits of biomass allocation
and competitive effects between P. euphratica and T. ramosis-
sima in relation to varying hydrological conditions, and on the
other hand, on the long-term field observation of seedling com-
munities with similar abundance of P. euphratica and T. ramo-
sissima under given hydrological conditions.

Conclusions

Our study showed that ecophysiology of T. ramosissima
responds more rapidly than that of P. euphratica to altered
groundwater availability, either increased or decreased. Thus,
we predict that increased dominance of Tamarix might occur
along the riparian corridor of the Tarim River where hydrologi-
cal conditions have been altered intensively over the past few
decades. Further research should focus on the importance of
biomass allocation strategy and interspecific interactions rela-
tive to water environment fluctuations in riparian zones that
result from flow regime changes.
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