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Understanding of the influence of groundwater depth on the physiology and growth of transplanted sedges 
is needed to improve revegetation efforts in degraded riparian meadows. In a greenhouse experiment, we 
exposed transplants of Carex lanuginosa, Carex nebrascensis, and Carex rostrata to three simulated ground- 
water depths (4, 19, and 35 cm). Groundwater depth was manipulater two phases: (1) water depths 
were held constant for 16 wk and (2) water depths were then increased over the next 6 wk. Leaf gas exchange, 
water relations, and shoot growth were measured periodically during each phase, and aboveground and 
belowground biomass were measured at the end of each phase. All species adjusted rooting depth to ground- 
water depth in response to the constant groundwater treatments, and groundwater depth had no effect on 
net photosynthetic rate and stomatal conductance. Net photosynthetic rate and stomatal conductance of all 
species initially increased when groundwater levels dropped but decreased rapidly after 4 wk of lowering 
groundwater. This response indicates that anaerobic conditions hindered leaf gas exchange under shallow but 
constant groundwater depths and also indicates that transplants may be less tolerant of shallow groundwater 
than naturally established sedges because of their smaller root systems. Compared with the other species, net 
photosynthetic rate and stomatal conductance of C. rostrata were more sensitive to declines in leaf water 
potential, and this species allocated proportionately more root growth to saturated soil zones. Carex rostrata's 
growth and physiological characteristics indicate that its transplants have lower tolerance to dry soil and water 
stress than C. lanuginosa and C. nebrascensis. 
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Introduction 

Plants in montane meadows in western North America en- 
dure annual cycles of spring inundation followed by summer 
drought (Svejcar and Trent 1995; Svejcar and Riegel 1998). 
For example, groundwater depths greater than 1.3 m with 
seasonal fluctuations of 1.2 m have been measured in montane 
riparian meadows (Sala and Nowak 1997; Svejcar and Riegel 
1998). Changes in physiology and morphology in response to 
fluctuating groundwater depths are important to the revege- 
tation success of meadow species such as sedges (Carex spp.) 
(Yetka and Galatowitsch 1999; Steed 2001). 

Recent studies indicate that, unlike more deeply rooted ri- 
parian species, sedges possess mechanisms that allow them to 
survive soil water deficits created by declining water tables. 
These mechanisms include reduction in leaf gas exchange (See- 
ger 1993; Svejcar and Trent 1995), increased stomatal sensi- 
tivity to vapor pressure deficit (Seeger 1993), reduction in 
aboveground biomass by increased leaf senescence and ab- 
scission (Seeger 1993; Sala and Nowak 1997), and growth of 
roots into saturated soil (Sala and Nowak 1997). Flooding 
tolerance in sedges is achieved primarily through morpholog- 
ical and physiological alterations that increase oxygen trans- 
port and water and nutrient uptake. These alterations include 
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development of aerenchyma, or fine intercellular spaces within 
roots (Fagerstedt 1992; Moog 1998), and the development of 
roots into well-aerated soil (Bernard and Fiala 1986; Manning 
et al. 1989). 

Sedges transplanted for riparian restoration projects may be 
affected differently by water deficits or waterlogged conditions 
than established stands. Because of their clonal habit, naturally 
established sedges have extensive translocation of water, nu- 
trients, carbohydrates, and oxygen among ramets within a 
clone, which increases performance in stressful environments 
(Grime 1979; Fagerstedt 1992; de Kroon et al. 1996, 1998; 
D'Hertefeldt and Jonsdottir 1999). In contrast, the smaller root 
systems of transplants limit water, nutrient, and carbohydrate 
reserves, which likely make transplants highly susceptible to 
water stress or anaerobic conditions. Effects of groundwater 
depth on physiology, morphology, and growth of sedge trans- 
plants are virtually unknown; yet, this information is needed 
to improve riparian restoration efforts. 

The objective of this study was to evaluate the responses of 
recently extracted sedge wildlings, i.e., transplanted roots with 
shoots extracted from natural populations, to variations in 
groundwater levels under greenhouse conditions. Three highly 
rhizomatous sedges common to riparian meadows in the 
southwestern United States were selected for the study: Carex 
lanuginosa Michx., Carex nebrascensis Dewey, and Carex ros- 
trata Stokes. Although these species frequently occur together 
in the same meadow, several studies indicate differences in 
habitat among them. Carex nebrascensis typically extends fur- 
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thest into drier portions of meadows where depth to ground- 
water is greater (Allen-Diaz 1991; Sala and Nowak 1997), 
while C. rostrata typically dominates the wettest portions of 
meadows (Ratliff 1982; Hansen et al. 1995), indicating tol- 
erance of highly saturated, anaerobic soil (Castelli et al. 2000; 
Steed 2001) or low tolerance of dry soil. Carex lanuginosa 
typically occurs at shallower depths to groundwater than C. 
nebrascensis (Allen-Diaz 1991; Sala and Nowak 1997) and is 
less common in highly saturated, anaerobic soils than C. ros- 
trata (Steed 2001), indicating that it prefers habitats with in- 
termediate depth to groundwater compared with the other 
species. We hypothesized that, as is true of established plants, 
C. rostrata transplants would be most sensitive and C. ne- 
brascensis transplants least sensitive to deep water tables and 
declines in leaf water potential. 

Material and Methods 

Carex lanuginosa, Carex nebrascensis, and Carex rostrata 
wildlings were subjected to three groundwater levels in an 
experiment at the Rocky Mountain Research Station green- 
house facility in Flagstaff, Arizona, between January and July 
2000. Wildlings were exposed to two consecutive treatments. 
First, groundwater levels were maintained at constant treat- 
ment levels. Afterward, groundwater levels were lowered over 
time. 

Growth of Sedges in the Greenhouse 

During November 1999, equal numbers of wildlings of each 
sedge species were collected using a soil core sampler (diam- 
eter: 5 cm; height: 15 cm; Core Soil Sampler, Art's Manufac- 
turing and Supply, American Falls, Idaho) from three meadow 
sites located on the Coconino and Kaibab National Forests in 
northern Arizona: Buck Springs (lat. 34?26'30"N, long. 
111?8'40"W, elevation 2300 m), Merritt Draw (lat. 
34027'30"N, long. 111?10'50"W, elevation 2250 m), and 
Dow Springs (lat. 3509'25"N, long. 111?58'50'W, elevation 
2030 m). These sites contain extensive sedge communities, and 
detailed descriptions of site characteristics are provided in 
Steed (2001). The wildlings were potted in 15 x 15 x 41- 
cm pots (Treepots, Stuewe and Sons, Corvallis, Oreg.) con- 
taining a growth medium of equal portions perlite, vermiculite, 
and peat moss. The pots were perforated at the bottom to 
allow absorption of water. Wildlings were dormant when col- 
lected, as indicated by brown stems and leaves, and the trans- 
planted wildlings were kept dormant by covering the pots with 
sawdust and storing them outdoors in a shaded area until 
January 2000. On January 18, 2000, all pots were brought 
into the greenhouse, and three pots of each species were placed 
into each of nine plastic tubs (75 x 50 x 38 cm) that were 
filled with water in order to fully saturate each pot. 

The wildlings were allowed to grow under fully saturated 
conditions until all pots had at least one green shoot with three 
mature leaves. At this point, all shoots were clipped to a height 
of 7.5 cm to standardize initial aboveground biomass among 
pots, and the simulated groundwater treatments were started 
on February 22, 2000. Three simulated groundwater treat- 
ments were created by maintaining the water level within tubs 
at 4 (shallow), 19 (intermediate), or 35 cm (deep) below the 

soil surface. These simulated groundwater levels fell within the 
range of those experienced by sedge transplants in field trials 
conducted in southwestern riparian meadows (Steed 2001). 
Each treatment was applied to three tubs. Initially, pots were 
subjected to the constant simulated groundwater levels for 16 
wk. After the initial phase was complete, a randomly chosen 
subset of pots was selected for harvest, and the remaining pots 
(one of each species per tub) were then included in a second 
drawdown phase during which water levels in the tubs were 
allowed to drop from their constant levels because of evapo- 
ration and transpiration over the following 6 wk. 

Each pot was fertilized on March 1, 2000, with 870 mL of 
a dilute aqueous solution of Miracle-Gro fertilizer (Scotts Mir- 
acle-Gro, Port Washington, N.Y.). Miracle-Gro contains N, P, 
and K in proportions of 15 : 30: 15, plus lower proportions 
of other macro- and micronutrients (B, Cu, Fe, Mn, Mo, Zn). 
Greenhouse temperatures were maintained at 25?C during the 
day and 15?C during the night, with relative humidity levels 
between 20% and 40%. Maximum PAR in the greenhouse 
was ca. 1400 /imol m-2 s-', as measured with a LI-COR quan- 
tum sensor (LI-COR, Lincoln, Nebr.), on several clear days. 
Pots were weeded regularly to remove non-sedge species, and 
twice the tubs were drained for less than 1 h and cleaned to 
remove algae. 

Measurements 

Midday (1100-1430 hours) net photosynthetic rate (P), sto- 
matal conductance (GJ, and midday (1.md) and predawn (p,d) 
leaf water potentials were measured on sunny days after 3, 6, 
9, and 16 wk during the initial phase and after 0, 3, 4, 5, and 
6 wk during the drawdown phase. Measurements were made 
on a young, fully expanded leaf in two different pots of each 
species per tub. Similar-sized, adjacent leaves were selected for 

bpd and ,md measurements. 
Gas exchange rates were measured over a 30-s period using 

a closed photosynthesis system (LI-COR 6200, LI-COR). A 
250-W metal halide lamp (Miniliter, Hubbel Lighting, Chris- 
tiansburg, Va.) was used to maintain PAR levels at ca. 1000 
,/mol m-2 s-' during gas exchange measurements. After these 
measurements, the leaf inside the cuvette was excised, wrapped 
in a moist paper towel, and sealed in a plastic bag until pro- 
jected leaf area was measured using an image-analysis system 
(Decagon Devices, Pullman, Wash.). 

Leaf water potential was measured using a Scholander-type 
pressure chamber (Model 1000, PMS Instruments, Corvallis, 
Oreg.). For measurement of ,pd, leaves were excised, sealed in 
plastic bags containing a moist paper towel, and kept cool and 
dark until all leaves were collected. Measurement of pd, oc- 
curred ca. 30-60 min after collection. An initial comparison 
of lpd between leaves measured immediately following excision 
and those measured after being sealed in plastic bags in the 
dark for 60 min confirmed that Vpd values were not altered by 
this storage period. For measurement of Onmd, leaves were ex- 
cised following gas exchange measurements and immediately 
placed in the pressure chamber for measurement. 

Shoot number and length were measured for each pot after 
0, 5, 9, 13, and 16 wk during the initial phase and after 0 and 
6 wk during the drawdown phase. The lengths of all shoots 
within a pot were summed to produce a total shoot length. 
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Aboveground and belowground biomass were measured 
with destructive harvests after each phase. One or two pots 
of each species were harvested from each tub after the initial 
phase (depending on how many pots survived within the tub), 
and one pot of each species was harvested from each tub after 
the drawdown phase. Aboveground biomass was weighed af- 
ter being oven dried at 55?C for 48 h. The growing medium 
was rinsed from the belowground biomass, and it was sepa- 
rated into three parts: 0-12 cm from the bottom of the pot, 
12-24 cm from the bottom of the pot, and >24 cm from the 
bottom of the pot. These divisions roughly corresponded to 
the levels of the three, constant groundwater treatments. Be- 
lowground biomass was determined by weighing roots and 
rhizomes after oven drying at 55?C for 48 h. 

Experimental Design and Data Analysis 

A split-plot experimental design with repeated measures was 
used to test the physiological responses of wildlings to simu- 
lated groundwater levels. Water level was the main plot factor, 
species was the subplot factor, and time was the repeated factor. 
The water level factor had three levels (shallow, intermediate, 
deep), and the species factor had three levels (C. lanuginosa, 
C. nebrascensis, C. rostrata). Each water level was replicated 
in three tubs, and up to three pots per species were placed 
within each tub. However, because of mortality before the 
initiation of the experiment, some tubs did not contain three 
pots of each species. Water levels were randomly assigned to 
tubs, and pots were randomly assigned to tubs and to locations 
within tubs. 

Separate, but similar, analyses were performed on data from 
each phase. Measurements on multiple pots of the same species 
within a tub were averaged before analysis. Results from re- 
peatedly measured attributes (Pn, Gw, lpd, limd, shoot number, 
total shoot length) were analyzed with split-plot (with re- 
peated-measures) ANOVA models (Littell et al. 1996). Sepa- 
rate analyses were also performed on data from each individual 
sampling date using split-plot ANOVA models to test for treat- 
ment and species effects. Both types of analyses were performed 
using SAS PROC MIXED (SAS Institute, Cary, N.C.) and Tu- 
key's honest significant difference (HSD) test (ce < 0.05), or the 
Tukey-Kramer procedure (for cases with unequal samples) 
(c( < 0.05) was used as a post-ANOVA comparison of differ- 
ences among means. Because some wildlings died before the 
completion of the drawdown phase, restricted maximum like- 
lihood estimation in PROC MIXED, which can incorporate 
incomplete repeated measures, was used to analyze the data 
from this phase (Littell et al. 1996). Heterogeneous variances 
existed for tdp values in both phases. Therefore, these data 
were analyzed using ANOVA models incorporating hetero- 
geneous variances (Littell et al. 1996). 

Biomass data, which were collected only at the termination 
of each phase, were analyzed with split-plot ANOVA models 
(Littell et al. 1996). Total biomass, aboveground biomass, be- 
lowground biomass, and root/shoot ratio were compared 
among species and groundwater-level treatments. Allocation 
patterns of root biomass within the three pot divisions were 
also analyzed with split-plot ANOVA models. Separate anal- 
yses were performed for each pot division using the proportion 

of belowground biomass in each division as the response 
variable. 

Relationships between gas exchange parameters and lbmd 

were assessed using boundary-line analysis of scatter plots of 
gas exchange parameters versus nmd (Chambers et al. 1985). 
Data from both phases were pooled for these analyses. The 
upper limit of data was used to visually define the responses 
of P, and Gw to ~1.md, with this limit presumably representative 
of response under minimal influence from other confounding 
factors (Chambers et al. 1985; Foster 1992; Horton et al. 
2001). Relationships between Pn or Gw and dbmj are often 
threshold, and boundary-line analysis offers an approximate 
way to quantify large differences in the threshold (Chambers 
et al. 1985). 

Results 

Response patterns among the three sedge species were con- 
sistent across water level treatments, as shown by the almost 
total absence of significant treatment-by-species and treatment- 
by-species-by-time interactions (tables 1, 2). Therefore, pre- 
sentation of the results will focus primarily on differences 
in response among treatments (independent of species) and 
differences in response among species (independent of 
treatments). 

Sedge Response to Constant Water Level Treatments 

During the constant water level phase of the experiment, 
means averaged across sample dates did not differ among treat- 
ments for any physiological factor (table 1; fig. 1). However, 
because of changes in treatment rank among sampling dates, 
the interaction of treatment and time was significant for V'pd 

(P = 0.0446) (fig. 1C). 
A significant treatment-by-time interaction also occurred for 

both shoot number (P = 0.0175) and total shoot length 
(P = 0.0015) (table 1). Shoot number was similar among treat- 
ments through week 9 but was greater at shallow versus deep 
water levels at week 16 (P = 0.0396, Tukey's HSD) (fig. 2A). 
Although treatment differences were not detected at any sam- 
ple date for total shoot length, changes in rank among treat- 
ments across sampling dates explain the significant treatment- 
by-time interaction for this response variable (fig. 2B). 

Aboveground and belowground biomass were similar 
among treatments at the end of the constant water level phase 
(table 2; fig. 3A). However, allocation of root biomass among 
upper, middle, and lower portions of pots varied among treat- 
ments. The proportion of root biomass in the upper third of 
pots was greatest at the shallow water table level and least at 
the deep level (fig. 3B). The proportion of root biomass in the 
lower third of pots was greatest at the deep water table level 
and least at the shallow level (fig. 3B). 

Average Pn for Carex lanuginosa was higher than for Carex 
nebrascensis and Carex rostrata (P = 0.0134 and 0.0007, Tu- 
key-Kramer, respectively) during the constant water level phase 
of the experiment, with the largest differences at the first three 
dates (table 1; fig. 1E). Average Gw for C. lanuginosa also was 
higher than for C. nebrascensis and C. rostrata (P = 0.0004 
and 0.0008, Tukey-Kramer, respectively) (table 1; fig. IF). Ad- 
ditionally, the interaction of species and time was significant 
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Table 1 

Results of ANOVA (F-Test, P Values) for Sedge Physiological and Growth Characteristics during the Constant 
Water Level and Drawdown Phases of the Experiment 

Shoot Total shoot 
Factor Pn G, ?pd nmd number length 

Constant water: 
Treatment 0.1558 0.4129 0.2341 0.3808 0.1246 0.8570 
Species 0.0008 0.0002 0.0021 <0.0001 0.0119 0.0057 
Time <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Treatment x species 0.2956 0.4183 0.2681 0.8738 0.1671 0.3954 
Treatment x time 0.5481 0.2795 0.0446 0.8498 0.0175 0.0015 

Species x time 0.1826 0.0091 0.0011 0.0065 0.0183 <0.0001 
Treatment x species x time 0.8892 0.6682 0.3316 0.5403 0.3172 0.1093 

Drawdown: 
Treatment 0.5728 0.4899 0.9076 0.8800 0.2122 0.5419 

Species 0.2471 0.0020 0.1134 0.0017 0.0005 <0.0001 
Time <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Treatment x species 0.9828 0.9885 0.8327 0.9575 0.0850 0.0761 
Treatment x time 0.9830 0.7286 0.8269 0.2836 0.2643 <0.0001 

Species x time 0.2466 <0.0001 0.0212 0.2525 0.1093 0.0001 
Treatment x species x time 0.9898 0.5970 0.6806 0.9975 0.8912 0.0083 

Note. Pn = net photosynthetic rate, G. = stomatal conductance, ?pd = predawn water potential, Ibmd = midday water potential. 

for Gw (P = 0.0091) because species differences were greater length among species (table 1; fig. 2C, 2D). Mean shoot num- 
on the second (6 wk) and third (9 wk) sample dates. Values ber averaged over all sampling dates was greater for C. lan- 
of ,pd differed among species (P = 0.0021), and species dif- uginosa than for C. nebrascensis or C. rostrata (P = 0.0159 
ferences varied among dates (P = 0.0011 for species-by-time and 0.0317 from Tukey's HSD, respectively). The species-by- 
interaction). Predawn leaf water potential was similar among time interaction was also significant for shoot number (P = 
species on the first three sampling dates, but on the final sam- 0.0183) because of changes in rank between C. rostrata and 
pling date, C. lanuginosa had the lowest and C. rostrata the C. nebrascensis among sampling dates (fig. 2C). Species dif- 
highest Vpd (fig. 1G). Differences also occurred among species ferences in total shoot length were similar to those for shoot 

for ?bmd (fig. 1H). Responses of C. lanuginosa and C. nebras- number (table 1; fig. 2D). Total shoot length averaged over 
censis were nearly identical, with a sharp initial decline in /md all sampling dates was greater for C. lanuginosa than for C. 
followed by stable values near -1.4 MPa between weeks 6-16 nebrascensis (P = 0.0046 from Tukey's HSD), while values 
(fig. 1H). In contrast, C. rostrata exhibited a less pronounced for both species were not significantly different from those for 
initial decline in V'md (to ca. -1.1 MPa), followed by an increase C. rostrata. Additionally, the species-by-time interaction was 
between weeks 9-16. Carex rostrata V/md was significantly significant for total shoot length (P < 0.0001) because of slight 
higher than for C. lanuginosa and C. nebrascensis from week changes in the magnitude of differences among species over 
6 onward. This difference in response among the species re- dates (fig. 2D). 
sulted in higher overall mean ?md for C. rostrata compared Aboveground (P = 0.0012), belowground (P = 0.0375), 
with C. lanuginosa and C. nebrascensis (P < 0.0001, Tukey- and total (P = 0.0118) biomass differed among species at the 
Kramer for both comparisons) and in a significant species-by- end of the constant water level phase (table 2; fig. 3A). Biomass 
time interaction (P = 0.0065) (table 1). was greatest for C. rostrata and least for C. lanuginosa. How- 

Strong differences occurred in shoot number and total shoot ever, root/shoot ratio did not differ among species (fig. 3A). 

Table 2 

Results of ANOVA (F-Test, P Values) for Sedge Biomass and Root Distribution during the Constant 
Water Level and Drawdown Phases of the Experiment 

Biomass Root Distribution 

Factor Total Aboveground Belowground Root/shoot Upper pot Middle pot Lower pot 

Constant water: 
Treatment 0.5332 0.2826 0.5500 0.4087 0.0028 0.1532 <0.0001 
Species 0.0118 0.0012 0.0375 0.6601 0.0101 0.4683 0.0013 
Treatment x species 0.7717 0.5521 0.7927 0.9123 0.0794 0.4657 0.0135 

Drawdown: 
Treatment 0.0900 0.3187 0.0474 0.0049 0.0215 0.0591 0.0049 

Species 0.2279 0.0010 0.7016 0.0010 0.0421 0.0233 0.0036 
Treatment x species 0.8018 0.9392 0.6808 0.1248 0.8760 0.5897 0.9846 
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Water Table Species 

c- 
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Fig. 1 Average photosynthetic rate (Pn), stomatal conductance (Gj, predawn leaf water potential (4pd), and midday leaf water potential (lmad) 
of Carex lanuginosa, Carex nebrascensis, and Carex rostrata at three water table levels (shallow, intermediate, deep) after 3, 6, 9, and 16 wk 
of treatment. A-D, The effects of water table level (averaged over species). E-H, Differences among species (averaged over water table levels). 
Error bars are 1 SE. Within each date, significant treatment or species differences are indicated by different lowercase letters (Tukey's honest 
significant difference test, a = 0.05). 

Root distribution also differed among species (table 2; fig. 
3B). Carex rostrata allocated proportionately less root biomass 
to the upper third of pots and proportionately more to the 
lower third of pots than C. lanuginosa (P = 0.0184 for upper 
and 0.0015 for lower, Tukey-Kramer) and C. nebrascensis 
(P = 0.0190 for upper and 0.0068 for lower) across all treat- 
ments. A significant species-by-treatment interaction (P = 

0.0135) occurred for root biomass allocation in the lower third 
of pots because C. nebrascensis allocated a proportionately 
greater amount of root biomass than C. lanuginosa to this 

area under shallow and intermediate water levels but a pro- 
portionately lower amount of root biomass under deep water 
levels (fig. 3B). 

Sedge Response to Water Level Drawdown 

Water levels dropped below the bottom of the pots in each 
treatment within 2 wk after initiation of the drawdown treat- 
ment. A few plants (five of 27) died before week 6, and all 
but 13 plants (two of C. lanuginosa, seven of C. nebrascensis, 
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Water Table Species 
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Fig. 2 Average shoot number and total shoot length for Carex lanuginosa, Carex nebrascensis, and Carex rostrata at three water table levels 
(shallow, intermediate, deep) after 0, 5, 9, 13, and 16 wk of treatment. A, B, The effects of water table level (averaged over species). C, D, 
Differences among species (averaged over water table levels). Error bars are 1 SE. Within each date, significant treatment or species differences 
are indicated by different lowercase letters (Tukey's honest significant difference test, eo = 0.05). 

four of C. rostrata) were dead by week 7, as indicated by the 
absence of green leaves. 

Leaf gas exchange rates remained constant or increased 
shortly after the initiation of drawdown and then declined 
rapidly after week 4 under all water level treatments (fig. 4A, 
4B). The ipd and ,md remained steady under all treatments 
through week 4, after which they declined rapidly (fig. 4C, 
4D). Water level treatment and all interactions between treat- 
ment and other factors were not significant sources of variation 
for P,, Gw, /pd, and Pnmd during the drawdown phase (table 1). 

Although shoot number and total shoot length were similar 
among treatments across and within sampling dates (table 1), 
the time-by-treatment interaction was significant for total 
shoot length (P< 0.0001) because of changes in rank among 
treatments at the two sample dates (fig. 5B). Belowground 
biomass was greater for intermediate water level than for shal- 
low water levels (P = 0.0497, Tukey's HSD), and root/shoot 
ratio was lower for the shallow water level than for the in- 
termediate, or deep, water levels (P = 0.0241 and 0.0045, Tu- 
key's HSD, respectively) (table 2; fig. 3C). 

Patterns in the spatial distribution of root biomass among 
treatments in the drawdown phase were generally similar to 
those in the constant water level phase (table 2; fig. 3D). A 
greater proportion of roots were allocated to the upper third 
of pots under shallow water levels, while a greater proportion 
of roots were allocated to the lower third of pots under deep 
water levels. Informal comparisons between the two phases 
indicated that a greater proportion of root biomass was al- 
located to the lower third of pots during the drawdown phase 

than during the constant water level phase, especially for C. 
nebrascensis and C. rostrata (fig. 3B, 3D). 

The sedge species differed in Gw (P = 0.0020) and .d. 
(P = 0.0017) during the drawdown phase of the experiment 
(table 1). Gw was higher for C. lanuginosa than for the other 
species across sampling dates, while 1md was lowest for C. 
lanuginosa, intermediate for C. nebrascensis, and highest for 
C. rostrata across sampling dates. Additionally, significant 
species-by-time interactions occurred for Gw (P < 0.0001) and 

fpd (P = 0.0212). Gw for C. lanuginosa was greater than for 
the other species at the second and third sampling dates but 
not at the first or last two sampling dates, and this caused the 
interaction (fig. 4F). Predawn leaf water potential was lower 
for C. lanuginosa at the first and third sampling dates but was 
similar among species at the other three sampling dates (fig. 
4G). 

Similar to the physiological responses, shoot number and 
total shoot length differed more among species than among 
treatments during the drawdown phase (table 1; fig. 5C, 5D). 
Carex lanuginosa had more shoots and greater total shoot 
length averaged across sampling dates than C. nebrascensis 
(P = 0.0031 for shoots and <0.0001 for shoot length; Tukey- 
Kramer) or C. rostrata (P = 0.0007 for shoots and <0.0001 
for shoot length) (table 1). Additionally, the species-by-time 
interaction was significant for total shoot length (P = 

0.0001) because of changes in rank between C. nebrascensis 
and C. rostrata between sample dates (fig. 5D). Finally, a sig- 
nificant treatment-by-species-by-time interaction occurred for 
total shoot length (P< 0.0083). This was primarily because 
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Constant Water Level Phase Drawdown Phase 
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C. lanuginosa C. nebrascensis C. rostrata C. lanuginosa C. nebrascensis C. rostrata 

Fig. 3 Average aboveground and belowground biomass (A, C) and root distribution within the upper, middle, and lower thirds of pots (B, 
D) for Carex lanuginosa, Carex nebrascensis, and Carex rostrata under shallow (S), intermediate (I), and deep (D) water table levels during the 
constant water level (A, B) and drawdown phases (C, D). Error bars are 1 SE. Root/shoot ratio means are displayed at the base of columns for 
biomass. 

the increase in total shoot length between dates for C. lanu- 
ginosa under the shallow water level exceeded the change for 
any other combination of treatment and species (data not 
presented). 

Aboveground biomass, root/shoot ratio, and allocation of 
root biomass among pot divisions differed significantly among 
species at the end of the drawdown phase (table 2; fig. 3C, 
3D). Carex rostrata produced greater aboveground biomass 
and had a lower root/shoot ratio than C. lanuginosa (P = 
0.0019 for aboveground biomass and 0.0031 for root/shoot 
ratio; Tukey-Kramer) or C. nebrascensis (P = 0.0028 for 
aboveground biomass and 0.0016 for root/shoot ratio). Carex 
rostrata allocated proportionately more roots to the lower por- 
tion of pots than the other species (fig. 3D) in a pattern similar 
to the constant water level phase. Treatment-by-species inter- 
actions were not significant for root biomass allocation to any 
of the pot sections, indicating that species differences in al- 
location of root biomass were consistent among water level 
treatments (e.g., C. lanuginosa tended to allocate less biomass 
to the lower third of pots than the other species across all three 
treatments). 

Boundary-Line Analyses 

Scatter plots of Pn and Gw versus f'.md indicated that leaf gas 
exchange was limited at higher /md in C. rostrata (ca. -0.9 
MPa) than in the other species (between -1.4 and -1.6 MPa) 
and also approached zero at higher l/md (ca. -2.5 MPa for C. 

rostrata vs. ca. -3.0 MPa for C. lanuginosa and C. nebras- 
censis) (fig. 6). 

Discussion 

Transplant Response to Constant Water Level Treatments 

Sedge transplants responded to the constant water level 
treatments primarily by adjusting rooting depth to the level of 
the water table. During the first 6 wk of the experiment, when 
plants apparently did not have root systems capable of ac- 
cessing deeper water tables, steep declines occurred in ll/md over 
time for all water levels. As roots grew deeper, iltmd in all treat- 
ments leveled off after week 6. These results indicate that, with 
time, plants of all three species were able to establish root 
systems at depths that corresponded to the level of the water 
table. This conclusion is supported by the root biomass results 
in which plants subjected to shallow and deep water levels 
allocated proportionately more roots in the upper and lower 
third of pots, respectively. This interpretation is supported by 
Sala and Nowak (1997), who suggested that adjustment of 
rooting depth is an important means by which sedges maintain 
favorable gas exchange and water relations under declining 
water tables. 

The similarity in biomass, total shoot length, and root/shoot 
ratio among the constant water level treatments indicates that 
the transplants were not chronically water stressed by the deep 
and intermediate water table treatments. In fact, the stimula- 
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Fig. 4 Average photosynthetic rate (Pn), stomatal conductance (Gw), predawn leaf water potential (4pd), and midday leaf water potential (~md) 
of Carex lanuginosa, Carex nebrascensis, and Carex rostrata at three water table levels (shallow, intermediate, deep) 0, 3, 4, 5, and 6 wk after 
cessation of watering during the drawdown phase of the experiment. A-D, The effects of water table level (averaged over species). E-H, 
Differences among species (averaged over water table levels). Error bars are 1 SE. Within each date, significant treatment or species differences 
are indicated by different lowercase letters (Tukey's honest significant difference test, ao = 0.05). 

tion of Pn and Gw by the lowering water table during the 
drawdown phase indicates that gas exchange and growth un- 
der all constant water level treatments may have been inhibited 
by waterlogged, anaerobic conditions within pots. Although 
not significantly different from the other treatments, slightly 
lower total biomass and Pn under high water levels during the 
constant water level phase support this assertion. Because the 
medium used in pots contained high amounts of peat moss 
and hence had capillary rise within the pots (up to 10 cm of 
capillary rise based on visual observation), waterlogged con- 

ditions within pots were likely extended above the water level 
within tubs. 

Despite acclimation by sedges to water table levels in our 
study, Pn and Gw generally declined over time under all constant 
water level treatments. In sedges, Gw appears to be strongly 
coupled to Pn (Sala and Nowak 1997). In the field, leaf nitrogen 
levels and Pn and Gw typically peak in sedges in late spring 
when temperatures are favorable and water tables are relatively 
shallow and then decrease with phenological development and 
declining soil water availability (Ratliff and Westfall 1988; 
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Fig. 5 Average shoot number and total shoot length for Carex lanuginosa, Carex nebrascensis, and Carex rostrata at three water table levels 
(shallow, intermediate, deep) 0 and 6 wk after cessation of watering during the drawdown phase of the experiment. A, B, The effects of water 
table level (averaged over species). C, D, Differences among species (averaged over water table levels). Error bars are 1 SE. Within each date, 
significant treatment or species differences are indicated by different lowercase letters (Tukey's honest significant difference test, a = 0.05). 

Seeger 1993; Svejcar and Trent 1995; Sala and Nowak 1997). 
The declines in Pn and Gw in all constant water level treatments 
in our study may have been caused by decreases in leaf nitrogen 
(not measured) or other factors that change during plant de- 
velopment. Although leaf nitrogen concentration may decrease 
with declining soil water availability (Seeger 1993), Sala and 
Nowak (1997) found that decreases in Pn and Gw in Carex 
lanuginosa and Carex nebrascensis were not accompanied by 
decreases in apd and lnmd. Svejcar and Reigel (1998) also found 
very low correlation between Cmd and Gw for C. nebrascensis. 
These results suggest a weak relationship in sedges between 
leaf At and leaf gas exchange in some environments. 

The general lack of significant treatment-by-species inter- 
actions indicates that leaf gas exchange, water relations, and 
growth responses were consistent among the three species 
across water level treatments. However, Carex rostrata main- 
tained higher water potentials than C. lanuginosa and C. ne- 
brascensis and showed greater stomatal and photosynthetic 
sensitivity to low kmd*- This low tolerance to water stress by 
C. rostrata is consistent with its normal occurrence on sites 
with saturated, anaerobic soils where groundwater tables 
rarely drop below the rooting zone (Fagerstedt 1992; Ewing 
1996; Law et al. 2000). The inclination of C. rostrata to al- 
locate proportionately more root growth to the lower, satu- 
rated portions of pots than C. lanuginosa or C. nebrascensis 
also indicates that it has well-developed mechanisms for trans- 
porting oxygen to its roots and thus tolerating anaerobic con- 
ditions. Well-developed aerenchyma have been documented in 
the roots and rhizomes of C. rostrata, permitting aeration of 
the rhizosphere and helping prevent the buildup of toxic soil 
compounds (Fagerstedt 1992). 

Differences among species in shoot number and total shoot 
length likely resulted from inherent differences in shoot ar- 
chitecture among species and not from differences in response 
to treatments. Carex lanuginosa produced high numbers of 
small-diameter, but tall, shoots, which explains its greater 
shoot number and total shoot length compared with the other 
species. However, because of the small diameter of C. lanu- 
ginosa shoots, its aboveground biomass was lowest of all 
species. 

Transplant Response to Declining Water Levels 

The rate of water table decline that sedges were exposed to 
in this study (slightly more than 1 cm d-1) was similar to rates 
reported by Allen-Diaz (1991), Sala and Nowak (1997), and 
Svejcar and Trent (1998) in natural sedge communities during 
summer-drought periods. As discussed previously, temporary 
increases in Pn and Gw immediately following the cessation of 
watering during the drawdown phase of the experiment in- 
dicate that waterlogged conditions during the initial phase hin- 
dered gas exchange and growth. However, more than half of 
the transplants were dead several weeks after these temporary 
increases in gas exchange occurred, indicating that transplants 
of these species can quickly develop severe water deficits when 
water tables drop below the rooting zone. 

Transplants increased allocation of root biomass to the 
lower portion of pots during the drawdown phase under all 
treatments, further demonstrating adjustment of rooting depth 
in response to declining water tables. Additionally, increased 
root biomass for C. lanuginosa and C. nebrascensis and de- 
creased shoot biomass for C. nebrascensis resulted in increased 
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Fig. 6 Scatter plots of stomatal conductance (G) and net photosynthetic rate (P,,) versus midday leaf water potential (Vlmd) for Carex lanuginosa, 
Carex nebrascensis, and Carex rostrata. Boundary-line responses are indicated. 

root/shoot ratio for these species during drawdown. These re- 
sults for C. nebrascensis are supported by Sala and Nowak 
(1997), who reported that reductions in aboveground biomass 
by C. nebrascensis allowed it to extend into drier portions of 
riparian meadows in the Sierra Nevada Mountains. Sala and 
Nowak (1997) also concluded that greater biomass allocation 
to leaves by C. lanuginosa explained, in part, why its distri- 
bution was limited to the wettest microhabitats within mead- 
ows. In our study, however, C. lanuginosa and C. nebrascensis 
had similar increases in root/shoot ratio during the drawdown 
phase and similar root/shoot ratio during both phases of the 
experiment. These results suggest that transplants of these spe- 
cies allocate biomass similarly in response to groundwater level 
decline. Biomass results from our study further indicate that, 
although changes in biomass allocation by all three species 
may contribute to survival in dry habitats, C. rostrata may not 
be as plastic in biomass allocation as the other species. 

Carex rostrata's similar root/shoot ratio at the end of each 
phase of the experiment and the fact that its root/shoot ratio 
was similar to or less than the other species indicate that it 
did not rely on large adjustments of leaf or root area to avoid 
water stress. Rather, C. rostrata's low Gw and P,, apparently 
limited water loss. This more conservative gas exchange strat- 

egy by C. rostrata compared with the other species may be an 
adaptation to growth in the wettest portions of meadows. In 
these areas, access to groundwater is most reliable, and there- 
fore, there may be less need to achieve high growth and as- 
similation rates while water tables are shallow. Conservative 
rates of gas exchange may also benefit C. rostrata under sat- 
urated, anaerobic conditions by reducing uptake of reduced 
soil toxins (Green and Kauffman 1989). 

Comparison of the results of our study with other Carex 
research suggests that tolerance of water deficits for C. ne- 
brascensis may be lower in transplants than in established 
stands. Svejcar and Riegel (1998) reported relatively high P,, 
(>5 ,/mol m-2 s-1) and Gw (>0.1 mol m 2 s-~) for established 
C. nebrascensis plants in Sierra Nevada meadows when II,,d 

dropped below -4.0 MPa. Similarly, Svejcar and Trent (1995) 
reported relatively high P~ (>5 Imol m 2 s ') and G,, (>0.1 
mol m-2 s-1) for established C. nebrascensis plants in Sierra 
Nevada meadows when bmd dropped below -5.0 MPa. How- 
ever, in our study, few 4/md values for C. nebrascensis trans- 

plants exceeded -2.0 MPa, and the results of boundary-line 
analyses suggested near zero Pn and Gw for transplants of this 
species at ?'md below ca. -2.8 MPa. Another explanation for 
these differences is that field-grown C. nebrascensis plants have 
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greater tolerance of water stress than plants grown with lots 
of nutrients in the greenhouse. Clearly, more research is needed 
on the effects of transplanting on Carex stress tolerance. 

Implications for Revegetation 

Large depths to groundwater, as well as rapid declines in 
groundwater tables, pose a challenge to shallow-rooted wet- 
land species (Zotz et al. 1997) and to establishment of their 
transplants during revegetation. Depths to groundwater of 
greater than 100, 130, and 48 cm have been measured under 
healthy, established stands of C. lanuginosa, C. nebrascensis, 
and C. rostrata, respectively (Sala and Nowak 1997; Svejcar 
and Riegel 1998; Law et al. 2000). In addition, yearly fluc- 
tuations in groundwater tables of greater than 60 and 120 cm 
have been measured for C. lanuginosa and C. nebrascensis 
stands, respectively (Allen-Diaz 1991; Sala and Nowak 1997; 
Svejcar and Riegel 1998). The modest height of pots (41 cm) 
used in our study only permitted assessment of the response 
of sedge transplants over a relatively small range of depth to 
groundwater. Therefore, the maximum depth to which newly 
established transplants can access declining water tables is not 
clear. However, the results of our study showed that transplants 
of each of these species are readily capable of adjusting to 
constant groundwater depths between 0 and 35 cm. 

Revegetation efforts using transplants should consider that 
extremes in depth to groundwater might be more stressful to 
transplants than established sedge stands because of the limited 
root systems of transplants. Therefore, transplant survival and 
growth may be low where groundwater tables are very shallow 
or deep, despite the occurrence of healthy, established stands 

under similar conditions. Planting during favorable periods of 
the year on stressful sites, e.g., during late spring on sites where 
groundwater is normally deep during midsummer, may in- 
crease transplant survival and performance. Moreover, our ex- 
perimental results support field observations of differences in 
habitat preferences within wet meadows for C. lanuginosa, C. 
nebrascensis, and C. rostrata (Ratliff 1982; Allen-Diaz 1991; 
Hansen et al. 1995; Sala and Nowak 1997; Steed 2001). Spe- 
cifically, C. rostrata, the species most dominant in the wettest 
habitats, showed greater sensitivity of leaf gas exchange to dry 
soil and water stress and allocated more root growth in sat- 
urated soil, compared with C. lanuginosa and C. nebrascensis, 
species that typically occur in drier habitats. Thus, revegetation 
efforts of meadows with moderate to deep groundwater should 
favor C. lanuginosa and C. nebrascensis over C. rostrata, 
whereas C. rostrata should be favored for wetter habitats. 
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