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a b s t r a c t

Annual wild rice (Zizania aquatica L.), a species of conservation concern, is an ecologically and culturally
important aquatic grass found in stands in the near shore habitats of lakes and rivers in the Midwest and
along the eastern coast of North America. This study examined the effects of water depth and seed prove-
nance on the early growth of three Indiana wild rice stands (collected from two lakes) under greenhouse
conditions in 2009. Plants were grown at water depths of 46 cm, 23 cm, 0 cm, or −15 cm and harvested
eywords:
izania aquatica L.
ild rice
ater depth

eed provenance
estoration
onservation

either at the first floating leaf stage or at 48 days after transplanting. Wild rice growth was affected
by both water depth and seed provenance. The dry weight of roots, stems, leaves, and inflorescences,
total biomass, number of tillers, number of leaves, and total leaf area were the lowest in the −15 cm
treatment. These vegetative growth parameters also decreased with increasing water depth from the
0 cm treatment. Differences in growth between seed sources were found, supporting the hypothesis that
genetic differences among relatively isolated wild rice stands may influence the success of efforts to
conserve this species.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Zizania aquatica L. and Zizania palustris L. (commonly known as
nnual and northern wild rice, respectively) are emergent annual
rasses found in near-shore lake and river habitats of North America
Terrell et al., 1997; USDA, 2010). Although distributed across more
han twenty degrees of latitude (Minnesota to Florida, including
ndiana), Z. aquatica is rare throughout most of its range. Wild rice
tands provide habitat and food for many species of waterfowl and
mall mammals and important ecosystem functions such as sedi-
ent stabilization (Steeves, 1952; Aiken et al., 1988; Meeker, 1996;

hompson and Luthin, 2004). Z. aquatica and Z. palustris are har-
ested by humans; the latter species has been domesticated and can
e grown under paddy conditions (Hayes et al., 1989; Oelke, 1993).
ild rice is also a vital link to the past generations, cultural identi-

ies, and current religious beliefs for several Native American tribes
n the upper Midwest of the United States (Steeves, 1952; Aiken

t al., 1988; Vennum, 1988). Thus, government agencies, Native
merican groups, and non-profit organizations (i.e. the Minnesota
nd Wisconsin Departments of Natural Resources, the USDA Natu-
al Resources Conservation Service, the Great Lakes Indian Fish and

∗ Corresponding author. Tel.: +1 765 494 4614; fax: +1 765 494 0363.
E-mail address: rtucker@purdue.edu (R.C. Tucker).

304-3770/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.aquabot.2010.12.001
Wildlife Commission, and the Nature Conservancy) are working to
conserve and restore wild rice in the Midwest.

Environmental gradients, such as water depth, are critical fac-
tors influencing the distribution and abundance of aquatic species
as well as the success of restoration efforts (Peden, 1982; Weichel
and Archibold, 1989; Counts and Lee, 1990; Kennedy et al., 2006;
Emery et al., 2009; Pillsbury and McGuire, 2009). Water level has
been implicated as a key factor affecting wild rice growth and
reproduction. For example, Pillsbury and McGuire (2009) surveyed
sixty wild stands of Z. palustris populations in Wisconsin and Min-
nesota and reported correlations between water depth and stand
size with high population densities occurring at a depth of 69.9 cm
(±25.5 cm). Thomas and Stewart (1969) found that Z. palustris
plants grown at a water depth of 32 cm took longer to reach anthesis
and senescence, were taller, and allocated more biomass to leaves
than plants that were not submerged. Although Stevenson and Lee
(1987) did not examine growth of plants at the water surface, they
concluded that the vegetative and reproductive production of Z.
aquatica was significantly reduced when plants were transferred
at any growing stage from a level of 45 cm below the water to a

depth of 75 cm or greater.

Seed provenance, the specific lineage or place of origin from
which seeds are to be collected, may also contribute to plant
performance in restoration efforts, particularly in species with lim-
ited population size and gene flow (Ellstrand and Elam, 1993;
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ufford and Mazer, 2003; McKay et al., 2005). For example, Bischoff
t al. (2006) found that seed from four species of wildflowers had
ifferent rates and times of germination depending on their orig-

nating sources. Seed provenance has also been shown to affect
he responses of both terrestrial and aquatic plants to external
nfluences such as water availability (O’Brien et al., 2007), com-
etition (Gustafson et al., 2004), tidal regimes (Van Katwijk and
ijgergangs, 2004), and other site-specific conditions (Renison

t al., 2005). Gene by environment interactions have not been
xamined extensively in Zizania sp., but similar studies suggest
hat these details may be important considerations in wild rice
estoration.

Although Z. aquatica may occupy a greater geographic range
han Z. palustris, relatively little research has been conducted on
his species. This study used controlled greenhouse experiments to
ssess the effect of water depth and seed provenance on the growth
f Z. aquatica. We hypothesized that (1) wild rice biomass would
ecrease with increasing submergence depth and would be greater
or submerged plants than for plants exposed to intermittent soil
rying, and (2) seed from different provenances would differ in
heir response to water depth.

. Methods

.1. Seed collection and germination

Z. aquatica seeds were collected in Indiana during September
008 from a single stand in the Jasper-Pulaski Fish and Wildlife
rea (41◦9′28.34′′N, 86◦56′42.84′′W), and from two stands in the
ri-County Fish and Wildlife Area (41◦21′43.68′′N, 85◦40′33.36′′W).
he Jasper-Pulaski stand occurred both near shore and in the shal-
ow middle of the marsh. This stand was the largest of the three
uring the sampled year; however, personal communications with
he rangers at the wildlife area suggest that the population had
ecovered from a reduction in stand size within the last twenty
ears. The two Tri-County stands were found in separate areas
pproximately 200 m apart along the shore line of the Hammond
nd Allen–Rothenberger Lake system.

Seeds were stored in reverse osmosis water at 4–7 ◦C for three
onths to break dormancy (Horne and Kahn, 2000). Germinated

eeds were planted in seedling trays and allowed to grow for
hree weeks to between 8 and 12 cm in height to avoid maternal
ffects. Thirty-two seedlings were chosen from each of the three
eed sources (abbreviated JP, AR-1, and AR-2, respectively) and
ransplanted individually into 12 cm diameter by 14 cm deep pots
lled with water-saturated Metro-Mix 510 commercial soil media
30–40% Canadian sphagnum peat moss from Sun Gro Horticulture
anada Ltd., Vancouver, British Columbia, Canada).

.2. Greenhouse experiment design

A mesocosm experiment was used to test the hypotheses under
reenhouse conditions at Purdue University in West Lafayette, IN.
he design was a randomized complete block with four blocks and
wo main factors (water depth and seed provenance), with two
eplicates of each factor combination to allow for two harvests.
ach block consisted of one 570 L water-filled tank containing a PVC
cage”. The cage allowed the pots to be placed so that the top of the
oil was 0 cm, 23 cm, or 46 cm (±2 cm) below the water (surface,
id, and bottom treatments, respectively). Pots were also placed
bove the water (−15 cm water depth, referred to as the drought
reatment). Plants in the drought treatment were watered to soil
aturation every ten days.

Two complete replications of the experiment were completed
n the same greenhouse. These two replications, called “runs”, were
any 94 (2011) 113–118

initiated on February 13, 2009 and on March 20, 2009. Plants were
grown under natural and artificial light (one 400 W high-pressure
sodium lamp per tank) with a 14 h day/10 h night schedule (to sim-
ulate the day length during Indiana summers) for 48 days after
transplanting (DAT). Air and water temperatures, measured weekly
(YSI Pro20 multiple sensor, YSI Inc., Yellow Springs, OH), averaged
26 ± 2 ◦C and 21 ± 2 ◦C, respectively; differences in temperature
among runs and depths were not detected. Light was measured
at 15 cm above and at 23 cm and 46 cm below the water surface
at the start of each run. Light initially reaching pots in the mid and
bottom treatments was reduced from 670 ± 76 �mol m−2 s−1 above
the surface to 390 �mol m−2 s−1 (58%) and 185 �mol m−2 s−1 (28%)
in the first run, respectively. In the second run, light decreased from
1300 ± 87 �mol m−2 s−1 above the surface to 475 �mol m−2 s−1

(37%) in the bottom treatment, but light was no lower at the mid
depth than at the surface. Water levels were maintained at a con-
stant depth throughout the experiment.

2.3. Data collection

Height (from the soil surface to the tip of the longest leaf) was
measured each week. Plants were randomly chosen to be harvested
when leaves from a majority of plants in the bottom treatment
reached the water surface (27 DAT) and at the first signs of flow-
ering (48 DAT). Harvested plants were separated into component
parts (roots, stems, leaves, and immature inflorescences, if present)
and dried at 60 ◦C for one week before being weighed. Leaf area
(LA) was determined before drying with a leaf area meter (LI-
3100, LI-COR Biosciences., Lincoln, NE). Root weight ratio (root
dry weight/total dry weight, RWR), leaf weight ratio (leaf dry
weight/total dry weight, LWR), and specific leaf area (LA/leaf dry
weight, SLA) were calculated for each plant.

2.4. Data analysis

PROC CORR (in SAS) was used to examine correlation between
response variables. Once these relationships were established,
MANOVAs (PROC GLM with MANOVA option) were used to assess
the effect of the independent variables and their interaction on
linear combinations of the dependent variables. Wilks’ lambda
statistic with an overall alpha of 0.05 was used to test significance.
Mixed model ANOVAs (PROC MIXED) were then used to assess the
specific effects of the random variables run and block and the fixed
factors harvest time, depth, and seed provenance on the following
variables: root, stem, leaf, inflorescence, and total dry weight, LA,
SLA, RWR, LWR, height, and number of leaves and tillers. Data were
pooled across runs and reanalyzed if no interaction was detected
between run and other variables. Pair-wise comparisons were con-
ducted using the Tukey–Kramer test with a Tukey adjustment to
maintain an overall alpha of 0.05. Stepwise regression was used to
assess the relationship between plant height and the following vari-
ables: run, site, and sampling date. The significance level for both
entry and exit into the model was set at 0.05. Data used for regres-
sion analyses were square root transformed before regression to
meet homogenous variance and normal distribution requirements.
Statistical analyses were performed with the SAS 9.1.3 software
package (SAS Institute Inc., Cary, NC, USA) and SigmaPlot 11 (Systat
Software Inc., Chicago, IL, USA).

3. Results
Dry weight variables (leaf, stem, total) were highly correlated
with each other and with leaf area at both harvests (Table 1). Dry
weight variables (leaf, stem, total) and leaf area were also highly
or moderately correlated with the number of tiller and leaves at
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Table 1
Pearson percent correlation coefficients for dependant variables with results from Harvest 1 in the upper right half and results from Harvest 2 in the lower left half. Coefficients
with p-values >0.05 are represented as not significant (NS) and coefficients with p-values <0.0001 are presented in bold.

Root DW Stem DW Leaf DW Infl. DW Total DW LA SLA RWR LWR Height No. of tillers No. of leaves

Root DW – 0.7 0.7 – 0.9 0.7 NS 0.4 −0.3 −0.2 0.7 0.7
Stem DW 0.8 – 0.9 – 0.9 0.8 −0.4 −0.3 NS 0.2 0.7 0.7
Leaf DW 0.8 0.8 – – 0.9 1 −0.3 −0.3 0.4 0.3 0.7 0.8
Infl. DW 0.4 0.7 0.3 – – – – – – – – –
Total DW 0.9 1 0.9 0.6 – 0.9 −0.3 NS NS NS 0.8 0.8
LA 0.8 0.8 1 0.2 0.8 – −0.2 −0.3 0.4 0.3 0.8 0.8
SLA NS −0.2 −0.2 NS −0.2 NS – 0.2 −0.2 NS NS −0.3
RWR 0.4 NS NS NS NS NS −0.2 – −0.9 −0.7 NS NS
LWR −0.5 −0.6 −0.3 −0.6 −0.6 NS 0.3 −0.6 – 0.7 NS 0.2
Height 0.4 0.6 0.7 0.3 0.6 0.7 NS −0.4 NS – NS NS
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harvest, but LWR increased with decreasing water depth at the
second harvest (Table 5).

Plants in the mid and bottom treatments emerged from the
water at 12 ± 1.2 DAT and 27 ± 1.7 DAT, respectively for the first
run and 6 ± 0.5 DAT and 15 ± 0.5 DAT, respectively for the second

Table 3
Summary for two-way mixed model ANOVA analyses with p-values for each test. For
both harvests, numerator (error) DF were 3, 2 and 6 for depth, site and the interaction
term, respectively and denominator (error) DF were 76 and 79 for Harvests 1 and 2,
respectively; p-values <0.05 are presented in bold.

Depth Site Depth × site
No. of tillers 0.8 0.6 0.7 0.4 0.7
No. of leaves 0.8 0.7 0.7 0.4 0.8

oth harvests (Table 1). Inflorescence DW was moderately cor-
elated with all variables except SLA and RWR. Plant height was
nly moderately correlated with dry weight variables at both har-
ests; height was negatively correlated with root DW at the first
arvest and with RWR at both harvests (Table 1). LWR and RWR
ad low or moderate correlation with several variables at both
arvests (Table 1). RWR was negatively correlated with stem and

eaf DW at the first harvest but not at the second (Table 1). LWR
as negatively correlated with dry weight variables at the second
arvest reflecting the larger contribution of root and stem DW to
otal DW once plants emerged from the water (Table 1). LWR was
lso negatively correlated with the number of tillers and leaves at
he second harvest (Table 1). In general, few tradeoffs among traits
ere detected at either harvest except that partitioning to leaf DW
ecreased as plants grew larger, i.e. greater DW, more tillers, at the
econd harvest and partitioning to root DW decreased as height
ncreased.

Water depth, seed provenance, and their interaction signifi-
antly affected the composite variable in both harvests according to
ANOVA (Table 2). In the univariate ANOVAs, significant interac-

ions between water depth and seed provenance were only found
or the number of tillers and number of leaves (Table 3). Differences
mong provenances in tiller or leaf production were not detected
etween AR-1 and AR-2 at any depth, but JP plants produced fewer
illers and leaves than AR-1 and AR-2 plants in the surface treat-

ent at both harvests (Table 4). JP also produced fewer tillers and
eaves than AR-1 and AR-2 plants in the mid treatment at the second
arvest (Table 4).

Total and component (root, stem, and leaf) dry weights were

reater for plants grown at the water surface than for plants in all
ther treatments (Fig. 1). Total dry weight decreased with increas-
ng water depth at both harvests. Root dry weight did not differ
mong plants in the drought, mid, or bottom treatments at the first

able 2
ummary statistics from the MANOVA analyses of the effect of depth, seed prove-
ance, the interaction of the two factors, and block on the response variables
imultaneously. Degrees of freedom (DF), F-values, and p-values calculated from
he Wilks’ lambda test statistic (alpha = 0.05).

Num, den DF Wilks’ � F-value p-value

Harvest 1
Depth 30, 197 0.035 14.08 <0.0001
Site 20, 134 0.582 2.08 0.0074
Depth × site 60, 356 0.302 1.53 0.0109
Block 30, 197 0.623 1.15 0.2814
Harvest 2
Depth 33, 204 0.003 37.2 <0.0001
Site 22, 138 0.473 2.85 0.0001
Depth × site 66, 375 0.237 1.75 0.0007
Block 33, 204 0.625 1.07 0.3743
0.8 NS NS −0.3 0.4 – 0.9
0.7 NS 0.3 −0.4 0.3 0.9 –

harvest. In the second harvest, however, plants in the mid treat-
ment produced significantly more roots than plants in the drought
and bottom treatments. Differences in stem and leaf biomass were
not detected between the drought and bottom treatments in the
first harvest, but the drought treatment produced significantly less
biomass at the second harvest. Inflorescence dry weight was greater
for plants grown at the surface than for plants in the drought and
bottom treatments (Fig. 1).

LA decreased with depth from the surface and was lowest for
plants in the drought treatment at both harvests (Table 5). SLA
at both harvests was greater in the bottom treatment than in the
drought and surface treatments at both harvests (Table 5). No dif-
ferences in RWR were detected between the surface and submerged
treatments at the first harvest. However, RWR decreased with
depth from the drought treatment at the second harvest (Table 5).
No differences in LWR were detected among treatments in the first
Harvest 1
Root DW <0.0001 0.0491 0.8391
Stem DW <0.0001 0.4437 0.871
Leaf DW <0.0001 0.0685 0.5633
Total DW <0.0001 0.044 0.7913
LA <0.0001 0.0084 0.4244
SLA <0.0001 0.2006 0.9877
RWR 0.0083 0.9039 0.9756
LWR 0.0891 0.6651 0.9616
Height <0.0001 0.4734 0.924
Number of tillers <0.0001 <0.0001 <0.0001
Number of leaves <0.0001 0.0002 <0.0001

Harvest 2
Root DW <0.0001 0.0296 0.3474
Stem DW <0.0001 0.5734 0.6142
Leaf DW <0.0001 0.0969 0.499
Inflorescence DW 0.0001 0.1295 0.5719
Total DW <0.0001 0.1924 0.7944
LA <0.0001 0.0026 0.2963
SLA 0.0191 0.9599 0.7785
RWR <0.0001 0.0038 0.8922
LWR <0.0001 0.7684 0.8344
Height <0.0001 0.089 0.2077
Number of tillers <0.0001 <0.0001 0.0002
Number of leaves <0.0001 <0.0001 <0.0001
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Table 4
The effect of the interaction between seed provenance and water depth on the
number of tillers and leaves at Harvests 1 and 2. Values are least square means;
parentheses enclose standard errors of the means. Values in rows with the same
letter indicate that significant differences were not detected (alpha = 0.05).

JP AR-1 AR-2

Harvest 1
Number of tillers

Drought 1.0 (0.08) a 1.1 (0.08) a 1.0 (0.08) a
Surface 1.4 (0.3) b 3.5 (0.3) a 3.5 (0.3) a
Mid 1.0 (0.1) a 1.3 (0.1) a 1.3 (0.1) a
Bottom 1.0 (0.0) a 1.0 (0.0) a 1.0 (0.0) a

Number of leaves
Drought 5.9 (0.4) a 6.3 (0.4) a 5.9 (0.4) a
Surface 8.1 (1.3) b 15.0 (1.3) a 15.5 (1.3) a
Mid 5.8 (0.6) a 6.9 (0.6) a 6.9 (0.6) a
Bottom 4.9 (0.6) a 5.0 (0.6) a 5.4 (0.6) a

Harvest 2
Number of tillers

Drought 1.0 (0.0) a 1.0 (0.0) a 1.0 (0.0) a
Surface 2.6 (0.4) b 4.4 (0.4) a 5.1 (0.4) a
Mid 1.7 (0.3) b 2.9 (0.3) a 2.9 (0.3) a
Bottom 1.0 (0.2) a 1.5 (0.2) a 1.5 (0.2) a

Number of leaves
Drought 7.0 (0.3) a 6.8 (0.3) a 7.1 (0.3) a
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Fig. 1. The effect of water depth on plant dry weight at 27 DAT (Harvest 1) and 48
DAT (Harvest 2). Values are least square means and error bars are standard errors
of the means. For each variable and harvest, columns with the same letter indicate
that significant differences among means were not detected (alpha = 0.05).

Table 6
Regression equations, determined by a stepwise approach with selection crite-
ria = 0.05, calculated for the weekly height measurements from 6 DAT to 48 DAT
where the response variable y = height and the prediction variables x1 = site, x2 = run,
and x3 = DAT. Height data were square-root transformed before regression. N is
the number of individuals used in the regression and the r2 is the coefficient of
determination for each full regression.

Treatment N Intercept b (x1) b (x2) b (x3) r2

Drought 164 3.1 0.2 – 0.05 0.6

T
T
(
w

Surface 16.8 (1.7) b 27.0 (1.7) a 27.0 (1.7) a
Mid 8.6 (1.0) b 13.0 (1.0) a 13.3 (1.0) a
Bottom 6.4 (0.9) a 9.0 (0.8) a 6.9 (0.8) a

un. Submerged plants were significantly taller than plants in the
urface treatments at the first harvest but not at the second har-
est (Table 5). The drought treatment produced the shortest plants
t both harvests. When height was analyzed through weekly mea-
urements from 6 DAT to 48 DAT, site, run, and DAT combined
xplained 90% of the variation in plant height over time for the sur-
ace and bottom depth treatments (Table 6). Site and DAT explained
0% of the variation in height for the drought treatment while
un and DAT explained 80% of the variation in the mid treatment
Table 6).

Differences among sites in total dry weight were only detected
t the first harvest (Fig. 2). JP plants produced less root dry weight
han AR-2 and AR-1 plants at the first and second harvests, respec-
ively (Fig. 2). Differences in stem and leaf dry weights among
ites were not detected at either harvest. Inflorescence dry weights
id not differ among different sites at the second harvest. LA was
maller for JP plants than for plants from at least one AR site at both
arvests (Table 7). No differences were found among sites for SLA,
WR, or height for either harvest. Root weight ratio did not differ

mong sites at the first harvest; however, AR-1 plants partitioned
ore biomass to roots than JP plants at the second harvest. There
ere no significant differences between any of the sites in their

ime to emergence (p > 0.1).

Surface 166 3.0 −0.1 0.6 0.1 0.9
Mid 158 3.4 – 0.9 0.1 0.8
Bottom 155 −0.05 0.4 2.0 0.1 0.9

able 5
he effect of water depth on leaf area (cm2), specific leaf area (cm2 g−1), root weight ratio (RWR), leaf weight ratio (LWR), and height (cm) at 27 DAT (Harvest 1) and 48 DAT
Harvest 2). Values are least square means pooled over the three sites of origin; parentheses enclose standard errors of the means. Within each harvest, treatments in a row
ith the same letter were not significantly different (alpha = 0.05).

Drought Surface Mid Bottom

Harvest 1
LA (cm2) 14 (5.0) c 79 (4.7) a 40 (4.7) b 17 (5.1) c
SLA (cm2 g−1) 364 (42.8) b 347 (41.1) b 425 (41.1) b 640 (43.6) a
RWR 0.6 (0.05) a 0.5 (0.05) ab 0.4 (0.05) b 0.4 (0.05) b
LWR 0.20 (0.03) a 0.28 (0.03) a 0.31 (0.03) a 0.29 (0.03) a
Height (cm) 24 (3.4) c 45 (3.2) b 59 (3.2) a 64 (3.5) a

Harvest 2
LA (cm2) 23 (20.7) c 321 (20.3) a 274 (20.3) a 142 (20.7) b
SLA (cm2 g−1) 246 (30.7) b 251 (30.0) b 291 (30.0) ab 370 (30.7) a
RWR 0.42 (0.02) a 0.34 (0.02) b 0.28 (0.02) c 0.18 (0.02) d
LWR 0.27 (0.02) c 0.26 (0.02) c 0.33 (0.02) b 0.40 (0.02) a
Height (cm) 34 (3.6) b 83 (3.5) a 89 (3.5) a 95 (3.6) a
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Fig. 2. The effect of site (seed provenance) on plant dry weight at 27 DAT (Harvest 1)
and 48 DAT (Harvest 2). Values are least square means and error bars are standard
errors of the means. For each variable and harvest, columns with the same letter
indicate that significant differences among means were not detected (alpha = 0.05).

Table 7
The effect of seed provenance on leaf area (LA) (cm2), specific leaf area (SLA)
(cm2 g−1), root weight ratio (RWR), leaf weight ratio (LWR), and height (cm). Values
are least square means pooled over the four depth treatments; parentheses enclose
standard errors of the means. Within each harvest, treatments in a row with the
same letter were not significantly different (alpha = 0.05).

JP AR-1 AR-2

Harvest 1
LA (cm2) 28 (4.3) b 38 (4.3) ab 47 (4.2) a
SLA (cm2 g−1) 394 (37.6) a 473 (37.5) a 465 (37.0) a
RWR 0.5 (0.05) a 0.5 (0.05) a 0.5 (0.05) a
LWR 0.3 (0.03) a 0.3 (0.03) a 0.3 (0.03) a
Height (cm) 47 (2.9) a 46 (2.9) a 51 (2.9) a

Harvest 2
LA (cm2) 142 (18.3) b 215 (18.0) a 213 (18.3) a
SLA (cm2 g−1) 286 (26.5) a 287 (26.0) a 296 (26.5) a
RWR 0.27 (0.02) b 0.34 (0.02) a 0.32 (0.02) ab
LWR 0.3 (0.01) a 0.3 (0.01) a 0.3 (0.01) a
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Height (cm) 70 (3.1) a 77 (3.0) a 79 (3.1) a

. Discussion

The three stands of wild rice used in this study grew optimally in
aturated, but not submerged, soils. Plants in the drought treatment
xhibited signs associated with low water availability (reduced

rowth and partitioning to roots at the expense of leaves) while
ubmerged plants exhibited signs related to low light availability
reduced growth, partitioning to leaves at the expense of roots, and
ncreased height). These results are consistent with those recorded
any 94 (2011) 113–118 117

for Z. aquatica (Weber and Simpson, 1967; Thomas and Stewart,
1969), Z. palustris (Gemma et al., 1993), Typha spp. (Grace, 1989),
Leersia oryzoides (Pierce et al., 2007), Oryza sativa L. (Zeng et al.,
2003), and other aquatic plant species (Casanova and Brock, 2000;
Warwick and Brock, 2003; Kercher and Zedler, 2004). In situ wild
rice stands at the JP and AR sites were generally found rooted in
less than 0.5 m of water but not above the water line (R. Tucker
personal observations), suggesting that abiotic stress (low water
availability for non-submerged plants and low light availability for
submerged plants) may restrict these Indiana wild rice stands to a
narrow range of water depths. Efforts to conserve or restore wild
rice populations should focus on maintaining the water depth in
rice stands within this range.

Differences in time to emergence between runs can be
attributed to higher light levels in the second run than in the first
run. In our experiment, seedlings were allowed to grow between
8 and 12 cm tall before being submerged. It seems likely that time
to emergence would have been longer, and differences in biomass
production between submerged and surface treatments greater, if
plants were submerged at germination. However, Stevenson and
Lee (1987) moved Z. aquatica plants from one depth to other depths
at different stages in their phenology and found that the final
biomass of Z. aquatica plants was not affected by the stage at which
plants were placed in deeper water.

In addition to limits placed on its growth by abiotic factors, Z.
aquatica establishment and development may be highly influenced
by competition with other aquatic plant species. Rooted floating
and aquatic emergent plants, such as spatterdock (Nuphar advena
Ait.), water lily (Nymphaea spp.), pickerelweed (Pontederia cordata
L.) and arrow arum (Peltandra virginica (L.) Kunth), inhabit the
same near-shore environment as wild rice, but develop earlier in
the season and may shade developing wild rice seedlings even
in shallow water (Winterringer and Lopinot, 1977; R. Tucker
personal observations). Once mature, wild rice may overtop these
species, but during early establishment it may be sensitive to
competition. Restoration and conservation efforts could benefit
from the management of other vegetation until the wild rice is
well established for the year or the appropriate choice of seedling
location to minimize the impact of early season competition.

Seed provenance was also found to influence the vegetative
growth of these Z. aquatica populations. Jasper-Pulaski produced
less biomass and lower leaf area at the first harvest and fewer
leaves and tillers at both harvests than the Allen–Rothenberger
populations. Differences among plants in early growth may affect
their ability to compete for resources and reproduce (Ellison and
Rabinowitz, 1989; Weiner, 1990). Cumulatively, these results sup-
port the hypothesis that Indiana populations of wild rice differ in
their response to water depth. Although the two AR stands were
found in physically distinct areas that were separated by approxi-
mately 200 m, AR-1 and AR-2 had similar responses to water depth.
AR-1 and AR-2 may share genetically similar traits that relate to
depth tolerance while JP appears to be a distinctly separate popu-
lation in regard to this environmental stress. In a study of isozyme
markers in seventeen Z. palustris populations in northern Wiscon-
sin, Lu et al. (2005) found high variation in the genetic diversity
levels between lake populations, suggesting limited gene flow on a
landscape level among lakes. Research is needed to determine the
effect of seed provenance and genetic diversity on the success or
failure of in situ wild rice restoration projects.
This study was made possible by the constant support provided
by the faculty, staff, and students of the Botany and Plant Pathology
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