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The growth rate hypothesis (GRH) states that a negative correlation exists between the
growth rate and N:P and C:P ratios, because fast-growing organisms need relatively more
phosphorus-rich RNA to support their high rates of protein synthesis. However, it is still
uncertain whether the GRH is applicable in freshwater wetlands. Several studies have
shown that water level and sediment type are key factors influencing plant growth and
plant C:N:P characteristics in freshwater wetlands. Thus, this study aimed to elucidate the
influence of these factors on plant growth and test the GRH under varying water levels and
sediment conditions. We designed a controlled experiment at three water levels and under
three sediment types using the two dominant plants (Carex brevicuspis and Polygonum
hydropiper) in the East Dongting Lake wetland, and we further investigated the relative
growth rate (RGR); concentrations of total carbon (TC), total nitrogen (TN), and total
phosphorus (TP); and plant stoichiometry (ratios of C:N, C:P, and N:P) in the aboveground
and belowground parts and whole plants in both species. Results demonstrated that the
RGR and TC of both species decreased significantly with decreasing sediment nutrient
supply and increasing water level. However, TN and TP of both species were markedly
higher at high water levels than at low water levels; furthermore, these were significantly
higher on clay than on the other two sediment types at each water level. The C:N and C:P
ratios of both species decreased with increasing sediment nutrient supply and water level,
whereas N:P decreased in both species with increasing sediment nutrient supply. The
aboveground part of C. brevicuspis as well as the aboveground part and whole plant of P.
hydropiper were negatively correlated with N:P, which is consistent with the GRH.
However, the relationship between the belowground RGR and N:P of these species
was inconsistent with GRH. Therefore, the water level and sediment type and their
interaction significantly influenced plant RGR and C:N:P characteristics. The RGR and
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plant stoichiometry differed significantly between plant organs, indicating that the GRH
needs refinement when applied to wetland macrophytes.
Keywords: water level, sediment type, growth rate hypothesis, plant stoichiometry, Carex brevicuspis,
Polygonum hydropiper
INTRODUCTION

The growth rate hypothesis (GRH) proposes that fast-growing
organisms have low N:P and C:P ratios due to the relatively high
demand for phosphorus-rich RNA to support rapid protein
synthesis (Acharya et al., 2004). Various comprehensive
reviews confirmed that nutrient-rich plants tend to have low
N:P ratios, and supported the validity of GRH in the realm of
vascular plants, as N concentration in vascular plants tends to
increase less than P concentration (Wright et al., 2005; Kerkhoff
and Enquist, 2006; Yu et al., 2012). However, opposite results
were also reported (Peng et al., 2010; Loladze and Elser, 2011).
For instance, Matzek and Vitousek (2009) found that there was
no link between growth rate and leaf N:P for pine species,
because RNA comprises only a small proportion of total P
(TP) to strongly influence leaf P concentration. To date, the
GRH hypothesis has been tested in a variety of ecosystems, and
at relatively large scales (Güsewell, 2004; McGroddy et al., 2004;
Lovelock et al., 2007); however, it is still uncertain whether it is
applicable in freshwater wetlands.

Water level is the dominant factor influencing nutrient
cycling and the structure of wetland plant communities (Lowe
et al., 2010; Sardans et al., 2012; Saaltink et al., 2018). It can
constrain the growth and nutrient availability to wetland
macrophytes mainly by limiting oxygen (Casanova and Brock,
2000) and light (Cronin and Lodge, 2003; Miao and Zou, 2012)
availabilities and by changing soil nutrient cycling (Steinman
et al., 2012; Wang et al., 2015a). For example, Carex brevicuspis,
which has a relatively low growth rate, was reported to have high
N:P ratio and high N and P concentrations at high water levels,
both probably caused by anoxic stress (Li et al., 2018a). On the
contrary, Li et al. (2013) found that increasing water level
decreased the relative growth rate (RGR) of Potamogeton
malaianu without affecting its N:P ratio and concentrations of
N and P. This inconsistency indicates that the relationship
between RGR and N:P ratio at different water levels and for
different plant species is far from clear. Moreover, high water
levels significantly affect soil nutrient availability by changing its
geochemical cycle as well as the activity of soil microorganisms
(Niedermeier and Robinson, 2007; González Mace et al., 2016),
thereby determining plant stoichiometry. For example, the soil
mineralization process of organic N results in the accumulation
of ammonium under anaerobic conditions, further affecting the
N cycle of plants in wetlands (Hefting et al., 2004). Soil P
availability also increases due to the reduction of iron, which
releases soluble P into the soil (Bridgham et al., 1998; Saaltink
et al., 2018). To date, many studies have focused on the effects of
water level on plant growth and distribution (Madsen et al., 2001;
Li et al., 2012). However, the response of plant stoichiometry to
.org 2
varying water levels is still uncertain (Cao et al., 2011; Yuan et al.,
2013). Results from the few studies conducted so far are also
inconsistent (Miao and Zou, 2012; Li et al., 2013), indicating that
changes in plant stoichiometry in response to water level might
be species-specific and needs to be further studied.

Sediment type substantially affects plant growth rate and
stoichiometry (Luo et al., 2010; Li et al., 2018a). Plants with
high nutrient concentrations are able to extend their roots and
enhance root uptake rate, thereby enhancing nutrient absorption
abilities (Fransen et al., 2001). For instance, plant RGR and
concentrations of N and P in sandy sediments are lower than that
in clay sediments due to the limited nutrient availability (Li et al.,
2015). However, the nutrient-rich sediment had no significant
effect on the relative growth rates of Elodea canadensis and
Callitriche cophocarpa possibly due to their low nutrient
requirements (Madsen and Cedergreen, 2002). Indeed, the
relationship between sediment type and plant stoichiometry is
often affected by water level in wetlands (Xie et al., 2009; Li et al.,
2017a). The roots of wetland plants usually display contrasting
properties to adjust to infertile or flooded environments, and
higher water levels commonly further limit plant nutrient
absorption (Xie et al., 2009). Therefore, it is difficult to predict
the effects of water level and sediment type on plant
stoichiometry based on single factors. Although the changes in
plant stoichiometry in different sediment types have been widely
studied (Morse et al., 2004; Li et al., 2018a), few studies have
focused on their interaction with plant C:N:P stoichiometry.

Carex brevicuspis and Polygonum hydropiper are dominant
species in the vegetated zone of the East Dongting Lake wetland.
C. brevicuspis is a perennial rhizomatous clonal plant widely
distributed at low elevations (23–30 m). The belowground
meristems of C. brevicuspis can produce long rhizomes (2–25
cm long), which are more capable of obtaining resources under
stressful conditions, and short rhizomes (< 1 cm long), which are
better at using resources in favorable patches. P. hydropiper is an
annual herb forming patches embedded in stands of C.
brevicuspis, generally sensitive to flooding stress and inhabiting
elevated sites over shallow flooded habitats. Compared to P.
hydropiper, C. brevicuspis has a wider optimal hydrological niche
in the East Dongting Lake wetland (Chen et al., 2014; Li et al.,
2018a). In this study, we investigated the interactive effects of
water level and sediment type on the growth performance and
stoichiometry of C. brevicuspis and P. hydropiper. These two
dominant species were planted under three water levels (-30 cm,
0 cm, and 30 cm relative to the soil surface) and three sediment
types (clay, sand, and a mixture of sand and clay at a 1:1 volume
ratio) in a factorial design with five replicates. The RGR, total C
(TC), total N (TN), TP, and C:N, C:P, and N:P ratios in the
aboveground and belowground parts and in the whole plant of
August 2020 | Volume 11 | Article 1191
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both species were measured for exploring the relationship
between RGR and plant stoichiometry. As so, the present study
aimed to (1) elucidate how differences in water level and
sediment type affect plant growth and plant C:N:P
characteristics; and (2) test whether the relationship between
RGR and plant C:N:P stoichiometry is consistent with GRH
under different water level and sediment type conditions.
MATERIALS AND METHODS

Study Site and Plant Materials
Dongting Lake (28°30′–30°20′ N, 111°40′–113°10′ E) is the
second-largest freshwater lake and the most typical river-
connected lake in China; it is characterized by large seasonal
fluctuations of the water level and sediment heterogeneity (Xie
et al., 2007a). The wetlands are usually completely flooded from
May to October, while being susceptible to drought from
November to April. The mean annual temperature is 16.8°C,
with hot summers (June–August, 27.3°C) and cold winters
(December–February, 5.8°C). The mean annual precipitation is
1,382 mm, with more than 60% of the rain falling from April to
August (Li et al., 2017b).

Carex brevicuspis (Cyperaceae) is a typical perennial
rhizomatous sedge distributed in eastern mainland China. The
plant is usually 20–55 cm in height, and it flowers and bears fruit
from April to May, before flooding occurs in the Dongting Lake
wetland (Chen et al . , 2011). Polygonum hydropiper
(Polygonaceae) is an annual herb 40–70 cm in height. Both
Frontiers in Plant Science | www.frontiersin.org 3
species experience periodic flooding that normally occurs
between May and October (Chen et al., 2014).

Sampling
C. brevicuspis was collected in Xiaoxihu and P. hydropiper was
collected in Dingzidi, both in East Dongting Lake, during March
2016. New ramets were dug up and transported to the Dongting
Lake Station for Wetland Ecosystem Research, Chinese Academy
of Sciences. The new ramets (about 15 cm in height) were placed
in plastic basins (55 cm in length, 33 cm in width, 21 cm in
height) filled to a depth of 15 cm with soil (4.01 mg g-1 soil
organic carbon, 0.48 mg g-1 soil TN, and 0.57 mg g-1 soil TP) that
was collected from a C. brevicuspis and P. hydropiper mixed
community in the East Dongting Lake. After one month, similar-
sized plants (4–5 leaves, about 25 cm in height) were selected for
the experiment.

Experimental Design
Before the experiment, ten seedlings of C. brevicuspis and ten
seedlings of P. hydropiper were divided into aboveground and
belowground parts, oven-dried, and weighed for the calculation
of plant RGR (Li et al., 2016). The experiment combined three
water levels (-30 cm, 0 cm, and 30 cm relative to the soil surface)
and three sediment types (clay, sand, 1:1 clay–sand mixture) with
the two species in a factorial design with five replicates (Table 1).
Clay was collected from the location described above for ramet
germination, and sand was collected from the local river. In the
Dongting Lake wetland, most roots of both species are
distributed in the top 0–20 cm soil layer (Chen et al., 2014).
Therefore, the -30 cm water level was considered the drought
treatment, the 0 cm water level was considered the control, and
the 30 cm water level was considered the submerged treatment
(Figure 1). The three sediment types used in the experiment are
the main sediment types present in the natural habitat of C.
brevicuspis and P. hydropiper in Dongting Lake. We sampled the
clay soil from the same location as plant samples while the sand
was collected from the local Xiang River (Table 1). On April 2,
2016, the 1,350 similar-sized ramets collected (675 for each
species) were transplanted into PVC tubes (30 cm in height
TABLE 1 | Soil nutrient concentrations of each sediment type.

Sediment type SOC (mg g-1) TN (mg g-1) TP (mg g-1)

Clay 4.53 ± 0.1a 0.52 ± 0.04b 0.63 ± 0.03c

Mixture 3.81 ± 0.02a 0.44 ± 0.01b 0.53 ± 0.02c

Sand 2.76 ± 0.01a 0.26 ± 0.01b 0.39 ± 0.01c
SOC, soil organic carbon; TN, soil total nitrogen; TP, soil total phosphorus (means ± SE).
Different letters indicate significant difference among treatments at 0.05 significance level.
FIGURE 1 | Experimental scheme, showing two plant species (Carex brevicuspis and Polygonum hydropiper), three sediment types (clay; mixture; sand) and three
water levels (-30 cm; 0 cm; 30 cm). Five replicates were made of each treatment.
August 2020 | Volume 11 | Article 1191
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and 12 cm in diameter, bottoms enclosed with a nylon netting to
prevent soil loss) filled with sediment. Thirty tubes (3 water levels
× 2 plant species × 5 tubes) were placed into each of 15 cement
pools (1 × 1 × 1 m, five pools per sediment). Three seedlings were
planted into each tube for both species, and the experiment
started 7 days after planting. Tap water (containing 0.51 mg L-1

NH4-N, 1.76 mg L-1 NO3-N, and 0.53 mg L-1 PO4
3+-P, pH = 7.2)

was completely replaced every two weeks to prevent algal growth
(Figure 1).

Harvest and Measurements
All plants were harvested after 4 months of treatment. The roots
of each plant were carefully excavated from the PVC tubes,
cleaned with tap water, and transported to the laboratory for
measurements. Plants in each tube were divided into
aboveground and belowground parts, oven-dried at 80°C for
48 h, and weighed.

The RGR (relative growth rate) of the aboveground and
belowground parts and of the whole plant were calculated for
each species using the following formula:

RGR =
lnX1 � lnX2

T
,

where X1 and X2 are the biomass of the aboveground or
belowground parts or of the whole plant at the end and start
of the experiment, respectively, and T is the duration of the
experiment (Yuan et al., 2016).

Total C, N, and P Concentrations
The aboveground and belowground parts and the whole plant of
each species in each PVC tube were ground into powder and
analyzed for TC and TN using an elemental analyzer (Vario EL
III; Elementar, Hanau, Germany). Total P was measured with
colorimetric analysis on a TU-1901 spectrophotometer (Beijing
Purkinje General Instrument Co., Ltd., Beijing, China) after
being pretreated by H2SO4–H2O2 digestion (Xie et al., 2007b).
Three replicates were used to determine plant C, N, and
P concentrations.

Statistical Analyses
The mean values of the five replicates for each treatment in each
pool were used for data analysis. The effect of water level and
sediment type on RGR, TC, TN, and TP concentrations and the
stoichiometry of the aboveground and belowground parts and
whole plant of each species were assessed using a general linear
model (GLM). Multiple comparisons of the means were
performed using Tukey’s test at the 0.05 significance level. All
statistical analyses were performed in SPSS 20.0 (SPSS Inc.,
Chicago, IL, USA).
RESULTS

RGRs of C. brevicuspis and P. hydropiper
The RGR of the aboveground and belowground parts and whole
plants of C. brevicuspis and P. hydropiper were significantly
Frontiers in Plant Science | www.frontiersin.org 4
affected by water level, sediment type, and their interaction
(Table 2; Figure 2). The RGR decreased significantly with
increasing water levels in all sediment types, and the highest
values of both species were found in the -30 cm water level + clay
treatment while the lowest values were found in the 30 cm water
level + sand treatment.

Total C, N, and P Concentrations
Both water level and sediment type had significant effects on TC,
TN, and TP concentrations in the aboveground and
belowground parts and whole plants of both species (P <
0.001) (Table 2). The highest TC concentrations in the
aboveground and belowground parts and whole plants of both
species were found in the -30 cm water level + clay treatment and
they decreased significantly with decreasing sediment nutrient
concentration and increasing water level. The TN and TP
concentrations in aboveground and belowground parts and
whole plants of both species were highest in the 30 cm water
level + clay treatment, and they decreased significantly with
decreasing sediment nutrient concentration and water level
(Figure 3).

C, N, and P Stoichiometry Ratios
Water level and sediment type significantly affected C:N and C:P
ratios in the aboveground and belowground parts and whole
plants of C. brevicuspis and P. hydropiper (Table 2). The C:N and
C:P ratios in the aboveground and belowground parts and whole
plants of both species decreased with increasing sediment
nutrient supply and water level. The highest N:P ratios in the
aboveground and belowground parts and whole plants of P.
hydropiper were found in the 0 cm + sand treatment. The highest
N:P ratio in the aboveground part of P. hydropiper was found in
the 0 cm + mixture treatment and in the belowground part and
whole plant were found in the -30 cm + mixture treatment
(Figure 4).

Relationships of RGR With C, N, and
P Stoichiometry
In C. brevicuspis, the RGR of the aboveground part was positively
correlated with TC and TP concentrations and negatively
correlated with N:P ratio, while the RGR of the belowground
part and whole plant were positively correlated with TC and TN
concentrations and with C:P and N:P ratios (Figure 5).

In P. hydropiper, the RGR of the aboveground part and whole
plant were positively correlated with the TC, TN, and TP
concentrations and negatively correlated with the C:N, C:P,
and N:P ratios. The RGR of the belowground part was only
positively correlated with TC concentration (Figure 5).
DISCUSSION

The RGR of the aboveground and belowground parts and whole
plants of both species decreased significantly with decreasing
sediment nutrient concentrations and increasing water levels,
indicating that water level, sediment type, and their interaction
August 2020 | Volume 11 | Article 1191
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had a significant effect on plant growth performance (Emery
et al., 2001; Xie et al., 2009; Luo et al., 2010). The negative effect
of high-water levels on plant growth has been reported in many
studies, and it has been mainly attributed to the anaerobic
environment and reduced soil redox potential, Eh (Sorrell
et al., 2000; Steinman et al., 2012). In some of the treatments
conducted in the present study, e.g., 0 cm water level + mixture
and 30 cm water level + clay, the similar growth performance of
the aboveground parts of C. brevicuspis indicated that the
negative influence of water level on plant growth could be
ameliorated in nutrient-rich conditions, as supported by other
studies (Wheeler, 1999; Xie et al., 2009). Nutrient availability
may increase plant root respiration and root diameter and help
Frontiers in Plant Science | www.frontiersin.org 5
plants to acclimate to high water level conditions (Xie et al., 2009;
Chen et al., 2016).

The TC concentrations in the aboveground and belowground
parts and whole plants of both species decreased significantly
with increasing water levels, which was consistent with previous
studies (Li et al., 2013; Yuan et al., 2016). High water levels
decrease plant photosynthesis, thus leading to a reduction in the
synthesis of non-structural carbohydrates in plant tissues (Cao
et al., 2009; Su et al., 2016). Plant C balance can be characterized
by tissue concentrations of non-structural carbohydrates. When
C supply from photosynthesis exceeds the plant’s demand for
growth, a large amount of non-structural carbohydrates will
accumulate to support future growth. By contrast, when C
TABLE 2 | Summary of general linear model (GLM) on plant relative growth rate (RGR), concentrations of TC, TN, and TP, and ratios of C:N, C:P, and N:P in C.
brevicuspis and P. hydropiper growing in three water levels and three sediment types (F-values).

Water level (W) Sediment type (S) W*S

SS% F SS% F SS% F

RGR C. brevicuspis AG 51.85 303.38*** 43.58 255.04*** 4.57 13.37***
(g g-1 day-1) BG 53.97 201.96*** 40.47 151.47*** 5.56 10.40***

WP 55.80 336.06*** 41.55 250.21*** 2.65 7.98***
P. hydropiper AG 9.43 6.10*** 83.11 53.85*** 7.47 2.42ns

BG 37.89 64.41*** 58.42 99.31*** 3.69 3.14*
WP 22.48 42.77*** 73.02 138.95*** 4.51 4.29**

TC C. brevicuspis AG 17 38.91*** 72.52 469.93*** 10.48 11.99***
(mg g-1) BG 8.68 17.91*** 87.25 303.29*** 4.07 4.2*

WP 15.72 62.91*** 82.45 329.95*** 1.83 3.66*
P. hydropiper AG 13.2 20.29*** 82.99 318.84*** 3.81 2.929*

BG 9.84 26.94*** 89.13 322.80*** 1.03 1.42ns

WP 9.45 31.27*** 89.03 294.65*** 1.53 2.53ns

TN C. brevicuspis AG 33.38 30.03*** 60.37 69.55*** 6.25 2.81*
(mg g-1) BG 12.63 24.42*** 85.13 490.77*** 2.23 2.16ns

WP 8.12 22.20*** 88.13 240.97*** 3.75 5.13***
P. hydropiper AG 28.33 64.76*** 62.94 115.56*** 8.73 9.99***

BG 29.02 19.22*** 58.89 67.47*** 12.09 4.00*
WP 19.94 22.78*** 66.46 75.93*** 13.6 7.77***

TP C. brevicuspis AG 16.11 62.02*** 71.69 276.68*** 12.21 23.50***
(mg g-1) BG 50.79 270.96*** 38.23 235.59*** 10.98 29.30***

WP 33.13 179.81*** 59.6 323.43*** 7.27 19.72***
P. hydropiper AG 18.71 59.13*** 69.91 191.81*** 11.38 17.98***

BG 30.62 53.13*** 59.97 342.97*** 9.41 8.17***
WP 21.56 95.42*** 68.69 303.98*** 9.75 21.582***

C:N C. brevicuspis AG 72.92 39.5*** 15.79 9.48*** 11.29 3.06***
BG 72.05 37.61*** 15.57 13.33** 12.39 3.23*
WP 73.45 67.94*** 15.93 14.74*** 10.62 4.91**

P. hydropiper AG 40.98 63.78*** 50.75 64.81*** 8.27 6.43**
BG 49.27 16.10*** 41.17 15.33** 9.56 1.56ns

WP 17.88 3.93* 58.76 12.91*** 23.36 2.57ns

C:P C. brevicuspis AG 48.53 79.31*** 36.82 52.69*** 14.65 11.97***
BG 83.72 181.61*** 2.6 8.30** 13.69 14.85***
WP 86.36 238.15*** 6.85 18.89*** 6.79 9.36***

P. hydropiper AG 12.45 22.58*** 67.04 65.56*** 20.51 18.59***
BG 53.85 64.14*** 35.89 130.48*** 10.26 6.11**
WP 20.19 47.22*** 64.59 151.05*** 15.22 17.80***

N:P C. brevicuspis AG 36.92 5.63** 16.94 3.65ns 46.14 3.52*
BG 76.08 46.44*** 3.07 2.5ns 20.85 6.36**
WP 69.88 25.98*** 11.29 4.20* 18.82 3.5*

P. hydropiper AG 5.43 8.46*** 65.4 33.89*** 29.17 22.73***
BG 19.24 0.75ns 21.89 1.43ns 58.87 1.15ns

WP 12.95 4.74* 54.96 20.11*** 32.09 5.87**
August 2020
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demand exceeds the C supply, non-structural carbohydrates will
only slightly accumulate (Wang et al., 2018). Similar to RGR,
plant C concentrations in both species were also higher in the
clay treatment than in other sediment types, as soil nutrients are
the main determinants of plant nutrient concentrations and
therefore influence plant growth (Li et al., 2017b). Wang et al.
(2015b) and Zeng et al. (2017) also reported that nutrient-rich
sediment conditions result in high C concentration.

The TN and TP concentrations in the aboveground parts of
both species were higher compared with those in the
belowground parts and whole plants. As described in previous
studies (Li et al., 2013; Jing et al., 2017), this phenomenon can be
explained by the presence of large amounts of rubisco in the
photosynthetic organs (Reich et al., 2004). The TN and TP
concentrations in the aboveground and belowground parts and
whole plants of both species increased, while C:N and C:P ratios
decreased with increasing water level, which was consistent with
previous studies (Cronin and Lodge, 2003; Li et al., 2013). For
example, TN and TP concentrations of Cladium jamaicense
increased significantly when water levels increased from 20 to
60 cm (Miao and Zou, 2012). In this study, plants were
submerged in 30 cm of water, where light availability was low.
The light conditions at the -30 cm water level lead to lower leaf
N, probably due to the dilution of available N by increased
amounts of fixed C (Cronin and Lodge, 2003). Therefore, lower
N and P availability for plant photosynthesis will lead to high
plant N and P concentrations. Another study also confirmed that
the biomass accumulation of C. brevicuspis increased with
increasing elevation, while plant TN and TP concentrations
decreased, which might have accounted for the dilution effect
by which fast-growing plants allocate more N and P to their
Frontiers in Plant Science | www.frontiersin.org 6
photosynthetic tissues to support high carbon dioxide
assimilation (Yan et al., 2006; Li et al., 2018b). Water level can
also influence plant nutrient absorption by changing soil
biogeochemical processes (Steinman et al., 2012; Recha et al.,
2013). For instance, ammonification is the dominant process at
high water levels (Hefting et al., 2004), and it enhances the
concentration of available N, promoting plant N absorption
(Kasťovská and Šantrůčková, 2011). In addition, soil anoxia
can reduce iron plaque formation on roots at high water levels,
and thus promote plant P uptake (Saaltink et al., 2018).

At the same water level, the higher TN and TP concentrations
and lower C:N, C:P, and N:P ratios in the aboveground and
belowground parts and whole plants of both species on the clay
sediment indicated that sediment nutrients mainly affect plant
nutrients, which could further influence plant stoichiometry
(Garbey et al., 2004; Chen et al., 2013; Li et al., 2014). In this
study, sediment N and P concentrations in the clay sediment
were 2.0 and 1.6 times higher than those in the sand sediment,
leading to higher plant N and P concentrations. Moreover, it has
been reported that high sediment nutrient levels can promote
plant growth and enhance plant nutrient concentrations (Fraser
and Feinstein, 2005; Güsewell, 2005). A high clay content would
therefore promote soil N mineralization and plant N absorption,
while a high sand content allows a higher rate of P leaching
(Cross and Schlesinger, 2001).

The N:P ratio in the aboveground parts of both species and
whole plant of P. hydropiper were negatively correlated with their
corresponding RGR, thus supporting the GRH and being
consistent with previous studies (Niklas et al., 2005; Niklas,
2006; Ågren, 2008; Cernusak et al., 2010). Ågren (2004)
reported that P limited Betula pendula seedlings, which
A B

C D

E F

FIGURE 2 | Relative growth rate (RGR) in aboveground part, belowground parts and whole plants of C. brevicuspis (A, C, E) and P. hydropiper (B, D, F) in
treatments with three sediment types (clay; mixture; sand) and three water levels (-30 cm; 0 cm; 30 cm). Values are means ± SE, with five replications. Different letters
indicate significant difference among treatments at 0.05 significance level.
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FIGURE 3 | Concentrations of TC (A–F), TN (G–L), and TP (M–R) (means ± SE) in aboveground part, belowground parts and whole plants of C. brevicuspis and P.
hydropiper growing in three sediment types (clay; mixture; sand) and three water levels (-30 cm; 0 cm; 30 cm). Different letters indicate significant differences among
treatments (P < 0.05).
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FIGURE 4 | Ratios of C:N (A–F), C:P (G–L), N:P (M–R) (means ± SE) in aboveground and belowground parts and the whole plants of C. brevicuspis and P. hydropiper
growing in three sediment types (clay; mixture; sand) and three water levels (-30 cm; 0 cm; 30 cm). Different letters indicate significant differences among treatments (P < 0.05).
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displayed decreased N:P at high RGR, supporting the GRH. As a
possible explanation, Sterner and Elser (2002) proposed that
organisms have to make a relatively large investment in P-rich
ribosomes and rRNA to support the rapid protein synthesis
associated with fast growth. However, opposite results were
found in other studies (Cernusak et al., 2010; Peng et al.,
2010). One possible reason for these inconsistent results might
be that some plants can store extra nutrients and thus change the
relationship between the RGR and the N:P ratio (Jing et al.,
2017). Matzek and Vitousek (2009) also showed that plant
protein:RNA ratio, but not leaf N:P ratio, was significantly
negatively correlated with plant growth rate.

The relationship between RGR and plant stoichiometry in the
belowground parts of both species and whole plant of C.
brevicuspis suggests that the GRH is not valid in these cases,
indicating that the applicability of this hypothesis might depend
on plant organ and species. In fact, another study reported that
the GRH was not consistent with the growth of various organs
(Jing et al., 2017). One probable reason might be that a change in
environmental factors may lead to the allometric growth of
different organs, and the stoichiometry of roots is more
sensitive to environmental changes than that of leaves (Minden
and Kleyer, 2014; Schreeg et al., 2014). For instance, Jing et al.
Frontiers in Plant Science | www.frontiersin.org 9
(2017) confirmed that N addition significantly increased the N:P
ratio and RGR of Pinus tabuliformis roots in N-limited regions,
resulting in a positive relationship between the RGR and N:P
ratio of roots. Another reason might be that plants have
developed survival strategies other than growth (e.g., storage
and defense) that require N and P, in which case a decreasing N:
P ratio with increasing growth rate should not necessarily be
expected (Matzek and Vitousek, 2009). In addition, plants can
store P in vacuoles, allocate N to the production of chemical
defenses, or invest different N:P ratios in different organs, all of
possibly explaining why P concentration is not greater in fast-
growing plants (Méndez and Karlsson, 2005; Peñuelas and
Sardans, 2009). However, our results were inconsistent with
previous studies (Ågren, 2004; Yu et al., 2012). For instance,
Yu et al. (2012) confirmed that the GRH was valid for the roots of
three grass plants in the grasslands of Inner Mongolia, and they
also proposed that analysis of the relationship between RGR and
N:P ratio should consider the N in ribosomes of vascular plants.

In addition, the RGR of the aboveground and belowground
parts and whole plant of C. brevicuspis were lower than that of P.
hydropiper, while the N:P ratios in the aboveground and
belowground parts and whole plant of C. brevicuspis were
relatively higher compared with those of P. hydropiper. These
A B

C D

E F

FIGURE 5 | Relationships between relative growth rate (RGR) and concentrations of TC (A), TN (C), TP (E), and ratios of C:N (B), C:P (D), N:P (F) (means ± SE) in
aboveground and belowground parts and the whole plants of C. brevicuspis and P. hydropiper.
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differences between the two species might be related to the higher
tolerance of C. brevicuspis to water stress and drought stress
compared with P. hydropiper (Chen et al., 2014). Namely, stress
tolerant plants (characterized by slow growth) have consistently
higher N:P ratios than fast-growing plants in wetlands, as the
former can focus on the uptake of nitrate while maintaining P
reserves due to low internal P demands and efficient
conservation (Willby et al., 2001).

This study confirmed that water level, sediment type, and
their interaction significantly influence plant growth and plant
stoichiometry. Furthermore, we also established that the GRH is
valid for the whole plant of P. hydropiper and the aboveground
parts of both species, but not for whole plant of C. brevicuspis and
the belowground parts of both species. These results indicate that
the GRH needs to be refined for application to macrophytes.
However, our study was primarily based on controlled
incubation conditions with a relative short duration. Therefore,
further studies are still needed to test this hypothesis under long-
term natural conditions. In recent years, the area of C. brevicuspis
and P. hydropiper communities in Dongting Lake wetland were
seriously reduced due to reduced water levels and anthropogenic
disturbances. Therefore, understanding plant growth and
stoichiometry characteristics would contribute to the better
understanding of macrophytes ecological processes and to
establish effective measures for macrophytes’ protection and
biodiversity maintenance.
Frontiers in Plant Science | www.frontiersin.org 10
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Kasťovská, E., and Šantrůčková, H. (2011). Comparison of uptake of different N
forms by soil microorganisms and two wet - grassland plants: A pot study. Soil
Biol. Biochem. 43, 1285–1291. doi: 10.1016/j.soilbio.2011.02.021

Kerkhoff, A. J., and Enquist, B. J. (2006). Ecosystem allometry: the scaling of
nutrient stocks and primary productivity across plant communities. Ecol. Lett.
9, 419–427. doi: 10.1111/j.1461-0248.2006.00888.x

Li, F., Qin, X. Y., Xie, Y. H., Chen, X. S., Hu, J. Y., Liu, Y. Y., et al. (2012).
Physiological mechanisms for plant distribution pattern: responses to flooding
and drought in three wetland plants from Dongting Lake, China. Limnology 14,
71–76. doi: 10.1007/s10201-012-0386-4

Li, W., Cao, T., Ni, L., Zhang, X., Zhu, G., and Xie, P. (2013). Effects of water depth on
carbon, nitrogen and phosphorus stoichiometry of five submersed macrophytes in
an in situ experiment. Ecol. Eng. 61, 358–365. doi: 10.1016/j.ecoleng.2013.09.028

Li, L. P., Zerbe, S., Han, W. X., Thevs, N., Li, W. P., He, P., et al. (2014). Nitrogen
and phosphorus stoichiometry of common reed (Phragmites australis) and its
relationship to nutrient availability in northern China. Aquat. Bot. 112, 84–90.
doi: 10.1016/j.aquabot.2013.08.002

Li, F., Zhu, L. L., Xie, Y. H., Jiang, L., Chen, X. S., and Deng, Z. M. (2015).
Colonization by fragments of the submerged macrophyte Myriophyllum
spicatum under different sediment type and density conditions. Sci. Rep. 5,
1–9. doi: 10.1038/srep11821

Li, F., Zhu, L. L., Xie, Y. H., Liang, S. C., Hu, C., Chen, X. S., et al. (2016). Fragment
growth performance of the invasive submerged macrophyte Myriophyllum
spicatum under conditions of different water depths and sediment types.
Aquat. Ecol. 50, 727–734. doi: 10.1007/s10452-016-9589-9

Li, F., Xie, Y. H., Yang, G. S., Zhu, L. L., Hu, C., Chen, X. S., et al. (2017a).
Interactive influence of water level, sediment heterogeneity, and plant density
on the growth performance and root characteristics of Carex brevicuspis.
Limnologica 62, 111–117. doi: 10.1016/j.limno.2016.11.007

Li, F., Gao, H., Zhu, L. L., Xie, Y. H., Yang, G. S., Hu, C., et al. (2017b). Foliar
nitrogen and phosphorus stoichiometry of three wetland plants distributed
along an elevation gradient in Dongting Lake, China. Sci. Rep. 7, 1–9.
doi: 10.1038/s41598-017-03126-9

Li, F., Yang, N., Zhu, L. L., Xie, Y. H., Yang, G. S., Hu, C., et al. (2018a). Competition
and facilitation of two wetland macrophytes under different water levels and
nutrient-heterogeneous conditions. Freshw. Sci. 37, 296–306. doi: 10.1086/697964

Li, F., Hu, J. Y., Xie, Y. H., Yang, G. S., Hu, C., Chen, X. S., et al. (2018b). Foliar
stoichiometry of carbon, nitrogen, and phosphorus in wetland sedge Carex
brevicuspis along a small-scale elevation gradient. Ecol. Indic. 92, 322–329.
doi: 10.1016/j.ecolind.2017.04.059

Loladze, I., and Elser, J. J. (2011). The origins of the Redfield nitrogen - to -
phosphorus ratio are in a homoeostatic protein - to - rRNA ratio. Ecol. Lett. 14,
244–250. doi: 10.1111/j.1461-0248.2010.01577.x

Lovelock, C. E., Feller, I. C., Ball, M. C., Ellis, J., and Sorrell, B. (2007). Testing the
growth rate vs. geochemical hypothesis for latitudinal variation in plant
nutrients. Ecol. Lett. 10, 1154–1163. doi: 10.1111/j.1461-0248.2007.01112.x

Lowe, B. J., Watts, R. J., Roberts, J., and Robertson, A. (2010). The effect of experimental
inundation and sediment deposition on the survival and growth of two herbaceous
riverbank plant species. Plant Ecol. 209, 57–69. doi: 10.1007/s11258-010-9721-1

Luo, W., Xie, Y., Chen, X., Li, F., and Qin, X. (2010). Competition and facilitation
in three marsh plants in response to a water - level gradient.Wetlands 30, 525–
530. doi: 10.1007/s13157-010-0064-4

Madsen, T. V., and Cedergreen, N. (2002). Sources of nutrients to rooted
submerged macrophytes growing in a nutrient-rich river. Freshw. Biol. 47,
283–291. doi: 10.1046/j.1365-2427.2002.00802.x
Frontiers in Plant Science | www.frontiersin.org 11
Madsen, J. D., Chambers, P. A., James, W. F., Koch, E. W., and Westlake, D. F.
(2001). The interaction between water movement, sediment dynamics and
submersed macrophytes. Hydrobiologia 444, 71–84. doi: 10.1023/
A:1017520800568

Matzek, V., and Vitousek, P. M. (2009). N:P stoichiometry and protein : RNA
ratios in vascular plants: an evaluation of the growth - rate hypothesis. Ecol.
Lett. 12, 765–771. doi: 10.1111/j.1461-0248.2009.01310.x

McGroddy, M. E., Daufresne, T., and Hedin, L. O. (2004). Scaling of C:N:P
stoichiometry in forests worldwide: Implications of terrestrial redfield - type
ratios. Ecology 85, 2390–2401. doi: 10.1890/03-0351

Méndez, M., and Karlsson, P. S. (2005). Nutrient stoichiometry in Pinguicula
vulgaris nutrient availability, plant size, and reproductive status. Ecology 86,
982–991. doi: 10.1890/04-0354

Miao, S. L., and Zou, C. B. (2012). Effects of inundation on growth and nutrient
allocation of six major macrophytes in the Florida Everglades. Ecol. Eng. 42,
10–18. doi: 10.1016/j.ecoleng.2012.01.009

Minden, V., and Kleyer, M. (2014). Internal and external regulation of plant organ
stoichiometry. Plant Biol. 16, 897–907. doi: 10.1111/plb.12155

Morse, J. L., Megonigal, J. P., and Walbridge, M. R. (2004). Sediment nutrient
accumulation and nutrient availability in two tidal freshwater marshes along
the Mattaponi River, Virginia, USA. Biogeochemistry 69, 175–206.
doi: 10.1023/B:BIOG.0000031077.28527.a2

Niedermeier, A., and Robinson, J. S. (2007). Hydrological controls on soil redox
dynamics in a peat-based, restored wetland. Geoderma 137, 318–326.
doi: 10.1016/j.geoderma.2006.08.027

Niklas, K. J., Owens, T., Reich, P. B., and Cobb, E. D. (2005). Nitrogen/phosphorus
leaf stoichiometry and the scaling of plant growth. Ecol. Lett. 8, 636–642.
doi: 10.1111/j.1461-0248.2005.00759.x

Niklas, K. J. (2006). Plant allometry, leaf nitrogen and phosphorus stoichiometry,
and interspecific trends in annual growth rates. Ann. Bot. 97, 155–163.
doi: 10.1093/aob/mcj021

Peng, Y. H., Niklas, K. J., and Sun, S. C. (2010). The relationship between relative
growth rate and whole-plant C: N: P stoichiometry in plant seedlings grown
under nutrient-enriched conditions. J. Plant Ecol. 4, 147–156. doi: 10.1093/jpe/
rtq026

Peñuelas, J., and Sardans, J. (2009). Ecology: Elementary factors. Nature 460, 803–
804. doi: 10.1038/460803a

Recha, J. W., Lehmann, J., Walter, M. T., Pell, A., Verchot, L., and Johnson, M.
(2013). Stream water nutrient and organic carbon exports from tropical
headwater catchments at a soil degradation gradient. Nutr. Cycl. Agroecos.
95, 145–158. doi: 10.1007/s10705-013-9554-0

Reich, P. B., Oleksyn, J., and Tilman, G. D. (2004). Global patterns of plant leaf N
and P in relation to temperature and latitude. Proc. Natl. Acad. Sci. U. S. A. 101,
11001–11006. doi: 10.1073/pnas.0403588101

Saaltink, R. M., Dekker, S. C., Griffioen, J., and Wassen, M. J. (2018). Vegetation
growth and sediment dynamics in a created freshwater wetland. Ecol. Eng. 111,
11–21. doi: 10.1016/j.ecoleng.2017.11.020

Sardans, J., Rivas-Ubach, A., and Penuelas, J. (2012). The C:N:P stoichiometry of
organisms and ecosystems in a changing world: a review and perspectives.
Perspect. Plant Ecol. 14, 33–47. doi: 10.1016/j.ppees.2011.08.002

Schreeg, L. A., Santiago, L. S., Wright, S. J., and Turner, B. L. (2014). Stem, root,
and older leaf N:P ratios are more responsive indicators of soil nutrient
availability than new foliage. Ecology 95, 2062–2068. doi: 10.1890/13-1671.1

Sorrell, B. K., Mendelssohn, I. A., Mckee, K. L., and Woods, R. A. (2000).
Ecophysiology of wetland plant roots: a modelling comparison of aeration in
relation to species distribution. Ann. Bot. 86, 675–685. doi: 10.1006/
anbo.2000.1173

Steinman, A. D., Ogdahl, M. E., Weinert, M., Thompson, K., Cooper, M. J., and
Uzarski, D. G. (2012). Water level fluctuation and sediment - water nutrient
exchange in Great Lakes coastal wetlands. J. Great Lakes Res. 38, 766–775.
doi: 10.1016/j.jglr.2012.09.020

Sterner, R. W., and Elser, J. J. (2002). Ecological stoichiometry: the biology of
elements from molecules to the biosphere (Princeton and Oxford: Princeton
University Press).

Su, H. J., Wu, Y., Xie, P., Chen, J., Cao, T., and Xia, W. L. (2016). Effects of
taxonomy, sediment, and water column on C:N:P stoichiometry of submerged
macrophytes in Yangtze floodplain shallow lakes, China. Environ. Sci. Pollut. R.
23, 22577–22585. doi: 10.1007/s11356-016-7435-1
August 2020 | Volume 11 | Article 1191

https://doi.org/10.1111/j.1469-8137.2004.01192.x
https://doi.org/10.1111/j.0269-8463.2005.00967.x
https://doi.org/10.1111/j.0269-8463.2005.00967.x
https://doi.org/10.2307/1469781
https://doi.org/10.3389/fpls.2017.01922
https://doi.org/10.3389/fpls.2017.01922
https://doi.org/10.1016/j.soilbio.2011.02.021
https://doi.org/10.1111/j.1461-0248.2006.00888.x
https://doi.org/10.1007/s10201-012-0386-4
https://doi.org/10.1016/j.ecoleng.2013.09.028
https://doi.org/10.1016/j.aquabot.2013.08.002
https://doi.org/10.1038/srep11821
https://doi.org/10.1007/s10452-016-9589-9
https://doi.org/10.1016/j.limno.2016.11.007
https://doi.org/10.1038/s41598-017-03126-9
https://doi.org/10.1086/697964
https://doi.org/10.1016/j.ecolind.2017.04.059
https://doi.org/10.1111/j.1461-0248.2010.01577.x
https://doi.org/10.1111/j.1461-0248.2007.01112.x
https://doi.org/10.1007/s11258-010-9721-1
https://doi.org/10.1007/s13157-010-0064-4
https://doi.org/10.1046/j.1365-2427.2002.00802.x
https://doi.org/10.1023/A:1017520800568
https://doi.org/10.1023/A:1017520800568
https://doi.org/10.1111/j.1461-0248.2009.01310.x
https://doi.org/10.1890/03-0351
https://doi.org/10.1890/04-0354
https://doi.org/10.1016/j.ecoleng.2012.01.009
https://doi.org/10.1111/plb.12155
https://doi.org/10.1023/B:BIOG.0000031077.28527.a2
https://doi.org/10.1016/j.geoderma.2006.08.027
https://doi.org/10.1111/j.1461-0248.2005.00759.x
https://doi.org/10.1093/aob/mcj021
https://doi.org/10.1093/jpe/rtq026
https://doi.org/10.1093/jpe/rtq026
https://doi.org/10.1038/460803a
https://doi.org/10.1007/s10705-013-9554-0
https://doi.org/10.1073/pnas.0403588101
https://doi.org/10.1016/j.ecoleng.2017.11.020
https://doi.org/10.1016/j.ppees.2011.08.002
https://doi.org/10.1890/13-1671.1
https://doi.org/10.1006/anbo.2000.1173
https://doi.org/10.1006/anbo.2000.1173
https://doi.org/10.1016/j.jglr.2012.09.020
https://doi.org/10.1007/s11356-016-7435-1
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Hu et al. Growth Rate Hypothesis of Macrophyte
Wang, W. Q., Wang, C., Sardans, J., Tong, C., Jia, R. X., Zeng, C. S., et al. (2015a).
Flood regime affects soil stoichiometry and the distribution of the invasive
plants in subtropical estuarine wetlands in China. Catena 128, 144–154.
doi: 10.1016/j.catena.2015.01.017

Wang, W. Q., Sardans, J., Wang, C., Zeng, C. S., Tong, C., Asensio, D., et al.
(2015b). Ecological stoichiometry of C, N, and P of invasive Phragmites
australis and native Cyperus malaccensis species in the Minjiang River tidal
estuarine wetlands of China. Plant Ecol. 216, 809–822. doi: 10.1007/11258-015-
0469-5

Wang, A., Wang, X., Tognetti, R., Lei, J., P. Pan, H. L., Liu, X. L., et al. (2018).
Elevation alters carbon and nutrient concentrations and stoichiometry in
Quercus aquifolioides in southwestern China. Sci. Total Environ. 622–623,
1463–1475. doi: 10.1016/j.scitotenv.2017.12.070

Wheeler, B. D. (1999). “Water and plants in freshwater wetlands,” in Eco-
hydrology: Plants and water in terrestrial and aquatic environments (London:
Routledge).

Willby, N. J., Pulford, I. D., and Flowers, T. H. (2001). Tissue nutrient signatures
predict herbaceous-wetland community responses to nutrient availability. New
Phytol. 152, 463–481. doi: 10.1046/j.0028-646X.2001.00274.x

Wright, I. J., Reich, P. B., Cornelissen, J. H. C., Falster, D. S., Garnier, E., Hikosaka,
K., et al. (2005). Assessing the generality of global leaf trait relationships. New
Phytol. 166, 485–496. doi: 10.1111/j.1469-8137.2005.01349.x

Xie, Y. H., Deng, W., and Wang, J. D. (2007a). Growth and root distribution of
Vallisneria natans in heterogeneous sediment environments. Aquat. Bot. 86, 9–
13. doi: 10.1016/j.aquabot.2006.08.002

Xie, Y. H., Luo, W. B., Ren, B., and Li, F. (2007b). Morphological and physiological
responses to sediment type and light availability in roots of the submerged
plant Myriophyllum spicatum. Ann. Bot. 100, 1517–1523. doi: 10.1093/aob/
mcm236

Xie, Y. H., Ren, B., and Li, F. (2009). Increased nutrient supply facilitates acclimation
to high-water level in the marsh plantDeyeuxia angustifolia: The response of root
morphology. Aquat. Bot. 91, 1–5. doi: 10.1016/j.aquabot.2008.12.004
Frontiers in Plant Science | www.frontiersin.org 12
Yan, X., Yu, D., and Li, Y. K. (2006). The effects of elevated CO2 on clonal growth
and nutrient content of submerge plant Vallisneria spinulosa. Chemosphere 62,
595–601. doi: 10.1016/j.chemosphere.2005.06.018

Yu, Q., Wu, H. H., He, N. P., Lu, X. T., Wang, Z. P., Elser, J. J., et al. (2012). Testing
the growth rate hypothesis in vascular plants with above- and below-ground
biomass. PLoS One 7, 1–9. doi: 10.1371/journal.pone.0032162

Yuan, G. X., Cao, T., Fu, H., Ni, L. Y., Zhang, X. L., Li, W., et al. (2013). Linking
carbon and nitrogen metabolism to depth distribution of submersed
macrophytes using high ammonium dosing tests and a lake survey. Freshw.
Biol. 58, 2532–2540. doi: 10.1111/fwb.12230

Yuan, G., Fu, H., Zhong, J., Lou, Q., Ni, L., and Cao, T. (2016). Growth and C/
N metabolism of three submersed macrophytes in response to water
depths. Environ. Exp. Bot. 122, 94–99. doi: 10.1016/j.envexpbot.
2015.09.009

Zeng, Q. C., Lal, R., Chen, Y. N., and An, S. S. (2017). Soil, leaf and root
ecological stoichiometry of Caragana korshinskii on the loess plateau of
China in relation to plantation age. PLoS One 12, 1–12. doi: 10.1371/
journal.pone.0168890

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer [X-TL] declared a shared affiliation, though no other collaboration,
with several of the authors [FL, Y-HX, X-SC, Z-MD] to the handling Editor.

Copyright © 2020 Hu, Li, Yang, Xie, Chen and Deng. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
August 2020 | Volume 11 | Article 1191

https://doi.org/10.1016/j.catena.2015.01.017
https://doi.org/10.1007/11258-015-0469-5
https://doi.org/10.1007/11258-015-0469-5
https://doi.org/10.1016/j.scitotenv.2017.12.070
https://doi.org/10.1046/j.0028-646X.2001.00274.x
https://doi.org/10.1111/j.1469-8137.2005.01349.x
https://doi.org/10.1016/j.aquabot.2006.08.002
https://doi.org/10.1093/aob/mcm236
https://doi.org/10.1093/aob/mcm236
https://doi.org/10.1016/j.aquabot.2008.12.004
https://doi.org/10.1016/j.chemosphere.2005.06.018
https://doi.org/10.1371/journal.pone.0032162
https://doi.org/10.1111/fwb.12230
https://doi.org/10.1016/j.envexpbot.2015.09.009
https://doi.org/10.1016/j.envexpbot.2015.09.009
https://doi.org/10.1371/journal.pone.0168890
https://doi.org/10.1371/journal.pone.0168890
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Testing the Growth Rate Hypothesis in Two Wetland Macrophytes Under Different Water Level and Sediment Type Conditions
	Introduction
	Materials and Methods
	Study Site and Plant Materials
	Sampling
	Experimental Design
	Harvest and Measurements
	Total C, N, and P Concentrations
	Statistical Analyses

	Results
	RGRs of C. brevicuspis and P. hydropiper
	Total C, N, and P Concentrations
	C, N, and P Stoichiometry Ratios
	Relationships of RGR With C, N, and P Stoichiometry

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


