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Temperature comprises a major driver for species distribution and physiological
processes in alpine plants. For all terrestrial plant species tested to date, elevation
associated decreases in temperature have been observed to influence the balance
between carbon acquisition and usage; restricting the upper limit of most alpine trees
(i.e., treeline). However, such a carbon source-sink balance has not been tested in any
alpine aquatic plants, which is an important component of the alpine aquatic ecosystem.
The Myriophyllum species inhabits a broad range of habitats across the high-
altitude plateau. Three Myriophyllum species (Myriophyllum spicatum, Myriophyllum
verticillatum, and Myriophyllum sibiricum) from 12 water bodies at elevational gradients
between 2766 and 5111 m were collected in the Qinghai-Tibetan Plateau. The late
growing seasonal concentrations of non-structural carbohydrates (NSC) in the leaves
were measured to find how high-altitude conditions influence the carbon balance
in aquatic plants. Regression tree analysis separated the 12 water bodies into two
groups according to water turbidity (seven water bodies with high turbidity and five
water bodies with low turbidity). Overall, leaf NSC concentrations (primarily starch)
decreased significantly with increasing elevation in widely distributed M. spicatum and
M. verticillatum. Regression tree analysis indicated that water turbidity (i.e., shady
environment) was a strong determinant of leaf NSC. In the low turbidity group (<3.5
NTU), leaf NSC concentrations decreased with increasing elevation; however, in the high
turbidity group (>3.5 NTU), leaf NSC concentrations were low and had no association
with elevation. Unlike most recent studies in tree species, which show low temperatures
limited growth at high-elevations, our results demonstrated that carbon gain limitation
is the primary mechanism for the elevational distribution limit of Myriophyllum species
in the Qinghai-Tibetan Plateau. Moreover, water turbidity moderated the effects of low
temperature by masking the expected carbon limitation trend. Therefore, at least two
environmental factors (i.e., temperature and light availability) induced photosynthesis
decreases might explain the NSC responses for aquatic plants in response to elevation.

Keywords: alpine submerged macrophytes, growth-limitation hypothesis, high-altitude plateau, low temperature,
Myriophyllum, non-structural carbohydrates
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INTRODUCTION

At high-elevations, plants often face severe environmental
conditions, such as low temperature, ice/snow cover and high
ultraviolet-B radiation, which restrict growth, reproduction,
and many metabolic functions (Lacoul and Freedman, 2006a;
Aichner et al, 2010; Loayza-Muro et al, 2013). Several
studies on terrestrial plants have demonstrated the existence
of low temperature-adapted patterns in phenology (Potvin,
1986), growth (Shi et al., 2008) and morphology (Alvarez-Uria
and Korner, 2007). Although the aquatic environment may
affect elevation gradient responses by buffering temperature
fluctuations, the diversity of aquatic plant species have been
associated with (water) temperature across elevation gradients,
ranging from 77 to 4980 m in the Himalayas (Lacoul and
Freedman, 2006b). Jones et al. (2003) also revealed that species
richness declined with the increase of elevation in Cumbria,
United Kingdom (elevation gradients range from 2 to 837 m).
These findings are similar to those for terrestrial plants, where
previous studies have attempted to utilize environmental factors,
such as temperature and water availability, to explain their
physiological mechanisms in response to high elevations (Kérner,
1998; Hoch et al,, 2002; Hoch and Kérner, 2009; Fajardo et al.,
2011); however, we have little knowledge of the elevational
responses in aquatic plants.

Common plant species with extensive distribution may
perform well under a broad range of environmental conditions
(Joshi et al., 2001). Many aquatic plant species are widely
dispersed, reproduce asexually, and often possess limited genetic
variation (Santamaria, 2002). The successful propagation of
aquatic plants under variable environmental conditions is
often linked to their phenotypic plasticity. For instance, Ganie
et al. (2014) observed that morphogenic plasticity caused the
successful propagation of 10 Potamogeton species across habitats
with different water flow types in the Kashmir Himalayas.
Environmentally induced phenotypic plasticity may lead to rapid
changes in plant phenotypic characteristics, which support the
survival, reproduction, and dispersal of aquatic plant species
across a broad range of habitats (Ganie et al., 2014).

Elevation associated temperature is regarded as one of the
major drivers of plant distribution and individual physiological
processes, not only for terrestrial plants (Hoch and Korner, 2009),
but also for aquatic plants (Rooney and Kalff, 2000). Aquatic
plants (particularly submerged macrophytes) are believed to
be eurythermic and able to thrive under a wide range of
temperatures (Madsen and Brix, 1997). A research from global
dataset revealed that physiological acclimation of plants will lead
increase of leaf nitrogen (N) and phosphorus (P) concentrations
to offset the depressed biochemical efficiencies (e.g., N-rich
enzymes and P-rich RNA) in colder, rather than warmer, climates
(Reich and Oleksyn, 2004). The changes of leaf N and P
concentrations will also regulate carbon (C) acquisition and
use in plants (Reich and Oleksyn, 2004). When exposed to
low temperatures/cold stress environments, perennial aquatic
plant species typically exhibit physiological plasticity, in terms
of photosynthesis, storage accumulation and nutrient elements
absorption (Madsen and Brix, 1997; Klime$ et al, 1999;

Olesen and Madsen, 2000). For instance, Wang et al. (2015) found
increased concentrations of leaf N and P in aquatic plants in
response to low temperatures in the Qinghai-Tibetan Plateau.
Being different from plants in terrestrial habitats, aquatic plants
in high elevational water bodies are not only subjected to extreme
low-temperature environmental conditions, but also shade
stresses (e.g., from high suspended organic and/or inorganic
particle concentrations and filamentous algae) (Jackbsen, 2008).
Although alpine water bodies are typically clear, some high
mountain lakes show specific turbid stages related to the thermal
budget of the lakes with cold turbid water inflow (Root et al.,
2006). Even within very short distances, some streams may also
exhibit very different mean levels and ranges of suspended solids
(Jackbsen, 2008). Surprisingly, despite the relatively extensive
literature dealing with aquatic plants in response to temperature
or shade gradients, to our knowledge, few studies have considered
the potentially simultaneous influences of temperature decreases
and turbid stages on the distribution of submerged macrophytes
at high elevations.

For both terrestrial and aquatic plants, non-structural
carbohydrates (NSC) including soluble sugars and starches
are common storage molecules, which serve to increase plant
survival and recovery in habitats with frequent disturbances
(Puijalon et al., 2008; Huber et al., 2012; Adams et al., 2013).
Previous studies with terrestrial plants have shown that elevation-
induced low temperatures trigger the increased storage of NSC
in woody tissue, and growth restriction of multiple tree species
in the treeline ecotone (Hoch et al.,, 2002; Shi et al., 2008;
Fajardo et al., 2012). These results indicated that tree cell and
tissue formation are initially limited by elevation associated
decreases in temperature (i.e., growth-limitation hypothesis,
GLH) (Koérner, 1998), and not what was previously thought;
that low temperatures limited photosynthetic decline, which
limited plant growth at high-elevations (i.e., carbon-limitation
hypothesis, CLH). A growing number of studies support the
GLH in trees (e.g., Shi et al., 2008; Fajardo et al., 2012; Palacio
et al., 2014; Hoch, 2015); however, several studies suggested that
a direct connection between NSC accumulation and restrained
growth was inconclusive (Wiley and Helliker, 2012; Fajardo
and Piper, 2014). The most straightforward approach for the
resolution of such a debate was the comparison of NSC
concentrations of plant species along an elevational gradient
(Fajardo et al., 2011). There has only been a single study that
measured NSC concentrations in the rhizomes of emergent
macrophyte Phragmites australis (Cav.) Trin. ex Steud. at two
elevations (400 and 1350 m, respectively), and found that the
NSC concentrations of rhizomes were higher in the high, rather
than the low, elevation site (1350 m, 35.2% compared with 30.5%,
respectively) (Klimes et al., 1999). Hence, a better understanding
is required in terms of how the energy storage of aquatic plants
responds to a wide range of elevations.

The principal aim of this study was to test the C acquisition-
demand balance in submerged alpine macrophytes in response
to variable elevational temperature gradients, and the influence
of water turbidity on the response of the C balance to elevation
(Figure 1). We addressed the following questions: (1) do NSC
concentrations of Myriophyllum species increase or decrease
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FIGURE 1 | Expected trends of non-structural carbohydrate concentrations
(NSC) with elevational gradients (temperature effects) according to the
growth-limitation hypothesis (GLH; black lines) and carbon-limitation
hypothesis (CLH; gray lines), which considers the alternative effects of water
turbidity. The effect of temperature on either the photosynthesis (CLH), or the
growth (GLH) is displayed by continuous lines. The alternative impact of water
turbidity is displayed by long-dashed lines. If supporting the GLH, a steeper
NSC-elevation slope is predicted (black long-dashed line). In contrast,

if supporting the CLH, higher NSC concentrations are anticipated to occur at
lower elevations (with higher temperatures) (gray long-dashed line) (see text
for further details on the expectations).

with elevation; and (2) besides temperature, how do water
turbidity alter the C balance in plants in response to an
elevational gradient? The genus Myriophyllum species were used
because these species comprise submerged macrophytes that
occupy an extensive range of habitats globally, including high-
elevation regions (Cook, 1990; Jackbsen, 2008). The Qinghai-
Tibetan Plateau, in China is a unique geographic unit that
is subject to harsh environmental conditions (e.g., mean
altitude over 4000 m; the average warmest month temperature
is below 10°C in large areas). There are multiple shallow
lakes, which are covered with aquatic macrophytes during
the short growing season (5-6 months). This region provides
an ideal platform for the investigation of the responses of
plants along an elevational gradient. The genus Myriophyllum,
primarily Myriophyllum spicatum, Myriophyllum verticillatum,
and Myriophyllum sibiricum, represents one of the largest aquatic
genera, and inhabits a broad range of habitats across the Qinghai-
Tibetan Plateau (Aichner et al., 2010; Wang et al.,, 2015; Wu
etal., 2016). Based on previous trends of NSC concentrations (in
trees) with elevational gradients, we anticipated that if increasing
elevation (decreased temperatures) reduced plant growth (C
consumption) more than photosynthesis (C accumulation), the
NSC will increase with elevation (acquisition > demand),
supporting the GLH (Figure 1; decreasing continuous black
line). Conversely, if photosynthesis becomes more limited than
growth, in correspondence with increasing elevation, the NSC
will decrease (acquisition < demand), which is supportive to
the CLH (Figure 1; increasing continuous gray line). Moreover,
water turbidity may limit C gains in submerged macrophytes
(e.g., Lacoul and Freedman, 2006a; Puijalon et al., 2008; Huber
et al, 2012); therefore, lower NSC concentrations may be

associated with higher water turbidity (Figure 1, long-dashed
lines). In addition, if temperature acts to limit plant more so
than photosynthesis (GLH), a steeper NSC-elevation slope may
be predicted, as water turbidity reduces the amount of light that is
available for photosynthesis (Figure 1, black long-dashed line). In
contrast, if temperature limits photosynthesis more than growth
(CLH), a steeper NSC-elevation slope is also expected to occur in
the opposite direction (Figure 1, gray long-dashed line), in that
photosynthesis increases with temperature.

MATERIALS AND METHODS

Study Sites

In this study, we sampled 12 water bodies in the Qinghai-Tibetan
Plateau, China, spanning a gradient of 1100 km, from east to west.
The total elevation gradient spanned from between 2766 and
5111 m. As NSC levels are more stable at the end of the growing
season (Madsen, 1997; Hoch and Korner, 2009), all samples were
collected during July to August, 2012. The water bodies that
we selected to study for Myriophyllum species were based on
extensive field reconnaissance. We focused on near-pristine (no
point sources of pollution, no obvious signs of human impact
or grazing) water bodies. More information in regard to the
investigation of these water bodies is provided in Supplementary
Table 1.

Field Sampling and Environmental
Variables

At each water body, sampling points were established along a
sampling line (200 m) every 30 m, where six individual plants
(without leaf damage) were selected for sampling. From each
sampled individual, upper shoot leaf tissues were collected from
between 10:00 and 15:00 h. All plant samples were rinsed/cleaned
with tap water, and then bagged, labeled, and sealed over silica gel
in order to dry the samples.

To gain a better mechanistic understanding of the variation
of NSC, we measured a number of physical characteristics,
including conductivity (S cm™ ), pH, salinity (%), total
dissolved solids (ml 17!), dissolved oxygen (ml 17!), and
turbidity (Nephelometric Turbidity Units, NTU) with a handheld
multi-parameter meter (Proplus, YSI, Yellow Springs, OH,
United States) at each sampling water body, from 10:00 to
15:00 h. At each designated water body, three water samples
were extracted from a depth of 20 cm and initially filtered
with a GF/F filter, and then employed to determine water
chemical characteristics, including total nitrogen (TN, ml 17}),
total phosphorus (TP, ml 171), NH4;* (ml 17!), and NO;3~
(ml 171), using an ion chromatography system (ICS-1000,
Dionex, Sunnyvale, CA, United States). We derived the growth
season temperature (GST) of each water body by entering
their geographic coordinates into equations from data collected
at meteorological stations across China between the years of
1949 and 1999 (Fang et al., 2001; Wang et al, 2015). The
GST is negatively correlated to the elevation (Supplementary
Figure 1).
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Non-structural Carbohydrate Analysis

Prior to analysis, all leaf samples were dried to a constant weight
at 80°C for 48 h and then ground into a fine powder. The
NSC concentrations, including free low molecular weight soluble
sugars (SS, including glucose, fructose, and sucrose) and starch,
were analyzed using an Agilent 1290/6460 liquid chromatography
system and tandem mass spectrometer (Agilent Technologies,
Santa Clara, CA, United States) with a Waters XBridgeTM BEH
Amide 2.5 um 2.1 x 50 mm XP column (Waters, Milford,
MA, United States). Approximately 20 mg of plant powder
samples were extracted with 2 ml of ethanol (80%, v/v) at
80°C for 30 min., and then centrifuged (10,000 g for 10 min.).
Subsequent to three extraction processes, the supernatant was
utilized for the determination of SS, and the residue was dried
with nitrogen for 24 h to dislodge any ethanol. The starch was
initially hydrolyzed with diastase (Tokyo Chemical Industry,
Japan) (60°C for 10 min.) and then analyzed using the same
method as for the determination of SS. We added SS and starch
concentrations to obtain NSC concentrations. All sugar and
starch concentrations in these tissue samples were expressed as
per unit of weight (mg g~ !).

Statistical Analysis

To describe and quantify the environment of the individual
water bodies, we used the nine characteristic variables (GST, pH,
salinity, dissolved oxygen, turbidity, TN, TP, NH4", NO3™) to
create principal component analysis (PCA) that together explain
nearly 87.35% of the variation present in the original nine
variables (Supplementary Figure 2). The resulting components
represent two combinations of the original environmental data,
with the first one (Comp.1, 54.29%) mainly representing GST,
dissolved oxygen, turbidity and total nitrogen, the second one
(Comp.2, 33.06%) mainly representing GST, dissolved oxygen
and turbidity. The princomp function in R was used for
conducting the PCA analysis.

Regression tree analysis is well-suited for data that have
complex ecological interactions among environmental variables,
which forward selected variables (De’ath and Fabricius, 2000).
Therefore, our data was initially divided into two water turbidity
groups (high turbidity group vs. low turbidity group) using
the regression tree, via the analysis of the untransformed NSC
concentration data (high turbidity: > 3.97 NTU, six water bodies;
low turbidity: < 3.97 NTU, six water bodies, Supplementary
Figure 3). There were four water physical and chemical
measurements from PCA1 (GST, dissolved oxygen, turbidity,
and total nitrogen) that were employed for the regression tree
analysis, which was conducted using the rpart and partykit
packages in R. All of the experimental data were then transformed
using log(x) or sqrt(x) functions to meet the assumptions of
homogeneity in variance and normality.

To study whether the NSC concentration trends of
Myriophyllum species increased or decreased with elevation, we
used the model II regression to fit a linear relationship between
the individual NSC concentration and elevational gradients
in the high turbidity, and low turbidity groups, respectively
(Imodel2 R package) (Fajardo et al., 2011). However, in the high

turbidity group, we found that the slopes of model II regressions
did not differ from 0 (P > 0.05). We subsequently employed
a linear mixed effect model (Ime) to compare the mean values
between sites, using the GST and turbidity as fixed factors, and
the water bodies as the random factors (nlme R package). All
statistical analyses were performed with R version 3.2.0".

RESULTS
Overall, across the three Myriophyllum species, NSC
concentrations in the leaves were observed to decrease

significantly with elevation (Figure 2A). In most sampled water
bodies, starch was the primary component of leaf NSC (mean
61.7%, Figure 2). Leaf starch concentrations also decreased
with elevation (Figure 2B); however, leaf SS did not vary
significantly with elevation (F = 1.713, P = 0.144) (Figure 2C).
Among individual species, leaf NSC and starch concentrations
of M. spicatum and M. verticillatum decreased with elevation
(except for NSC concentrations in M. verticillatum, Figures 2A,B
and Supplementary Table 2). For M. sibiricum; however, NSC
and SS concentrations increased significantly with elevation,
although there were only two water bodies that contained this
species (Figures 2A,C and Supplementary Table 2).

With the water bodies classified into two water turbidity
groups by regression tree analysis, the leaf NSC and starch
concentrations were found to decrease with higher elevations
in the low turbidity group (<3.97 NTU); however, in the high
turbidity group (>3.97 NTU), no such significant trend was
observed (Table 1). In contrast, SS concentrations did not
reveal a significant association with elevation, in either the low
turbidity or high turbidity groups. Similar trends occurred with
GST (Table 1). For water bodies in the low turbidity group,
both NSC and starch concentrations increased significantly with
GST (Figures 3A,B); however, the relationship between the SS
concentration and GST was not significant in the high turbidity
group (Figure 3C). Nevertheless, for water bodies with high
turbidity, the starch concentrations decreased with GST, the
SS concentrations increased with GST (Figures 3D-F). On
average, plants from the low turbidity group had higher NSC and
starch concentrations than those from the high turbidity group
(Figure 3).

The GST and water turbidity comprised the two critical
factors that affected the leaf NSC and starch concentrations
across all elevations (Supplementary Figure 4 and Supplementary
Table 3). However, the interaction between GST and turbidity
was only significant in the starch concentrations (Supplementary
Table 3). The NSC and starch concentrations were positively
correlated with temperature, but negatively correlated with the
water turbidity (Supplementary Figure 4).

DISCUSSION

The majority of our results found support for the CLH, rather
than the GLH. Among the three Myriophyllum species, our data

'http://www.t-project.org.
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FIGURE 2 | Relationships of the non-structural carbohydrate (NSC) (A),
starch (B), and SS (soluble sugars) of leaves (C) in response to elevation for
three Myriophyllum species (M. spicatum, M. verticillatum and M. sibiricum)
combined at the Qinghai-Tibetan Plateau, China. Black lines represent the
combined regression lines of three Myriophyllum species. Only the significant
relationships are presented. Please see Appendix S2 for statistical details. The
data are presented with a mean + 2 standard error. NSC = SS + starch.

revealed that leaf NSC concentrations decreased with elevation,
although NSC concentrations in M. sibiricum demonstrated an
increased trend with elevation (albeit there were only two water
bodies involved). In contrast to our results, several previous
studies from tree species reported an increasing trend of plant
tissue NSC concentrations with elevation (e.g., Fajardo et al,,
2012; Hoch, 2015). According to the GLH, the growth of
trees is initially limited by the decreased temperatures that
are inherent to higher elevations, particularly in the treeline
area (Korner, 1998), because cell division and expansion are
more sensitive to low temperature than photosynthesis (Palacio
et al, 2014). However, aquatic environments involve more

complexity than terrestrial environments (Lacoul and Freedman,
2005), in that they require additional heat to alter the water
temperature, in comparison to changing the air temperature.
Thus, terrestrial environments have much greater daily/seasonal
changes in temperature than aquatic environments; hence,
terrestrial organisms (e.g., trees) must have the capacity to
tolerate a wider range of temperature ranges.

Although increased temperature has been observed to
enhance the growth of several types of submerged macrophytes,
this phenomenon is more significant in clear and deep lakes
(Rooney and Kalff, 2000). However, in shallow/highly eutrophic
lakes, the increased growth of submerged macrophytes under
elevated water temperatures would be restrained due to high
levels of periphyton/phytoplankton shading, unless this light-
limitation is somehow overcome (Cao et al., 2014; Dalinsky et al.,
2014). Additionally, submerged macrophyte responses to water
temperature are also species-specific. For instance, Patrick et al.
(2012) suggested that water temperature elevation, as the result
of climate change, extends the growing season for M. spicatum,
but not for M. sibiricum. They also found strong interactions
between the Myriophyllum species and zooplankton abundance,
which indirectly influenced shading effects due to periphyton
abundance under warming water conditions (Patrick et al., 2012).
All of these studies suggested that, aside from water temperature,
subsurface light conditions may modify the growth of submerged
macrophytes.

Our results also revealed that the turbidity of each sampled
water body was the most significant factor that affected leaf
NSC concentrations in all sampled Myriophyllum species, which
also altered the relationship between NSC storage in response to
GST. It is known that, at least in lowland areas, light availability
(primarily influenced by periphyton/phytoplankton abundance)
in the water column, controls the species richness and abundance
of submerged macrophytes (Rooney and Kalff, 2000; Lauridsen
etal., 2015).

In high-elevation lakes, however, water transparency was
associated with suspended solids, not periphyton/phytoplankton
abundance, due to low nutrient concentrations (Lacoul and
Freedman, 2005). Lacoul and Freedman (2005) studied 34 lakes
in the Himalayan Mountains, Nepal, and found that the lakes
of the high Himalayan Mountain region (from 4200 to 5600 m
in elevation) possessed much higher clarity than those at lower
elevations. They found that the Secchi depth of most lakes in the
high mountain (from 2900 to 3600 m in elevation) was less than
2.5m (Lacoul and Freedman, 2005). We also found that the water
bodies at above 4500 m had increased transparency, although we
employed a different indicator (i.e., water turbidity). In our study,
the water clarity tendency was matched with the NSC variation
tendency.

Several studies on aquatic plants supported our results, and
revealed that high light availability had a significant effect on the
accumulation of NSC in shoots, which was positively correlated
with increases in biomass (e.g., Huber et al, 2012). Indeed,
at high-elevations, such as in the Hymalayan region, high-
transparency aqueous habitats are highly suitable for the growth
of submerged macrophytes (Lacoul and Freedman, 2006b).
In addition, previous in situ experiments revealed that the
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TABLE 1 | Equations and R? and P values for non-structural carbohydrate (NSC), starch and soluble sugar (SS) concentrations in relation to elevation (m) and growth

season temperature (GST, °C) for the Myriophyllum species. Model Il linear equations were introduced to fit the data.

Variables Source Equation r P (1-tailed) n
NSC Low turbidity logNSC = —6.28 x 10~° x elevation + 0.487 0.18 451 x 1078 36
High turbidity logNSC = —9.41 x 10~° x elevation + 0.581 0.01 0.32 36
Starch Low turbidity logStarch = —3.34 x 10~* x elevation + 2.847 0.20 2.97 x 1078 36
High turbidity logStarch = 5.21 x 10~4 x elevation — 0.879 0.05 0.09 36
SS Low turbidity sqrtSS = —1.81 x 108 x elevation + 11.118 <0.01 0.34 36
High turbidity sqrtSS = —3.27 x 1073 x elevation + 17.538 0.09 0.04 36
NSC Low turbidity IogNSC = 1.16 x 1072 x GST + 0.129 0.45 3.62 x 1076 36
High turbidity logNSC = 1.45 x 1072 x GST + 0.070 0.01 0.30 36
Starch Low turbidity logStarch = 0.06 x GST + 0.943 0.40 2.00 x 107° 36
High turbidity logStarch = —0.08 x GST + 2.145 0.10 0.03 36
SS Low turbidity sgrtSS = 0.33 x GST + 0.781 0.05 0.09 36
High turbidity sgrtSS = 0.51 x GST — 0.242 0.20 3.07 x 1078 36
Low turbidity High turbidity
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FIGURE 3 | Relationships of the non-structural carbohydrate (NSC), starch and SS (soluble sugars) of leaves to mean annual temperature (GST, °C) in low turbidity
(<3.97 NTU, A-C, including five water bodies) and high turbidity (>3.97 NTU, D-F, including seven water bodies) sampled water bodies, respectively. In low
turbidity water bodies, the GST ranged from 4.0 to 16.3°C; In high turbidity water bodies, the GST ranged from 5.3 to 12.7°C. The data are presented with a
mean =+ 2 standard error. Only the significant relationships are presented. Please see Table 1 for statistical details.

relative growth rates (RGR) in submerged macrophytes were not
significantly affected by temperature; however, photosynthetic
rates were positively correlated to temperature and were similar
between environments with comparable light availability (e.g.,
Riis et al., 2012). These data highlighted that additional NSC, and
no increase in RGR, may be expected under high-temperature

conditions, due to the increase of photosynthesis. Furthermore,
similar trends of starch concentration in both low and
high turbidities were observed. Both slopes between starch
concentrations and elevation/GST in low turbidity were higher
than slopes from high turbidity, which supported our hypothesis
that Myriophyllum species were carbon limited due to the
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photosynthesis limitation by high water turbidity. However,
starch cannot be utilized directly by the plant and must be
transformed to soluble sugar for utilization (Hajirezaei et al.,
2003). The SS is a successful resource supply in maintaining plant
growth rather than starch. Indeed, the SS concentration is related
to tissue growth and may regulate hormone concentrations
to modify the plant’s morphology (Huber et al, 2012; Deng
et al., 2013). In our study, the increased SS concentrations in
high turbidity group may reflect the growth of leaves to avoid
shading in high GST condition. However, SS concentrations
were in high levels in low turbidity conditions, which may
serve to response to immediate environmental changes (e.g.,
low light or low temperature) and sustain cell growth (Huber
et al., 2012). Therefore, light availability, in conjunction with
water temperature, determined the distribution and growth of
submerged macrophytes (at least for the Myriophyllum species)
in high-elevation regions.

Palacio et al. (2014) argued that NSC storage in annual
herbaceous Arabidopsis plants is different from that of trees,
in that when C becomes limiting in these annual plants, it is
most likely that all stores within the plant are mobilized and
consumed. We support the argument that at low elevations, the
NSC storage in Myriophyllum species is employed for growth
and respiration, and the NSC is maintained at a low level during
the growing season (Madsen, 1997). However, most of the data
available to date, on NSC in response to elevation is derived from
the treeline ecotone, which is far different from aquatic habitats
(e.g., no changes in light conditions). Our study raises a number
of questions (e.g., is such NSC response trend consistent in other
species and larger scale?) in terms of explaining the tradeoffs
between storage and growth in submerged macrophytes under
high-elevation environments.

Additionally, inorganic C limited photosynthesis is much
more common in aquatic, rather than terrestrial plants (Pedersen
et al., 2013). In aquatic habitats, free CO, constitutes only a
small proportion of C resources in the water column, as the
diffusion velocity of free CO, comprises only 1/10000 in the
water column in contrast to the ambient atmosphere (James
and Larkum, 1996). Plants growing in such environments often
experience low dissolved inorganic C availability conditions, as
photosynthesis reduces CO, concentrations to a very low level
(Jones et al., 2002; Bornette and Puijalon, 2011).

All submerged macrophytes utilize dissolved CO, directly,
unless there is a considerable fluctuation in the pH value of the
water (Schippers et al., 2004). Many submerged macrophytes
have evolved alternative capacities to obtain C (i.e., bicarbonate
usage) in order to acclimatize to low dissolved CO; conditions
(Schippers et al., 2004; Cavalli et al., 2012). In our study, although
bicarbonate concentrations in water bodies were not tested
(because it is very difficult to bring the water samples back to
the lab), most of the pH values from the sampled water bodies
exceeded 8.22 (except one pH value 7.4). At this pH value range,
the quantity of dissolved CO, is very low, where bicarbonate
is the dominant source of C for the Myriophyllum species.
Lacoul and Freedman (2006b) also reported that the water
bicarbonate concentration is one of the major influences (e.g.,
temperature, lake surface area, suspended solids, bicarbonate

and dissolved phosphorus) related to aquatic plant distribution
and species richness in the Himalayas; however, compared with
water transparency, pH value and bicarbonate concentrations
only significantly influence aquatic plant distribution and
species richness over larger geographical gradients. These results
highlighted that the distribution of these plants in this region is
likely associated with photosynthesis, which is mainly influenced
by water transparency characteristics, such as water turbidity or
Secchi depth.

We also compared stoichiometric data between the Qinghai-
Tibetan Plateau and the middle and lower reaches of the
Yangtze River, and found that the elemental C concentrations
in M. spicatum were lower in the first region (Qinghai-Tibetan
Plateau: 344.7 mg g~ '; middle and lower reaches of the Yangtze
River: 359.9 mg g~ !) (Xing et al., 2013; Wang et al., 2015). This
result at least partly reflected that there was support for carbon
limitation (i.e., photosynthesis is limited by low temperature/low
light condition) as an explanation in M. spicatum, in terms of
how this species responded to higher elevations, which indicated
high physiological plasticity in submerged macrophytes under
different environmental conditions (Santamaria, 2002; Bornette
and Puijalon, 2011).

CONCLUSION

The leaf NSC concentrations in Myriophyllum species decreased
with elevation. We suggest that this trend in NSC is attributable
to the physiological plasticity of submerged macrophytes in
response to light availability (e.g., water turbidity in our study).
Our results implied no support for the GLH (i.e, harsh
environmental conditions restricted cell division and expansion).
At least two environmental factors (i.e., temperature and light
availability/water turbidity) induced photosynthesis decreases
might explain the NSC responses for submerged macrophytes
in response to elevation at the Qinghai-Tibetan Plateau. More
data is required in terms of multiple species to research how the
aquatic plants responds to a wide range of elevations. The results
will help the accurate prediction of plant responses to current and
future climate changes worldwide.
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