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Abstract Variability in biomass allocation and growth
rate of submersed macrophytes along water depth gradients
may lead to different carbon (C), nitrogen (N) and phos-
phorus (P) stoichiometric characteristics. We conducted a
field investigation to evaluate long-term effects of water
depth on C, N and P stoichiometry of three submersed
macrophytes, Potamogeton maackianus, Myriophyllum
spicatum and Ceratophyllum demersum. The results indi-
cated that shoot C:N, C:P and N:P of the plants tended to
increase with elevated water depths, and patterns of bio-
mass allocation along water depth gradients were more
important than biological dilution of increased growth rates
in affecting shoot C:N:P stoichiometric characteristics of
the plants. Partial correlation analysis using shoot height
and biomass as covariates revealed that water depth sig-
nificantly affected C:P ratios in shoots of P. maackianus
and M. spicatum and C:N ratio in shoots of M. spicatum,
but did not affect N:P ratios of all the plants. Shoot stoi-
chiometry of M. spicatum was most sensitive in response to
water depth, followed by P. maackianus, and that of
C. demersum was really unchanged with elevated water
depths. Our results suggested that strategies in biomass
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allocation in organs, which depend largely on the species
identity, rather than growth rates of the plants, contributed
mainly to variation in the observed element stoichiometry
along the water depth gradients.
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Introduction

Submersed macrophytes are important primary producers
and play a key role in maintaining stability of clear water
state in shallow lakes (Scheffer et al. 1992; Ni 2001).
Submersed macrophytes occupy littoral zone in lakes,
where water level fluctuation affects growth and distribu-
tion of the plants (Strand and Weisner 2001; Fu et al. 2012;
Zhu et al. 2012). Water level fluctuation alters light
availability in water column, waves and water—air gas ex-
change, sediment texture and element composition, which
affect physiology, morphology, biomass allocation, growth
rate and distribution of submersed macrophytes (Strand and
Weisner 2001; Fu et al. 2012; Yuan et al. 2013; Christia
et al. 2014). Growth of submersed macrophyte is reduced
in deep water due to low light availability (Fu et al. 2012;
Zhu et al. 2012; Li et al. 2013). Most submersed macro-
phytes tend to allocate more biomass to stem and increase
shoot height in deep water so as to alleviate low light stress
(Strand and Weisner 2001; Fu et al. 2012).

Carbon (C), nitrogen (N) and phosphorus (P) are three
essential elements of organisms, and have strong interac-
tions in biological function (Sterner and Elser 2002). Along
a water depth gradient, two distinct ways might potentially
lead to changes in shoot C:N:P stoichiometric character-
istics of submersed macrophytes. Firstly, C, N and P
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concentrations ([C], [N] and [P]) vary considerably in
different organs of the plants, e.g., [N] and [P] in leaves
were 1.5- to 2-fold higher than those in stems in many
plants (Li et al. 2013). In deep water, the plants allocated
less biomass to the leaf and more biomass to the stem, and
thus led to lower shoot [N] and [P] (higher C:N and C:P
ratios) as compared with the plants grown in shallow water.
Secondly, shoot [N] and [P] decreased for plants with high
growth rate due to dilution of tissue N and P by increased C
fixation (Cronin and Lodge 2003; Yan et al. 2006). Sub-
mersed macrophytes in deep water had low growth rate
(Cao et al. 2011; Fu et al. 2012; Li et al. 2013), which
might not dilute [N] and [P] as fast as plants with high
growth rate in shallow water. In this point of view, reduced
growth rates of submersed macrophytes in deep water may
increase shoot [N] and [P] of the plants (thus lower C:N
and C:P ratios).

Studies on stoichiometric characteristics of submersed
macrophytes are numerous. However, very few studies
emphasized effects of water depth. Our previous study
hade valuated effects of water depths on C, N and P
stoichiometric characteristics of five submersed macro-
phytes in a short-term (1 month) in situ experiment, and the
results implied that water depth significantly affected the
plant growth and C:N:P stoichiometry, and its effects were
week as compared to the effects induced by plant species
and organs (Li et al. 2013). However, the short-term results
could not be extrapolated directly to evaluate long-term
effects of water depths in natural lakes. In this study, we
conducted a field investigation on stoichiometric charac-
teristics of submersed macrophytes growing at natural
water depth gradients, with aim to specify effects of bio-
mass allocation versus biological dilution on C:N:P stoi-
chiometry along water depth gradients. As growth of
submersed macrophytes was expected to be limited by low
light availability at deep water, and then the relative im-
portance of biomass allocation versus biological dilution
could be tested by relationships between shoot C:N and
C:P of the plants and water depths, with positive correla-
tion indicating biomass allocation more important while
negative correlation meaning biological dilution more im-
portant. Furthermore, we measured shoot biomass and
height of the plants to evaluate whether effects of water
depth on C:N:P stoichiometry were size-dependent.

Materials and methods
Field survey of submersed macrophytes
The study was carried out in June, 2010, in the Haichao bay

of Lake Erhai (25°52'N, 100°06'E) in subtropic Yunnan
Plateau, China. The lake has a mesotrophic status,
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moderate water depth (max. 20.5 m, mean 10.5 m) and
total area of 249.8 km? (Wang and Dou 1998). The Hai-
chao bay, which located in the northern part of Lake Erhai,
is an important distribution area of submersed macrophytes
(He et al. 2015). It has well-developed gentle slopes and
fertile sediment in the littoral zone (0.5-5 m water depth)
allowing us to sample submersed macrophytes at different
water depths.

Three submersed macrophytes, Potamogeton maack-
ianus, Myriophyllum spicatum and Ceratophyllum demer-
sum were chosen in the study. They are canopy formers
with similar morphological strategies in response to low
light stress that most of their leaves and branches con-
centrate at or near the water surface (Chambers and Kalff
1987). They occur ubiquitously in the littoral zone
(0.5-5 m water depth) of Lake Erhai, and are easily sam-
pled in the field. These three macrophytes differ in leaf
morphology that P. maackianus has alternate, oblong or
linear entire leaves, M. spicatum owns divided and feather-
like leaves, and C. demersum is rootless with whorled
palmate dissected leaves (Zhu et al. 2012), giving oppor-
tunity for examining effects of different biomass alloca-
tions on C:N:P stoichiometry of the plants.

Submersed macrophytes were sampled at intervals of
0.5 m water depth along transects from the shore to the
deepest depth where the plants occurred. At transects with
a steep lake bottom, submersed macrophytes were sampled
at fewer sites. Above-ground parts (i.e. shoots above the
surface of sediment) of the above three plant species were
collected by an underwater rotatable reaping hook at dif-
ferent water depths. The samples were then put into icebox
and taken back to laboratory for further analysis. We also
measured water transparency and under water light inten-
sity in several sample sites and collected corresponding
water samples for chemical analysis, to get background
data.

Water transparency was measured using a secchi’s disc.
Photosynthetic active radiation (PAR) was measured at
subsurface, 1 and 2 m water depths by a Li-COR UWQ-
1928 sensor coupled with a Li-1400 data logger (Li-Cor,
Lincoln, NE, USA). Light extinction coefficient (Ky) was
calculated according to the equation: Ky = (1/2) In (Iy/I,)
(Krause-Jensen and Sand-Jensen 1998), where I, and I, are
values of PAR at subsurface and at depth z (m) below the
water surface, respectively.

Measurements of plant traits and water chemicals

Intact individual plants were sorted from each sample by
species and water depth, washed carefully with tap water
and used for examining the plant height. Then these sam-
ples were oven-dried at 80 °C to constant weight and
ground into fine powder for analysis of [C], [N] and [P]. In
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total, we got 28, 24 and 12 samples for P. maackianus, M.
spicatum and C. demersum in different water depths, re-
spectively. [C] and [N] were determined using an elemental
analyzer (Flash EA 1112 series, CE Instruments, Italy).
[P] was measured using sulfuric acid/hydrogen peroxide
digest and the ammonium molybdate ascorbic acid meth-
ods (Kuo 1996). Total N, P, NH4-N, NO5-N and PO4-P
contents in water samples were determined according to
standard methods (Huang 2000).

In this survey, water temperature was ca. 24 °C. On
average, water transparency was 2.2 m, light extinction
coefficient in water was 0.546, and the mean concentra-
tions of total N, P, NH4-N, NOs-N and PO,4-P in water
column were 1.099 £ 0.167, 0.037 & 0.007, 0.240 +
0.057, 0.041 +0.034 and 0.024 + 0.008 mg L™,
respectively.

Statistical analysis

Standardized major axis (SMA) slope-fitting technique was
used in this study. It is widely used in ecology and evo-
lution, which summarize the relationship between two
variables and can minimize the residuals of variables in
both axes. SMA regression analysis was conducted using
“smatr” function in R (version 3.1.2) (Warton et al. 2006).
Partial correlation analysis for relationships between water
depth and plant stoichiometric characteristics (shoot height
and biomass as covariates) was carried out with SPSS 16.0
software package (SPSS Inc., Chicago).

Results

In the field investigation, P. maackianus, C. demersum and
M. spicatum were found at water depths of 0.4—4.6, 0.4-3.7
and 0.4-4.8 m, respectively, with biomass of the plants
ranging from 0.07 to 1.10, 0.44 to 2.51 and 0.32 to 2.88 g,
and the plant height ranging from 0.60 to 3.21, 1.03 to 3.46
and 1.16 to 2.94 m. Water depth affected shoot size of the
plants significantly as indicated by increased shoot height
of the three macrophytes and increased shoot biomass of P.
maackianus with increasing water depths (Fig. 1). Base on
SMA regression analyses, shoot height significantly
positively correlated with biomass for P. maackianus and
M. spicatum, but not for C. demersum (Fig. 2).

Shoot stoichiometric characteristics of the plants were
significantly affected by water depth. They showed clearly
increasing tendency along water depth gradient (Fig. 3).
However, interspecific differences also existed. For
M. spicatum, shoot C:N, C:P and N:P were all increased
with elevated water depths. For P. maackianus, shoot C:P
and N:P were increased with elevated water depths, while
shoot C:N was uncorrelated with water depth. For

C. demersum, only shoot C:N was increased with elevated
water depths, while both shoot C:P and N:P were uncor-
related with water depth.

Partial correlation analysis using shoot height and bio-
mass as covariates revealed that water depth significantly
affected C:P ratios in shoots of P. maackianus and M.
spicatum and C:N ratio in shoots of M. spicatum, but did
not affect N:P ratios of all the plants. In addition, stoi-
chiometry of C. demersum was not affected by water depth
according to results of the partial correlation analysis,
which indicated that effects of water depth on shoot
stoichiometric characteristics of P. maackianus and C.
demersum were size-dependent (Table 1). However, the
correlation was still robust for M. spicatum whenever shoot
height and biomass were used as covariates, which indi-
cated that effects of water depth on shoot stoichiometric
characteristics of this species were size-dependent.

Discussion

Shoot C:N, C:P and N:P of M. spicatum, C. demersum and
P. maackianus trended to increase with increasing water
depth, indicating that different biomass allocation between
leaves and stems of the plants induced by various water
depths was more important than growth rate-mediated
biological dilution in affecting shoot C:N:P stoichiometry.
[N] and [P] in leaves were much higher than those in stems
of the studied macrophytes (Li et al. 2013), and in deep
eutrophic water when the plants experienced low light
stress they allocated more biomass to stem for shoot
elongation toward water surface (Strand and Weisner 2001;
Fu et al. 2012), which leads to decreased [N] and [P] and
increased C:N and C:P in the shoots. Furthermore, in eu-
trophic water submersed macrophytes could uptake nutri-
ents from sediment and water column and accumulate
much more N and P in tissues than their requirement for
growth (Rattray et al. 1991; Cao et al. 2011), counteracting
effects of growth rate-mediated biological dilution on
stoichiometry of the studied plants. C. demersum is rootless
and can float to water surface to alleviate low light stress in
eutrophic water, which might have diminished effects of
biomass allocation on its stoichiometry.

Generally, plant [N] and [P] increase synergistically
because of their closely coupling in various biological
functions, leading relatively constant N:P ratios (Giisewell
2004; Yu et al. 2011). However, the present study indicated
that shoot N:P followed the same trend with shoot C:N and
C:P of the plants i.e. increased with elevated water depth.
This may be due to higher variation of [P] than [N], which
resulted in P, rather than N, determining variation of shoot
N:P. In addition, evidence in our study also shown that
shoot N:P of the plants was increased with C:P and
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Fig. 2 SMA regression for correlations between shoot biomass and
shoot height of submersed macrophytes P. maackianus, C. demersum
and M. spicatum. Solid fitted lines indicated the correlations were
significant at the level of p < 0.05, while dashed fitted line indicated
the correlations were not significant

decreased with [P], while uncorrelated with C:N and [N],
which was in consistent with the study of Duarte (1992)
and He et al. (2008).

Interspecific differences in stoichiometry in response to
water depths were observed in the present study.
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M. spicatum has high shoot [P], low C:P and N:P, possibly
due to its much higher affinity and uptake rate of P than
many aquatic macrophytes (Zhang et al. 2011). M. spica-
tumcan grow in a large range of light regimes (Strand and
Weisner 2001; Song et al. 2010; Li et al. unpublished data),
but high light availability facilitates its P uptake rate
(Zhang et al. 2011), and thus effect of water depth on shoot
[N], [P], C:N and C:P were more significant than those of
C. demersum and P. maackianus.

Water depth and its interaction with plant species did
affect plant C, N and P stoichiometry more significantly in
the natural lake Erhai than in our previous in situ ex-
periment (Li et al. 2013). This is not surprising as nutrients
in water and sediment were more homogeneous in the
in situ experiment than in natural habitats. Generally, light
intensity is sufficient for growth of submersed macrophytes
in shallow water, where intensive competition may lead to
insufficient resources for plant growth across space and
time, while the contrasting situations would be expected in
deep water. Submersed macrophytes have large phenotypic
plasticity ingrowth rate, biomass allocation and stem
elongation in response to different water depths (Strand
and Weisner 2001; Fu et al. 2012; Zhu et al. 2012; Bai et al.
2013). However, this phenotypic plasticity did not largely
change the internal tissue element ratios of submersed
macrophytes as also indicated by the evidence in our study



Environ Earth Sci (2015) 74:3733-3738

3737

J ins o
A
8 - 3
< v < 4
—_— ° — °© L~
O o & ©
g g g
o Q4 » o | a ©
o © | ¥ o =)
2 o o o
= g = =
~ 81a —~ Py
2 2 w4 R
o o =) <)
E 31 E E
v
(@] . P4 o
4 o P. maackianus °
@ A C. demersum v . -~ 7
M. spicatum
= v P! v v
© T T T T T T T -
0.5 1.0 2.0 5.0 S . .
v ™
v | © |
3 i <
Q o T4
@ 2
N
T g T g T &
[ T Q] [
[ [ (]
2] » »w o |
o Q4 o o
s« S 8- S
= = 2 =
=z o o 54
O w | O z
o
S
e
© 4
. _
- T T T T T T T T T T T T
0.5 1.0 2.0 5.0 05 1.0 2.0 5.0 05 1.0 2.0 5.0

Water depth (m) [log scale]

Fig. 3 SMA regression for correlations between water depth and
shoot stoichiometric characteristics of submersed macrophytes P.
maackianus, C. demersum and M. spicatum. Solid fitted lines

indicated the correlations were significant at the level of p < 0.05,
while dashed fitted line indicated the correlations were not significant

Table 1 Partial correlation coefficients for relationships between WD and plant traits (plant nutrient concentrations and their ratios) of

submersed macrophytes P. maackianus, C. demersum and M. spicatum

Species C N C:N C:P N:P

P. maackianus —0.344 —0.313 —0.543* 0.206 0.409* 0.346
C. demersum 0.302 —0.370 —0.084 0.534 0.258 0.152
M. spicatum 0.377 —0.771%* —0.723%* 0.698%%* 0.637%%* 0.362

Significance is indicated by * and ** at the level of p < 0.05 and 0.01, respectively

that responses of shoot stoichiometric characteristics of
P. maackianus and C. demersum to water depths were plant
size-dependent.

Conclusions

The present study suggested that shoot C:N:P stoichio-
metric characteristics of the sampled plants were sig-
nificantly affected by water depth. They showed clearly
increasing tendency along water depth gradient. This was
mainly due to biomass allocation between leaf and stem in
various water depths. The results also showed inter
specific differences of shoot traits in response to water
depth. Shoot stoichiometry of M. spicatum was most
sensitive in response to water depth, followed by
P. maackianus, and that of C. demersum was really un-
changed with elevated water depths. Effects of water depth

on shoot stoichiometric characteristics of P. maackianus
and C. demersum were size-dependent as indicated by
partial correlation analysis that the correlations were dis-
appeared when shoot size (shoot height and biomass) were
used as covariates.

Acknowledgments We appreciate the constructive review com-
ments provided by three anonymous reviewers. This study was sup-
ported by the National Science Foundation of China (Grant No.
41230853, 31270508), the National High Technology Research and
Development Program of China (Grant No. 2012ZX07105-004) and a
project of State Key Laboratory for Freshwater Ecology and
Biotechnology (Grant No. 2014FBZ02).

References

Bai X, Chen KN, Chen XM (2013) Short-time response in growth and
sediment properties of Zizania latifolia to water depth. Environ
Earth Sci 70:2847-2854

@ Springer



3738

Environ Earth Sci (2015) 74:3733-3738

Cao T, Ni L, Xie P, Xu J, Zhang M (2011) Effects of moderate
ammonium enrichment on three submersed macrophytes under
contrasting light availability. Freshw Biol 56:1620-1629

Chambers PA, Kalff J (1987) Light and nutrients in the control of
aquatic plant community structure. 1. In situ experiments. J Ecol
75:611-619

Christia C, Papastergiadou E, Papatheodorou G, Geraga M, Papadakis
E (2014) Seasonal and spatial variations of water quality,
substrate and aquatic macrophytes based on side scan sonar, in
an eastern Mediterranean lagoon (Kaiafas, Ionian Sea). Environ
Earth Sci 71:3543-3558

Cronin G, Lodge DM (2003) Effects of light and nutrient availability
on the growth, allocation, carbon/nitrogen balance, phenolic
chemistry, and resistance to herbivory of two freshwater
macrophytes. Oecologia 137:32-41

Duarte CM (1992) Nutrient concentrations of aquatic plants: patterns
across species. Limnol Oceanogr 37:882-889

Fu H, Yuan G, Cao T, Ni L, Zhang M, Wang S (2012) An alternative
mechanism for shade adaptation: implication of allometric
responses of three submersed macrophytes to water depth. Ecol
Res 27:1087-1094

Giisewell S (2004) N:P ratios in terrestrial plants: variation and
functional significance. New Phytol 164:243-266

He J, Wang L, Flynn DFB, Wang X, Ma W, Fang J (2008) Leaf
nitrogen: phosphorus stoichiometry across Chinese grassland
biomes. Oecologia 155:301-310

He L, Zhu TS, Cao T, Li W, Zhang M, Zhang XL, Ni LY, Xie P
(2015) Characteristics of early eutrophication encoded in
submerged vegetation beyond water quality: a case study in
Lake Erhai. Environ Earth Sci, China. doi:10.1007/s12665-015-
4202-4

Huang X (2000) Survey, observation and analysis of lake ecology.
Standards Press of China, Beijing (In Chinese)

Krause-Jensen D, Sand-Jensen K (1998) Light attenuation and
photosynthesis of aquatic plant communities. Limnol Oceanogr
43:396-407

Kuo S (1996) Phosphorus. In: methods of soil analysis. Part 3:
chemical methods. Soil Science Society of America, Wisconsin

Li W, Cao T, Ni L, Zhang XL, Zhu GR, 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

@ Springer

Ni LY (2001) Effects of water column nutrient enrichment on the
growth of Potamogeton maackianus A. Been. J Aquat Plant
Manage 39:83-87

Rattray MR, Howard-Williams C, Brown JMA (1991) Sediment and
water as sources of nitrogen and phosphorus for submerged
rooted aquatic macrophytes. Aquat Bot 40:225-237

Scheffer M, Redelijkheid MR, Noppert F (1992) Distribution and
dynamics of submerged vegetation in a chain of shallow
eutrophic lakes. Aquat Bot 42:199-216

Song Y, Huang J, Qin B (2010) Effects of epiphyte on the rapid light
curves of two submerged macrophytes in Lake Taihu. J Lake Sci
22:935-940 (in Chinese)

Sterner RW, Elser JJ (2002) Ecological stoichiometry: the biology of
elements from molecules to the biosphere. Princeton University
Press, Princeton

Strand JA, Weisner SEB (2001) Morphological plastic responses to
water depth and wave exposure in an aquatic plant (Myriophyl-
lum spicatum). J Ecol 89:166-175

Wang SM, Dou HS (1998) A Directory of Lakes in China. Science
Press, Beijing (in Chinese)

Warton DI, Wright 1J, Falster DS, Westoby M (2006) A review of
bivariate line-fitting methods for allometry. Biol Rev
81:259-291

Yan X, Yu D, Li YK (2006) The effects of elevated CO, on clonal
growth and nutrient content of submerge plant Vallisneria
spinulosa. Chemosphere 62:595-601

Yu Q, Elser JJ, He N, Wu H, Chen Q, Zhang G, Han X (2011)
Stoichiometric homeostasis of vascular plants in the Inner
Mongolia grassland. Oecologia 166:1-10

Yuan GX, Cao T, Fu H, Ni LY, Zhang XL, Li W, Song X, Xie P,
Jeppesen E (2013) Linking carbon and nitrogen metabolism to
depth distribution of submersed macrophytes using high ammo-
nium dosing tests and a lake survey. Freshw Biol 58:2532-2540

Zhang M, Cao T, Ni LY, Xie P, Zhu GR, Zhong AW, Xu J, Fu H
(2011) Light-dependent phosphate uptake of a submersed
macrophyte Myriophyllum spicatum. Aquat Bot 94:151-157

Zhu GR, Li W, Zhang M, Ni LY, Wang SR (2012) Adaptation of
submerged macrophytes to both water depth and flood intensity
as revealed by their mechanical resistance. Hydrobiologia
696:77-93


http://dx.doi.org/10.1007/s12665-015-4202-4
http://dx.doi.org/10.1007/s12665-015-4202-4

	Size-dependent C, N and P stoichiometry of three submersed macrophytes along water depth gradients
	Abstract
	Introduction
	Materials and methods
	Field survey of submersed macrophytes
	Measurements of plant traits and water chemicals
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgments
	References




