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• Coastal wetlands have lower root: shoot
ratio (R/S) than inland ones in China.
• Spatial variation of wetland R/S was
mainly due to that of belowground biomass.
• Soil and hydrological properties explain
greater variation of R/S than climate.
• Soil salinity or phosphorus steers coastal
or inland R/S in China, respectively.
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a b s t r a c t
Knowledge of root: shoot ratio (R/S) is fundamental for our understanding of carbon allocation and storage in terrestrial ecosystems. Due to the periodic variation of water table and the difﬁculty of measuring belowground biomass (BGB), macrophyte biomass allocation in both coastal and inland wetlands remains unclear, especially at
regional scale. In this study, 131 records of biomass allocation in wetlands were collected to examine general pattern of macrophyte R/S in relation to climate, soil, and hydrological factors in China using model selection and
variance decomposition analysis. Our results showed that coastal wetlands supported higher aboveground biomass (AGB, 3.1 kg m−2) but a lower R/S (1.2) than inland ones (1.47 kg m−2 and 3.1, respectively). The positive
relationships between AGB and BGB and between BGB and R/S in coastal wetlands were signiﬁcantly different
from those in inland wetlands, while only inland wetlands exhibited a signiﬁcant negative correlation between
R/S and AGB (R2 = 0.19, p < 0.001). Among climate (i.e., mean annual temperature and precipitation), soil
(e.g., pH, salinity, soil organic carbon, soil nitrogen and phosphorus concentration), and hydrological (water
level and depth for coastal and inland wetlands, respectively) properties, the latter two groups explained 64%
and 31% of spatial variation for inland and coastal R/S, respectively, compared with climate (2.7% and 1.5%, respectively). Speciﬁcally, soil salinity was the most important factor in regulating R/S for coastal wetlands,
while, for inland wetlands, it was soil phosphorus. This study highlights the importance of hydrology, soil salinity
and nutrients on wetland R/S and BGB estimation, which could be incorporated into wetland ecosystem models
to improve prediction performance for carbon dynamics and their feedbacks to climate change in the future.
© 2021 Published by Elsevier B.V.
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physiological ﬂooding tolerance in deep water (Sorrell et al., 2012).
This is because woody and herbaceous plants have different water competitiveness and ﬂooding tolerance (Bornette et al., 1994; Bornette and
Puijalon, 2011; Schile et al., 2014) due to distinct investment in xylem
structure (Kramer-Walter and Laughlin, 2017). Therefore, among
coastal and inlands wetlands, the pattern of R/S for woody and herbaceous plants and its key inﬂuencing factors are inconsistent (Mitsch
et al., 2013).
In China, wetlands account for nearly 10% of the global total wetlands, distributing widely and unevenly with two different subtypes:
coastal and inland wetlands (Lu and Jiang, 2004). Due to the distinct
geographical location, coastal and inland wetlands are generally
characterized by diverse properties in soil, climate and/or hydrology
(Lu et al., 2017). Coastal wetlands in China stretch across nearly 40
degrees of latitude, extending from temperate, subtropical to tropical climate zones, while inland ones cover a large altitude gradient
(tens of meters to more than 5000 m), including riverine, lake, reservoir and fresh marsh (Liu et al., 2020). Although the ﬁeld-monitored
data of plant biomass are increasingly rich in China, the current research still focuses more on resource investigation, utilization, and
restoration (e.g., Li et al., 2021; Song et al., 2021). The speciﬁc pattern
of R/S in coastal and inland wetlands in China, and the controlling
factors for plant R/S from climate, soil, and hydrology are still unclear, especially for woody and herbaceous plants (Lu and Jiang,
2004; Song et al., 2006; Lu et al., 2017).
In this study, we compiled 131 records of biomass allocation in
China's wetlands, including coastal and inland ones. The key factors
determining aquatic macrophytes' R/S were hypothesized to be
different among wetland communities. We examined spatial pattern
of biomass allocation and the underlying inﬂuences from climate,
soil and hydrological properties in both coastal and inland wetlands
with woody or herbaceous (herb) emergent macrophytes. Our
objectives were to (a) address pattern of biomass allocation for
emergent macrophytes in both coastal and inland wetlands in
China, and (b) probe the key factors of climate (i.e., mean annual
temperature [MAT] and precipitation [MAP]), soil (e.g., pH, soil
organic carbon [SOC], salinity, nutrients), and hydrological (water
level or depth) inﬂuencing the pattern of wetland biomass allocation. This study will demonstrate general pattern of biomass allocation and the key controlling factors in China's wetland to improve
estimation of wetland carbon storage and management strategies
at the regional scale.

1. Introduction
Wetlands are one of the most productive ecosystems on the
Earth by occupying only 4%–6% of the global land area and harboring
16% - 33% of the world's soil organic carbon (SOC, Bridgham et al.,
2006). This critical ecosystem plays an essential role in regulating
terrestrial carbon storage and mitigating global climate change
(Whiting and Chanton, 2001; Lai et al., 2012). Since water saturation
induces oxygen deﬁcit to inhibit organic matter decomposition in
wetlands, senescent biomass of aquatic macrophytes becomes an
important source for soil carbon storage (Moomaw et al., 2018).
However, relative to aboveground biomass (AGB), the measurement
of aquatic belowground biomass (BGB) is much more difﬁcult, causing large uncertainty in estimating wetland carbon storage. As a key
parameter of biomass allocation, root: shoot ratio (BGB/AGB or R/S),
is used widely for the estimation of BGB from the more easily
observed aboveground one (Cairns et al., 1997; Mokany et al.,
2006). Therefore, the accuracy of R/S for aquatic macrophytes is
fundamental for predicting eco-physiological performance and
biogeochemical cycles in wetlands (Fritz et al., 2004).
Different from land plants, aquatic macrophytes generally possess relatively well-developed aerenchyma in “roots” (actually including all belowground organs). The pattern of BGB and R/S thus
needs to balance oxygen requirement between plant growth, maintenance, and nutrient removal capacity (Pezeshki, 2001; Lai et al.,
2012). In addition, litters derived from shoots and roots of aquatic
macrophytes are different in subsequent decomposition and nutrient release due to the distinct initial detritus quality (indicating by
diverse C/N, N/P and tissue structure, Kao et al., 2003; Fierer et al.,
2005; Güsewell and Freeman, 2005), which are directly related to
carbon and nutrient cycles. Aquatic macrophytes thus adjust their
photosynthate investment between BGB and AGB similarly with
land plants to regulate R/S in coping with their habitat properties,
mainly including climate, soil, and hydrology (Pan et al., 2020).
During the past decades, numerous studies have investigated effects
of climate on pattern of R/S at regional and global scales. For example,
the R/S of aquatic macrophytes had a negative correlation with temperature but had a positive one with precipitation (Pan et al., 2020), while
R/S of land plants displayed both negative correlations (Mokany et al.,
2006). The anoxic condition in wetlands changes hydrothermal effects
on biomass allocation, in which root traits (e.g., root length) of aquatic
plants in soil matrix balances gas transport capacity with root oxygen
consumption (Moomaw et al., 2018; Pan et al., 2020). Meanwhile, climate effects, especially for precipitation, on wetland R/S were reported
to be divergent among fresh- and salt-water wetlands, (Murphy et al.,
2009; Sosnova et al., 2010; Pan et al., 2020). Therefore, spatial pattern
of plant R/S in land might not be applicable for predicting aquatic biomass allocation in wetlands.
Among soil properties, nutrient and salinity are the most important
factors for plant R/S in wetlands. Lower nutrient supply (e.g., nitrogen
and phosphorus) induces more biomass investment to belowground
roots for aquatic macrophytes, modifying root system morphology
(e.g., thinner and longer roots, Lorenzen et al., 2001; Xie et al., 2013).
Soil salinity inhibits water uptake by roots and the development of macrophytes, resulting in difference of the controlling factors for R/S between saltwater coastal and freshwater inland wetlands (Nielsen
et al., 2003; Alldred et al., 2017; Robles-Aguilar et al., 2019). Moreover,
soil properties are closely linking with the hydrology in wetlands. For
example, the periodic tide for coastal wetlands and rainy season for inland ones considerably inﬂuence soil nutrient concentration and vertical distribution. Both water depth for inland wetlands and water level
for coastal ones change relative amounts of gas and water in soil (Luo
et al., 2010), regulating biomass allocation of aquatic macrophytes.
However, the effect of water level or depth on root growth may differ
among aquatic macrophytes with different life-forms (e.g., woody vs.
herbaceous), depending on plant's competition in shallow water and

2. Materials and methods
2.1. Data sources
Peer-reviewed papers were searched in the Web of Science for
English papers and China National Knowledge (CNKI) for Chinese
papers using the terms: “China”, “wetland or swamp or reservoir”,
and “root: shoot ratio or belowground biomass”. We chose the studies based on the following criteria: (i) experiments were carried out
in the ﬁeld with records of AGB, BGB and R/S for woody or herbaceous (herb) emergent macrophytes; (ii) the studies with the values
of AGB for the peak period were used if the AGB was observed
monthly; (iii) the observation of BGB used excavation methods;
(iv) all the observations of biomass were in natural condition without experimental manipulation; (v) the authenticity of biomass
data in the published article could be cross-validated each other or
by the graduate students' theses in the same site searched from Thesis & Dissertation Database in CNKI. In total, 117 published papers
were selected (Appendix A in Supporting Information). We collected
the data of biomass allocation in 131 aquatic plant communities from
45 sites in China (Fig. 1).
In addition to AGB, BGB and R/S, twelve site-related variables
were also recorded based on the site information in published papers
2
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Fig. 1. Site distribution of studies about biomass allocation used in this analysis for coastal and inland wetlands in China. Inland wetlands included riverine, lake, marsh and reservoirs.

or thesis and compiled into the database (Appendix C in Supporting
Information). Speciﬁcally, they included latitude, longitude, altitude,
mean annual temperature (MAT) and precipitation (MAP), soil organic carbon (SOC), soil total nitrogen (TN), soil total phosphorus
(TP), soil pH, soil salinity (SS), and water level (WL, level of surface
water or ground water for coastal wetlands) or water depth (WD,
for inland wetlands). If these 12 variables were not recorded in the
selected papers or related theses, we extracted from the nearest meteorological stations in China. The types of wetlands in our study
were divided into coastal and inland wetlands, which were directly
deﬁned by the published papers. Speciﬁcally, inland wetlands include riverine, lake, fresh marsh and reservoir; and coastal wetlands
consist of mangrove and coastal marsh.

analyzed by Pearson correlation analysis. The analysis of covariance
(ANCOVA) was used to compare slopes of regression lines and
were carried out using SPSS ?thyc=5?> 19.0 package (IBM
Company Inc., Armonk, New York, USA). The relative contributions
of climate, hydrology, and soil properties for spatial variation of R/S
were analyzed by the vegan package in R (http://r-forge.r-project.
org/projects/vegan/). The importance of inﬂuencing factors (including types of wetlands, and properties of climate, soil and hydrology)
on R/S was expressed as the sum of Akaike weights derived from
model selection using AICc (Akaike's Information Criteria corrected
for small samples) in R.

2.2. Statistical analysis

3.1. Vegetation biomass and root: shoot ratio in China's wetlands

Analysis of variance (ANOVA) was used to test the impacts of
wetland types (i.e., inland and coastal wetlands) and plant life
form (i.e., woody and herb plants) on AGB, BGB, and root: shoot
ratio (R/S) at signiﬁcance p < 0.05. The relationships among AGB,
BGB, R/S, and the properties of climate, soil, and hydrology were

Across all 131 aquatic plant communities in this study, the mean
AGB, BGB, and R/S were 3.1 ± 3.5 kg m−2, 2.7 ± 4.3 kg m−2, and
1.2 ± 2.3 in coastal wetlands (n = 72), and 1.5 ± 3.0 kg m −2,
1.8 ± 3.8 kg m −2 and 3.1 ± 3.9 in inland wetlands, respectively
(n = 59, Fig. 2a, c). Coastal wetlands displayed higher AGB (F =

3. Results
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Fig. 2. Frequency distributions of logarithmic transformed (Log 10) aboveground biomass (AGB, a), belowground biomass (BGB, b), and root: shoot ratio (R/S, c) in coastal and inland
wetlands (coastal W and inland W). AGB, BGB and R/S in woody and herbaceous (Herb) plants for coastal and inland wetlands were listed in plots d, e, f, g, h and i, respectively.

correlation between AGB and R/S was only observed in inland wetlands
(Fig. 3c).

3.26, p = 0.074) but lower R/S (F = 8.75, p = 0.004) relative to inland ones (Fig. 2a, c, Table 1). Plant life form (i.e., herbs and woody
plants) signiﬁcantly affected AGB, BGB, and R/S (p < 0.05, Table 1,
Fig. 2d, e, and S1). Relative to herbs, woody plants accumulated
greater biomass in both above- (F = 84.49, p < 0.001) and belowground compartments (F = 5.23, p = 0.024), with a lower R/S
(F = 8.21, p = 0.005; Fig. S1).
A signiﬁcant correlation occurred between AGB and BGB and between BGB and R/S for both coastal and inland wetlands (Fig. 3), but
these relationships in coastal wetlands were all different from those in
inland wetlands (F = 12.29, p = 0.001; F = 16.17, p < 0.001; Fig. 3a,
b). Coastal BGB displayed a closer correlation with AGB (BGB =
1.01AGB0.94, R2 = 0.68, p < 0.001) relative to that in inland wetlands
(BGB = 3.55AGB0.45, R2 = 0.15, p < 0.001; Fig. 3a). The negative

3.2. Inﬂuence of climate on biomass allocation in coastal vs. inland
wetlands
The positive correlations of AGB with MAT (R2 = 0.24, p < 0.01) and
MAP (R2 = 0.19, p < 0.01) were detected in coastal wetlands, but not in
inland ones (Fig. 4a, b). In addition, MAT displayed a weak positive correlation with coastal BGB (R2 = 0.07, p < 0.05, Fig. 4c), and negative
ones with R/S in both coastal (R2 = 0.16, p < 0.01) and inland wetlands
(R2 = 0.20, p < 0.01, Fig. 4e). The MAP among coastal wetland exhibited
a negative correlation with R/S, explaining 40% variation of it (p < 0.01,
Fig. 4f).
4
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while it had positive one with soil salinity (R2 = 0.33, p < 0.01) and
water level (R2 = 0.17, p < 0.05; Figs. S2, S3).
For inland wetlands, soil properties had no relationship with AGB,
while soil pH exhibited a negative correlation with BGB (R2 = 0.36,
p < 0.01; Fig. S2). Inland R/S displayed positive correlations with SOC
(R2 = 0.59, p < 0.01), soil total nitrogen (R2 = 0.21, p < 0.05) and phosphorus (R2 = 0.43, p < 0.01), but had negative ones with soil pH (R2 =
0.20, p < 0.05) and water depth (R2 = 0.25, p < 0.01; Figs. S2, S3).
The most important factors for spatial pattern of R/S among the
twelve site-related variables in coastal and inland wetlands were soil salinity and soil total phosphorus, respectively (Fig. 5). Coastal R/S
displayed a positive correlation with soil salinity (R2 = 0.33,
p < 0.0001), while inland R/S exhibited one with soil total phosphorus
(R2 = 0.42, p = 0.002; Fig. 6a, b). In total, soil properties explained
11.7% and 12.3% variations of R/S for coastal and inland wetlands, respectively (Fig. 7). Soil and hydrological properties together explained
64% and 31% of R/S variation for inland and coastal wetland, respectively
(Fig. 7).

Table 1
The effects of types of wetlands (coastal wetlands or inland wetlands) and plants (woody or
herbaceous) on above-, belowground biomass (AGB and BGB), and root: shoot ratio (R/S).

AGB

BGB

R/S

Source

df

MS

F

Sig.

Types of wetlands
Types of plants
Types of wetlands ×Types of plants
Types of wetlands
Types of plants
Types of wetlands ×Types of plants
Types of wetlands
Types of plants
Types of wetlands ×Types of plants

1
1
1
1
1
1
1
1
1

0.610
15.807
1.043
0.015
1.662
0.895
0.928
0.871
0.097

3.262
84.486
5.575
0.046
5.228
2.816
8.753
8.211
0.981

0.074
0.000
0.020
0.831
0.024
0.096
0.004
0.005
0.340

Sig. <0.05 are signiﬁcant (numbers in bold).

3.3. Inﬂuence of soil and hydrological properties on biomass allocation in
coastal vs. inland wetlands
For coastal wetlands, both SOC (R2 = 0.36, p < 0.01) and soil total nitrogen (R2 = 0.12, p < 0.05) displayed positive correlations with AGB,
while soil pH (R2 = 0.22, p < 0.01) and water level exhibited negative
ones (R2 = 0.24, p < 0.01; Figs. S2, S3). For coastal wetlands, SOC
displayed a positive correlation with BGB (R2 = 0.11, p < 0.05;
Fig. S2). Coastal R/S displayed negative correlations with both SOC
(R2 = 0.11, p < 0.05) and soil total nitrogen (R2 = 0.10, p < 0.05),

4. Discussion
4.1. Spatial variation of vegetation biomass in coastal vs. inland wetlands
Spatial pattern of vegetation biomass generally reﬂects the underlying effects of the heterogeneous environmental factors, mainly hydrothermal conditions in wetlands (Peregon et al., 2008; Niu et al., 2012).
Across China, we found the increasing trend of AGB and BGB with
MAT in coastal wetlands from north to south as well as elevating AGB
with MAP (Fig. 4a–c). The positive effect of temperature on activities
of photosynthesis-related enzymes and net primary production would
be the main reason for this positive relationship between MAT and macrophyte biomass (Li et al., 2018). The positive effects of MAP on biomass
accumulation were largely due to the closely spatial correlation between MAP and MAT (R2 = 0.85, p < 0.0001) in coastal wetlands
with low altitudes in this study (Yu et al., 2013; Xiao et al., 2019). Higher
MAP generally induces lower plant investment to BGB because of increasing freshwater input by precipitation on soil matrix. Thus, increasing trend of biomass accumulation caused a negative correaltion of R/S
with both MAT and MAP in coastal wetlands as the allometric growth
between roots and shoots (Fig. 4, Askari et al., 2017).
For inland wetlands, neither MAT nor MAP displayed a signiﬁcant
correlation with AGB or BGB across China (Fig. 4). Inland macrophyte
biomass didn't exhibit a signiﬁcant trend with geographic location
(including latitude, longitude and altitude) in this study due to complex
distributions of vegetation and the controlling factors (e.g., net radiation, Xiao et al., 2019). The confounding effect from altitudes ranging
from 10 m (e.g., Hongze Lake) to 3400 m (e.g., Ruoergai wetland,
Shimono et al., 2010) caused considerable differences in vegetation
types (e.g., from inland riverine forests to marshes in alpine wetlands,
Yu et al., 2013) among inland wetlands. In addition, the regions with
higher altitude generally have a lower radiation than those with lower
one, limiting growth of plant biomass in inland wetlands (Bhandari
and Zhang, 2019). However, R/S in inland wetlands displayed a negative
correlation with MAT (Fig. 4), which agreed with the effect of temperature on mass fraction of belowground compartments (Poorter et al.,
2012).
4.2. Effects of climate, soil, hydrological conditions on biomass allocation in
coastal vs. inland wetlands
The biomass allocation of aquatic macrophytes is usually affected by
physical and chemical conditions, including climate, soil, and hydrological properties (Fritz et al., 2004). In this study, the contributions of soil
and hydrological properties on macrophytes' R/S were predominant for
both inland and coastal wetlands (Fig. 7) relative to that of climate condition (i.e., temperature and precipitation, Fig. 4). For wetlands,

Fig. 3. The relationships of logarithmic transformed (log) AGB vs log BGB (a), log BGB vs
log R/S (b), and log AGB vs log R/S (c) for coastal and inland wetlands.
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Fig. 4. The correlations of mean annual temperature (MAT, a, c, e) and precipitation (MAP, b, d, f) with AGB and BGB, and R/S. The symbols ** and *** indicate the coefﬁcients are signiﬁcant
at <0.01 and <0.001.

SOC and R/S across inland wetlands depends on the underneath linkage
with MAT (Rasse et al., 2005; Gross and Harrison, 2019). In addition, soil
TN also displayed negative and positive correlations with R/S for coastal
and inland wetlands, respectively (Fig. S2), because of the positive correlations between TN and SOC (Tables 2, 3). The coupled carbon and nitrogen cycles in wetland ecosystems (Schlesinger et al., 2011) and
nitrogen limitation for primary production in coastal zone would be
the main reasons for these results (Fig. S2b, Sundareshwar et al., 2003;
Darby and Turner, 2008; Ryan and Boyer, 2012).
In contrast to TN, soil TP was the most important factor for plant biomass allocation in fresh water bodies, displaying a positive correlation
with R/S in inland wetlands (Fig. S3, Fig. 6). In order to obtain more
available phosphorus from soil, plants allocated more carbohydrates
to roots and modiﬁed the rhizosphere properties (e.g., increasing root
exudation of phosphatase enzymes, H+ or OH−) to enhance the phosphorus availability in soil (Shen et al., 2018; Canarini et al., 2019). For
coastal wetlands, TP was also one key factor controlling plant growth
and productivity, especially for mangroves (Krauss et al., 2008). However, soil salinity was most critical for coastal R/S (Fig. 6), being consistent with the previous studies (e.g., Yang et al., 2009; Luo et al., 2013;
Wang et al., 2014; Alldred et al., 2017). Soil salinity had been indicated

emergent vegetation is generally an important source of organic matter
in soil or sediment, while soil organic matter can improve plant growth
in turn due to its close relationship with soil fertility (Sahrawat, 2005;
Ouyang et al., 2010). However, the positive correlation between soil organic carbon (SOC) and living biomass was found in coastal wetlands
but not in inland ones (Fig. S2). With sufﬁcient soil or sediment nutrients, coastal macrophytes would allocate relatively low proportion of
biomass to belowground compartments (i.e., non-photosynthetic tissues), resulting in a negative correlation between SOC and R/S (Fig. S2,
Shipley and Meziane, 2002). In our study, the negative correlation between MAT and R/S (Fig. 3) and a positive relationship between MAT
and SOC occurred (Table 2). Thus, the inhibition of anaerobic environment on organic matter decomposition and the positive effect of MAT
on plant production caused the negative relationship of SOC with R/S
in coastal wetlands (Zhang et al., 2010).
In inland wetlands, however, the positive correlation was found between SOC and R/S, which could be caused by the similar decreasing
tendency of both SOC and R/S with MAT in inland wetlands (Fig. 4
and Table 3). The periodic drought in inland wetlands resulted in the
negative effect of MAT on SOC due to the accelerated decomposition
(Xiao et al., 2019). Therefore, the spatial positive correlation between
6
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Fig. 5. The importance of inﬂuencing factors, including types of wetlands (TYPE), MAT, MAP, soil organic carbon (SOC), soil total nitrogen, phosphorus (TN and TP), salinity (SS), water level
or depth (WL or WD) and pH, on R/S for coastal (a) and inland (b) wetlands was expressed as the sum of Akaike weights derived from model selection using AICc (Akaike's Information
Criteria corrected for small samples) in R.

inﬂuencing oxygen and light availability for wetlands (Robinson et al.,
1997; Vann and Megonigal, 2003). Inland aquatic plants in those sites
with higher water depth generally support a great proportion of shoot
biomass to improve light capture, causing a decreasing trend of R/S
(Fig. S3, Edwards et al., 2003). However, coastal aquatic plants in sites
with higher water level are usually characterized with a greater R/S to
absorb available moisture and adapt to tidal wave (Fig. S3, Zhou et al.,
2018). The great contributions of hydrological properties for variation
of macrophyte R/S could also be explained by the intimate relationship
between SOC and water level (or water depth) and between soil TN and
water depth in inland wetlands (Tables 2, 3). In addition, the water
depth (or water level) has signiﬁcant effect on the dominance of
woody or herb plants in wetland vegetation community (Zhou et al.,
2018; He et al., 2019). Woody plants generally have higher biomass accumulation in both AGB and BGB, and a lower R/S relative to herb plants
(Fig. S1), because of the weight of trunk in trees and mangroves. Herb R/
S in coastal wetlands was signiﬁcantly lower than that in inland ones
(Fig. 2), causing the greater AGB in this study.

to affect root activities through inhibition of mycorrhiza fungi colonization (Saint-Etienne et al., 2006), which was associated with decrease of
aboveground biomass for aquatic plants (Nielsen et al., 2003). Even for a
certain species, the R/S had been demonstrated to be higher at high salinity (López-Hoffman et al., 2006). The positive relationship between
soil salinity and R/S (Fig. 3) potentially reﬂected a compensation (a
great investment of biomass into roots) to balance the root function in
resource resorption from sediments (Boyer et al., 2001; Kobe et al.,
2010).
Coastal wetlands are bordered on the sea and always restricted by
the ﬂood tide of seawater, while water depth directly affects plant
growth in inland wetlands due to seasonal waterlogged (Whigham
and Simpson, 1978; Twilley and Rivera-Monroy, 2005). We thus selected only water level or depth as the proxy of hydrological property
for hydrology properties for coastal and inland wetland, respectively.
The pattern of R/S for aquatic macrophytes was signiﬁcantly affected
by water level or depth in both coastal and inland wetlands (Fig. 7).
Water depth (or water level) affects ﬂuxes of matter and energy via

Fig. 6. The correlations of coastal-wetland SS (‰, a) and inland-wetland soil TP (b) with R/S. The symbols ** and *** indicate the coefﬁcients are signiﬁcant at <0.01 and <0.001.
7

L. Zhou, W. Yan, X. Sun et al.

Science of the Total Environment 774 (2021) 145317

Fig. 7. The contributions of three groups of explanatory variables (including climate condition, hydrology properties, and soil properties) for R/S for coastal (a) and inland wetlands (b).
Climate condition (Climate) including MAT and MAP; Hydrology properties (Hydrology) including subgroups of wetlands (i.e., riverine, lake, marsh, and reservoir in inland wetlands; and,
mangrove and saltmarsh in coastal wetlands), and WL for coastal wetlands or WD for inland wetlands; Soil properties (Soil) including SOC, TN, TP, SS and pH.

Source, Pathway, Receptor, and Consequence, SRRC model, Zhou et al.,
2018) to predict wetland C dynamics in the future.
Second, we found that soil salinity and soil total phosphorus were
the key controlling factors on macrophytes' R/S for coastal and inland
wetlands, respectively (Figs. 5, 6), suggesting importance of wetlandtype classiﬁcation in belowground biomass estimation using aboveground data. Due to the increase in R/S induced by the external inputs
of nutrients (e.g., phosphorus from agricultural non-point sources) in
inland wetlands, total biomass should be estimated with the combination of AGB and regional environment change (Fig. S2, Schile et al.,
2014; Byrd et al., 2016). Furthermore, rising sea level caused by global
climate change would induce salinization of freshwater wetlands, and
the key controlling factors of biomass allocation would change from
soil nutrients to salinity subsequently (Herbert et al., 2015). Model simulation of wetland carbon cycle should thus change from inland to
coastal wetlands. Third, the most records of AGB we used in this synthesis were the peak values in each case study, generally in summer and
autumn, while the peak BGB generally occurred in winter (Zhou et al.,
2018). The season variation of macrophytes' R/S in coastal and inland
wetlands should be frequently investigated in the ﬁeld (Yang et al.,
2020). Therefore, the decline trend of R/S with temperature and the underlying negative effect on SOC (Fig. 3, Zhou et al., 2015) should be applied with caution because of the time lag of peak biomass between
above- and belowground compartments.

4.3. Implications for model development and prediction in a changing
climate
As a critical parameter in simulating carbon cycle in terrestrial ecosystem and biosphere-climate change feedback, R/S is often used for estimating root biomass from the more easily obtained aboveground
biomass (Mokany et al., 2006; Gregory et al., 2007). However, the reliability of R/S for wetland vegetation would be greatly challenged by
global change, including increasing air temperature, sea level rise, and
non-point source pollution derived by land-use change (e.g., nitrogen
and phosphorus from agriculture, Moomaw et al., 2018). Our research's
outcomes have substantial possibilities to insight the pattern of wetland
vegetation that will be helpful for wetland model development and future experiments in a changing climate. First, our results showed greater
contributions of soil and hydrological properties relative to that of climate (Fig. 7) on spatial variation of macrophytes' R/S. Current wetland
ecosystem models did not separately consider effects of climate, soil
and hydrological factors on terrestrial C storage. The ﬁndings can be integrated into the framework of wetland models to improve model development and performance (King and Price, 2006; Byrd et al., 2016),
especially in the context of global change. Speciﬁcally, the quantiﬁed
correlations of soil salinity, nutrients and water level in coastal wetland,
or water depth in inland ones with macrophytes' R/S (Figs. 5–7) could
be directly used in setting model parameters and equations (e.g., in

Table 2
The correlation coefﬁcient between variables for coastal wetlands (AGB, aboveground biomass; BGB, belowground biomass, R/S, root/shoot ratio; MAT, mean annual temperature; MAP,
mean annual precipitation; WL, water level; SS, soil salinity; SOC, soil organic carbon; TN, soil total nitrogen; TP, soil total phosphorus).
Coastal wetland

AGB

AGB
BGB
R/S
MAT
MAP
pH
WL
SS
SOC
TN
TP

0.76
−0.20
0.49
0.49
−0.60
−0.47
0.12
0.62
0.45
−0.33

BGB

R/S

MAT

MAP

pH

WL

SS

SOC

TN

TP

***

ns
***

***
*
ns

***
ns
**
***

***
**
ns
***
**

**
ns
**
ns
*
ns

ns
**
***
ns
ns
ns
ns

***
**
ns
***
***
***
*
*

**
*
ns
ns
*
ns
ns
ns
**

*
ns
*
ns
ns
ns
ns
ns
ns
ns

0.47
0.30
0.21
−0.46
−0.10
0.47
0.41
0.32
0.06

−0.21
−0.37
0.01
0.45
0.60
−0.17
−0.18
0.40

0.85
−0.66
−0.31
0.27
0.57
0.13
−0.10

−0.50
−0.36
0.08
0.52
0.33
−0.29

0.05
−0.30
−0.66
−0.24
0.14

The symbols*, ** and *** indicate the coefﬁcients are signiﬁcant at <0.001, 0.01 and <0.05; ns indicates ≥0.05.
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0.01
−0.37
−0.25
0.23

0.40
−0.12
0.32

0.49
−0.22

0.05
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Table 3
The correlation coefﬁcient between variables for inland wetlands (AGB, aboveground biomass; BGB, belowground biomass, R/S, root/shoot ratio; MAT, mean annual temperature; MAP,
mean annual precipitation; SOC, soil organic carbon; TN, soil total nitrogen; TP, soil total phosphorus; WD, water depth).
Inland wetland
AGB
BGB
R/S
MAT
MAP
SOC
pH
TN
TP
WD

AGB
0.86
0.03
−0.41
−0.12
0.27
−0.22
0.42
0.54
−0.08

BGB

R/S

MAT

MAP

SOC

pH

TN

TP

WD

***

ns
***

***
***
***

ns
ns
ns
***

ns
**
**
**
ns

ns
**
**
*
ns
***

*
***
**
**
ns
***
***

**
***
**
ns
ns
ns
ns
ns

ns
ns
*
ns
ns
**
ns
*
ns

0.50
−0.53
−0.10
0.45
−0.48
0.60
0.66
−0.29

−0.38
0.05
0.42
−0.47
0.44
0.47
−0.42

0.67
−0.45
0.34
−0.52
−0.01
0.18

−0.10
−0.15
−0.20
0.25
−0.22

−0.56
0.95
0.25
−0.49

−0.63
−0.34
0.18

0.20
−0.39

−0.34

The symbols *, ** and *** indicate the coefﬁcients are signiﬁcant at <0.001, 0.01 and <0.05; ns indicates ≥0.05.

5. Conclusions

References

Patterns of macrophytes' R/S are important for characterizing wetland structure and functions, as processes of carbon, oxygen and nutrients at water-sediment (or at water-soil) interface are affected by
biomass allocation. In this study, we found coastal wetlands had higher
AGB and lower R/S than inland ones, while woody macrophytes supported greater biomass and lower R/S than herbs across China. The correlations between AGB and BGB, and between R/S and BGB among
coastal inlands were signiﬁcantly different from those among inland
wetlands. The spatial variation of wetland R/S across China was mainly
explained by soil and hydrological properties, being reﬂected in importance of inland soil phosphorus and coastal soil salinity. Our results indicated the spatial variation of R/S in China was mainly caused by that of
BGB, which would be the main source of uncertainty in regional carbonstock estimation in wetland ecosystems. This study highlights importance of wetland types and macrophyte life forms and regulation of
soil salinity, nutrients, and hydrological properties for wetland R/S
across China, which should be considered in regional biomass estimation of wetland vegetation in the future climate.

Alldred, M., Liberti, A., Baines, S.B., 2017. Impact of salinity and nutrients on salt marsh
stability. Ecosphere 8, e02010.
Askari, Y., Soltani, A., Akhavan, R., Kohyani, P.T., 2017. Assessment of root-shoot ratio biomass and carbon storage of Quercus brantii Lindl. In the central Zagros forests of Iran.
J. Forest Sci. (Prague) 63, 282–289.
Bhandari, J., Zhang, Y., 2019. Effect of altitude and soil properties on biomass and plant
richness in the grasslands of Tibet, China, and Manang District, Nepal. Ecosphere 10.
Bornette, G., Puijalon, S., 2011. Response of aquatic plants to abiotic factors: a review.
Aquat. Sci. 73, 1–14.
Bornette, G., Henry, C., BARRAT, M.H., Amoros, C., 1994. Theoretical habitat templets, species traits, and species richness: aquatic macrophytes in the Upper Rhône River and
its ﬂoodplain. Freshw. Biol. 31, 487–505.
Boyer, K.E., Fong, P., Vance, R.R., Ambrose, R.F., 2001. Salicornia virginica in a southern California salt marsh: seasonal patterns and a nutrient-enrichment experiment. Wetlands 21, 315–326.
Bridgham, S.D., Megonigal, J.P., Keller, J.K., Bliss, N.B., Trettin, C., 2006. The carbon balance
of North American wetlands. Wetlands 26, 889–916.
Byrd, K.B., Windham-Myers, L., Leeuw, T., Downing, B., Morris, J.T., Ferner, M.C., 2016.
Forecasting tidal marsh elevation and habitat change through fusion of Earth observations and a process model. Ecosphere 7, e01582.
Cairns, M.A., Brown, S., Helmer, E.H., Baumgardner, G.A, 1997. Root biomass allocation in
the world’s upland forests. Oecologia 111, 1–11.
Canarini, A., Kaiser, C., Merchant, A., Richter, A., Wanek, W., 2019. Root exudation of primary metabolites: mechanisms and their roles in plant responses to environmental
stimuli. Front. Plant Sci. 10, 00157.
Darby, F.A., Turner, R.E., 2008. Below-and aboveground biomass of Spartina alterniﬂora:
response to nutrient addition in a Louisiana salt marsh. Estuar. Coasts 31, 326–334.
Edwards, A.L., Lee, D.W., Richards, J.H., 2003. Responses to a ﬂuctuating environment: effects of water depth on growth and biomass allocation in Eleocharis cellulosa Torr.
(Cyperaceae). Can. J. Bot. 81, 964–975.
Fierer, N., Craine, J.M., McLauchlan, K., Schimel, J.P., 2005. Litter quality and the temperature sensitivity of decomposition. Ecology 86, 320–326.
Fritz, K.M., Evans, M.A., Feminella, J.W., 2004. Factors affecting biomass allocation in the
riverine macrophyte Justicia americana. Aquat. Bot. 78, 279–288.
Gregory, J., Stouffer, R.J., Molina, M., Chidthaisong, A., Solomon, S., Raga, G., Friedlingstein,
P., Bindoff, N.L., Le Treut, H. & Rusticucci, M. (2007) Climate change 2007: the physical
science basis.
Gross, C.D., Harrison, R.B., 2019. The case for digging deeper: soil organic carbon storage,
dynamics, and controls in our changing world. Soil Systems 3, 28.
Güsewell, S., Freeman, C., 2005. Nutrient limitation and enzyme activities during litter decomposition of nine wetland species in relation to litter N: P ratios. Funct. Ecol. 19,
582–593.
He, Y., Zhou, X., Cheng, W., Zhou, L., Zhang, G., Zhou, G., Liu, R., Shao, J., Zhu, K., Cheng, W.,
2019. Linking improvement of soil structure to soil carbon storage following invasion
by a C4 plant Spartina alterniﬂora. Ecosystems 22, 859–872.
Herbert, E.R., Boon, P., Burgin, A.J., Neubauer, S.C., Franklin, R.B., Ardon, M., Hopfensperger,
K.N., Lamers, L.P.M., Gell, P., 2015. A global perspective on wetland salinization: ecological consequences of a growing threat to freshwater wetlands. Ecosphere 6, 206.
Kao, J.T., Titus, J.E., Zhu, W.-X., 2003. Differential nitrogen and phosphorus retention by
ﬁve wetland plant species. Wetlands 23, 979–987.
King, D.M., Price, E.W., 2006. Developing Defensible Wetland Mitigation Ratios. King and
Associates, Inc., Solomons Island, MD (20688).
Kobe, R.K., Iyer, M., Walters, M.B., 2010. Optimal partitioning theory revisited: nonstructural carbohydrates dominate root mass responses to nitrogen. Ecology 91, 166–179.
Kramer-Walter, K.R., Laughlin, D.C., 2017. Root nutrient concentration and biomass allocation are more plastic than morphological traits in response to nutrient limitation.
Plant Soil 416, 539–550.
Krauss, K.W., Lovelock, C.E., McKee, K.L., Lopez-Hoffman, L., Ewe, S.M.L., Sousa, W.P., 2008.
Environmental drivers in mangrove establishment and early development: a review.
Aquat. Bot. 89, 105–127.
Lai, W.-L., Zhang, Y., Chen, Z.-H., 2012. Radial oxygen loss, photosynthesis, and nutrient
removal of 35 wetland plants. Ecol. Eng. 39, 24–30.

CRediT authorship contribution statement
Lingyan Zhou: Conceptualization, Visualization, Writing – original
draft. Wei Yan: Methodology, Investigation. Xiaoying Sun: Data
curation. Junjiong Shao: Software. Peipei Zhang: Investigation. Guiyao
Zhou: Investigation. Yanghui He: Visualization, Investigation. Huiying
Liu: Writing – review & editing. Yuling Fu: Conceptualization, Resources, Supervision. Xuhui Zhou: Writing – review & editing.
Declaration of competing interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.
Acknowledgements
The authors thank the anonymous reviewers for their insightful
comments and suggestions. We also thank all the scientists whose data
and work were included in this synthesis. This work was supported by
National Key Research and Development Program of China (Grant No.
2020YFA0608403), National Natural Science Foundation of China
(Grant No. 32071593, 31930072, 31600352, 31370489, 31901200),
and the Anhui Provincial Natural Science Foundation of China (Grant
No. 1708085QC53).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145317.
9

L. Zhou, W. Yan, X. Sun et al.

Science of the Total Environment 774 (2021) 145317
Sahrawat, K., 2005. Fertility and organic matter in submerged rice soils. Curr. Sci. 88,
735–739.
Saint-Etienne, L., Paul, S., Imbert, D., Dulormne, M., Muller, F., Toribio, A., Plenchette, C., Bâ,
A., 2006. Arbuscular mycorrhizal soil infectivity in a stand of the wetland tree
Pterocarpus ofﬁcinalis along a salinity gradient. For. Ecol. Manag. 232, 86–89.
Schile, L.M., Callaway, J.C., Morris, J.T., Stralberg, D., Parker, V.T., Kelly, M., 2014. Modeling
tidal marsh distribution with sea-level rise: evaluating the role of vegetation, sediment, and upland habitat in marsh resiliency. PLoS One 9, e88760.
Schlesinger, W.H., Cole, J.J., Finzi, A.C., Holland, E.A., 2011. Introduction to coupled biogeochemical cycles. Front. Ecol. Environ. 9, 5–8.
Shen, Q., Wen, Z., Dong, Y., Li, H., Miao, Y., Shen, J., 2018. The responses of root morphology and phosphorus-mobilizing exudations in wheat to increasing shoot phosphorus
concentration. AoB Plants 10 (ply054).
Shimono, A., Zhou, H., Shen, H., Hirota, M., Ohtsuka, T., Tang, Y., 2010. Patterns of plant diversity at high altitudes on the Qinghai-Tibetan plateau. J. Plant Ecol. 3, 1–7.
Shipley, B., Meziane, D., 2002. The balanced-growth hypothesis and the allometry of leaf
and root biomass allocation. Funct. Ecol. 16, 326–331.
Song, C., Wang, Y., Wang, Y., Zhao, Z., 2006. Emission of CO2, CH4 and N2O from freshwater marsh during freeze–thaw period in northeast of China. Atmos. Environ. 40,
6879–6885.
Song, F., Su, F., Mi, C., Sun, D., 2021. Analysis of driving forces on wetland ecosystem services value change: a case in Northeast China. Sci. Total Environ. 751.
Sorrell, B.K., Tanner, C.C., Brix, H., 2012. Regression Analysis of Growth Responses to
Water Depth in Three Wetland Plant Species (Aob Plants).
Sosnova, M., van Diggelen, R., Klimešová, J., 2010. Distribution of clonal growth forms in
wetlands. Aquat. Bot. 92, 33–39.
Sundareshwar, P., Morris, J., Koepﬂer, E., Fornwalt, B., 2003. Phosphorus limitation of
coastal ecosystem processes. Science 299, 563–565.
Twilley, R.R., Rivera-Monroy, V.H., 2005. Developing Performance Measures of Mangrove
Wetlands Using Simulation Models of Hydrology, Nutrient Biogeochemistry, and
Community Dynamics. Journal of Coastal Research, SI, pp. 79–93.
Vann, C.D., Megonigal, J.P., 2003. Elevated CO2 and water depth regulation of methane
emissions: comparison of woody and non-woody wetland plant species. Biogeochemistry 63, 117–134.
Wang, L., Li, L., Chen, X., Tian, X., Wang, X., Luo, G., 2014. Biomass allocation patterns
across China’s terrestrial biomes. PLoS One 9, e93566.
Whigham, D.F., Simpson, R.L., 1978. The relationship between aboveground and belowground biomass of freshwater tidal wetland macrophytes. Aquat. Bot. 5, 355–364.
Whiting, G.J., Chanton, J.P., 2001. Greenhouse carbon balance of wetlands: methane emission versus carbon sequestration. Tellus B 53, 521–528.
Xiao, D., Deng, L., Kim, D.-G., Huang, C., Tian, K., 2019. Carbon budgets of wetland ecosystems in China. Glob. Chang. Biol. 25, 2061–2076.
Xie, D., Yu, D., You, W., Wang, L., 2013. Morphological and physiological responses to sediment nutrients in the submerged macrophyte Myriophyllum spicatum. Wetlands 33,
1095–1102.
Yang, Y., Fang, J., Ji, C., Han, W., 2009. Above-and belowground biomass allocation in Tibetan grasslands. J. Veg. Sci. 20, 177–184.
Yang, W., Yan, J., Wang, Y., Zhang, B.-T., Wang, H., 2020. Seasonal variation of aquatic macrophytes and its relationship with environmental factors in Baiyangdian Lake, China.
Sci. Total Environ. 708, 135112.
Yu, G., Zhu, X., Fu, Y., He, H., Wang, Q., Wen, X., Li, X., Zhang, L., Zhang, L., Su, W., 2013.
Spatial patterns and climate drivers of carbon ﬂuxes in terrestrial ecosystems of
China. Glob. Chang. Biol. 19, 798–810.
Zhang, Y., Ding, W., Luo, J., Donnison, A., 2010. Changes in soil organic carbon dynamics in
an eastern Chinese coastal wetland following invasion by a C4 plant Spartina
alterniﬂora. Soil Biol. Biochem. 42, 1712–1720.
Zhou, L., Yin, S., An, S., Yang, W., Deng, Q., Xie, D., Ji, H., Ouyang, Y., Cheng, X., 2015. Spartina alterniﬂora invasion alters carbon exchange and soil organic carbon in eastern
salt marsh of China. CLEAN-Soil Air Water 43, 569–576.
Zhou, C., Wong, K., Zhao, J., 2018. Coastal wetland vegetation in response to global
warming and climate change. In: Zhang, Y., Hou, Y., Yang, X. (Eds.), Sea Level Rise
and Coastal Infrastructure. IntechOpen, pp. 61–81.

Li, W., Li, C., Liu, X., He, D., Bao, A., Yi, Q., Wang, B., Liu, T., 2018. Analysis of spatialtemporal variation in NPP based on hydrothermal conditions in the LancangMekong River Basin from 2000 to 2014. Environ. Monit. Assess. 190, 321.
Li, X., Lei, G., Li, Y., Wang, Y., Tan, Z., 2021. Assessing hydrodynamic effects of ecological
restoration scenarios for a tidal-dominated wetland in Liaodong Bay (China). Sci.
Total Environ. 752.
Liu, L., Wang, H.-J., Yue, Q., 2020. China’s coastal wetlands: ecological challenges, restoration, and management suggestions. Reg. Stud. Mar. Sci. 37.
López-Hoffman, L., DeNoyer, J.L., Monroe, I.E., Shaftel, R., Anten, N.P.R., Martínez-Ramos,
M., Ackerly, D.D., 2006. Mangrove seedling net photosynthesis, growth, and survivorship are interactively affected by salinity and light. Biotropica 38, 606–616.
Lorenzen, B., Brix, H., Mendelssohn, I.A., McKee, K.L., Miao, S.L., 2001. Growth, biomass allocation and nutrient use efﬁciency in Cladium jamaicense and Typha domingensis as
affected by phosphorus and oxygen availability. Aquat. Bot. 70, 117–133.
Lu, X., Jiang, M., 2004. Progress and prospect of wetland research in China. J. Geogr. Sci. 14,
45–51.
Lu, W., Xiao, J., Liu, F., Zhang, Y., Liu, C.a., Lin, G., 2017. Contrasting ecosystem CO2 ﬂuxes of
inland and coastal wetlands: a meta-analysis of eddy covariance data. Glob. Chang.
Biol. 23, 1180–1198.
Luo, W., Xie, Y., Chen, X., Li, F., Qin, X., 2010. Competition and facilitation in three marsh
plants in response to a water-level gradient. Wetlands 30, 525–530.
Luo, W., Jiang, Y., Lü, X., Wang, X., Li, M.-H., Bai, E., Han, X., Xu, Z., 2013. Patterns of plant
biomass allocation in temperate grasslands across a 2500-km transect in northern
China. PLoS One 8, e71749.
Mitsch, W.J., Bernal, B., Nahlik, A.M., Mander, U., Zhang, L., Anderson, C.J., Jorgensen, S.E.,
Brix, H., 2013. Wetlands, carbon, and climate change. Landsc. Ecol. 28, 583–597.
Mokany, K., Raison, R.J., Prokushkin, A.S., 2006. Critical analysis of root: shoot ratios in terrestrial biomes. Glob. Chang. Biol. 12, 84–96.
Moomaw, W.R., Chmura, G.L., Davies, G.T., Finlayson, C.M., Middleton, B.A., Natali, S.M.,
Perry, J.E., Roulet, N., Sutton-Grier, A.E., 2018. Wetlands in a changing climate: science, policy and management. Wetlands 38, 183–205.
Murphy, M., McKinley, A., Moore, T., 2009. Variations in above-and below-ground vascular plant biomass and water table on a temperate ombrotrophic peatland. Botany 87,
845–853.
Nielsen, D.L., Brock, M.A., Crosslé, K., Harris, K., Healey, M., Jarosinski, I., 2003. The effects
of salinity on aquatic plant germination and zooplankton hatching from two wetland
sediments. Freshw. Biol. 48, 2214–2223.
Niu, Z., Zhang, H., Wang, X., Yao, W., Zhou, D., Zhao, K., Zhao, H., Li, N., Huang, H., Li, C.,
2012. Mapping wetland changes in China between 1978 and 2008. Chin. Sci. Bull.
57, 2813–2823.
Ouyang, W., Hao, F., Skidmore, A.K., Toxopeus, A.G., 2010. Soil erosion and sediment yield
and their relationships with vegetation cover in upper stream of the Yellow River. Sci.
Total Environ. 409, 396–403.
Pan, Y., Cieraad, E., Clarkson, B.R., Colmer, T.D., Pedersen, O., Visser, E.J.W., Voesenek,
L.A.C.J., van Bodegom, P.M., 2020. Drivers of plant traits that allow survival in wetlands. Funct. Ecol. 34, 956–967.
Peregon, A., Maksyutov, S., Kosykh, N.P., Mironycheva-Tokareva, N.P., 2008. Map-based
inventory of wetland biomass and net primary production in western Siberia.
J. Geophys. Res. Biogeosci. 113, G01007.
Pezeshki, S., 2001. Wetland plant responses to soil ﬂooding. Environ. Exp. Bot. 46,
299–312.
Poorter, H., Niklas, K.J., Reich, P.B., Oleksyn, J., Poot, P., Mommer, L., 2012. Biomass allocation to leaves, stems and roots: meta-analyses of interspeciﬁc variation and environmental control. New Phytol. 193, 30–50.
Rasse, D.P., Rumpel, C., Dignac, M.F., 2005. Is soil carbon mostly root carbon? Mechanisms
for a speciﬁc stabilisation. Plant Soil 269, 341–356.
Robinson, G.G., Gurney, S.E., Goldsborough, L.G., 1997. The primary productivity of benthic and planktonic algae in a prairie wetland under controlled water-level regimes.
Wetlands 17, 182–194.
Robles-Aguilar, A.A., Pang, J., Postma, J.A., Schrey, S.D., Lambers, H., Jablonowski, N.D.,
2019. The effect of pH on morphological and physiological root traits of Lupinus
angustifolius treated with struvite as a recycled phosphorus source. Plant Soil 434,
65–78.
Ryan, A.B., Boyer, K.E., 2012. Nitrogen further promotes a dominant salt marsh plant in an
increasingly saline environment. J. Plant Ecol. 5, 429–441.

10

