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Abstract
Biodiversity is declining globally at a rapid rate nowadays as a result of a variety of global changes, and estimating how 
biodiversity loss affects ecosystem process (e.g., productivity) is critical. However, little is known about the relationship 
of macrophyte community productivity to trait-based biodiversity nor the comparative strength of trait-based biodiversity 
relative to species diversity in relation to productivity. Here, we investigated how multifaceted biodiversity indices were 
related with macrophyte community productivity using the data collected from a survey of 78 macrophyte plots in Liangzi 
lake, a shallow freshwater lake in China. We found that functional evenness and community-weighted mean traits had close 
association with community productivity, while species diversity, functional richness and divergence, and functional group 
richness were not significantly correlated with productivity. The connection between characteristics of dominant species 
and community productivity depended on the given trait. The significant correlation between community-level photosyn-
thetic traits (Fv/Fm and chlorophyll content) and productivity revealed the importance of taking photosynthetic traits into 
account when exploring the mechanism behind the biodiversity–productivity relationship. Moreover, our results showed 
the redundancy and complementarity of the biodiversity indices in predicting community productivity. Overall, our results 
suggested that both mass ratio hypothesis and niche complementarity hypothesis can operate on community productivity.

Keywords Trait-based biodiversity · Species diversity · Productivity · Photosynthetic traits · Macrophyte · Freshwater 
ecosystem · Dominant species

Introduction

As a result of continuous, excessive human activities, bio-
diversity is declining at a faster rate now than that found in 
the fossil record (Balvanera et al. 2006; Naeem et al. 2012). 
The accelerating declines in wild species sparked a surge 
of researches to find out how biodiversity affect ecosys-
tem functions and services (Duffy et al. 2017; Naeem et al. 
2012). Productivity, fundamentally important for nearly all 
ecosystem goods and services, was focused on as a feature of 
ecosystem functions to evaluate biodiversity effects (Loreau 

et al. 2001; Mooney 1994). Previous studies have demon-
strated that biodiversity can enhance productivity through 
complementarity effect (i.e., niche differentiation and facili-
tation) and selection effect in terrestrial ecosystems (Cardi-
nale et al. 2004; Loreau and Hector 2001; Loreau et al. 2012; 
Tilman and Snell-Rood 2014).

The biodiversity of aquatic plant ecosystem is under 
threat nowadays due to biological invasion (Bolpagni 2021; 
Wang et al. 2016), eutrophication (Chambers et al. 2008) and 
extreme climate events (Amoros and Bornette 1991; Parsons 
et al. 2005; Sparks et al. 1990). Aquatic plants receive less 
attention than plants in terrestrial ecosystems although they 
can make a substantial contribution to the aquatic ecosystem 
function and services provision (O’Hare et al. 2018). It is 
urgent to assess the impact of macrophyte biodiversity on 
ecosystem functions and evaluate the conservation value of 
freshwater ecosystems (Alahuhta et al. 2017).

Many studies of the effects of biodiversity on productivity 
in macrophyte communities are based on species diversity 
(e.g., species richness and other species diversity metrics 
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measured by the number and abundance of species) (Korol 
and Ahn 2016; Moi et al. 2021; Riis et al. 2018; Wu et al. 
2021). In the current research of effects of biodiversity on 
productivity of macrophyte community, functional traits are 
increasingly considered (Fu et al. 2014; Gustafsson et al. 
2019; O’Hare et al. 2018; Rao et al. 2021). Functional traits, 
defined as different morphological, physiological and phe-
nological traits, impact fitness indirectly via their effects on 
three components of individual performance: growth, repro-
duction and survival (Violle et al. 2007). Functional traits 
can determine the response of species to environmental gra-
dients and their ecological functions (Liu and Wang 2018; 
Mori 2016; Mouillot et al. 2013). Therefore, understanding 
how trait-based biodiversity affects productivity can provide 
a deeper understanding of ecological processes (Gustafsson 
et al. 2019; Jing et al. 2019).

Functional traits are considered having close correlations 
with two processes driving species contribution to macro-
phyte community productivity (i.e., niche complementarity 
and fitness difference) via their effects on individual per-
formance (Cadotte 2017; Gustafsson et al. 2019; Rao et al. 
2021; Violle et al. 2007). Two aspects of biodiversity indices 
are related with functional traits (i.e., community functional 
composition): functional diversity and community-weighted 
mean traits (Gagic et al. 2015; Mason et al. 2003; Reich 
et al. 2001; Tilman et al. 1997). Functional diversity, includ-
ing functional richness, functional evenness and functional 
divergence, is a reflection of patterns of species distribution 
in continuous niche/functional space (Mason et al. 2005; 
Mouillot et al. 2005). Functional diversity metrics can be 
used to assess the niche complementarity hypothesis (Díaz 
et al. 2007), that is, the trait dissimilarity among species 
maximizes the diversity of resource use strategies and that 
less niche overlap along resource axes enhances ecosystem 
processes (Mason et al. 2005). Functional richness reflects 
the range of the trait values (Villeger et al. 2008); functional 
evenness measures both the regularity of spacing between 
species along a functional trait gradient and evenness in the 
distribution of abundance across species (Mason et al. 2005; 
Villeger et al. 2008); and functional divergence measures 
how abundances tend to be on the outer margins of the func-
tional space while controlling for functional richness (Díaz 
et al. 2007; Mouchet et al. 2010). In addition, functional 
group richness is also applied as functional diversity in many 
researches about biodiversity–productivity relationship in 
macrophyte communities (Bouchard et al. 2007; Korol and 
Ahn 2016). Functional group richness influences multiple 
ecosystem properties such as biomass accumulation since 
it is closely related to resource utilization (Bouchard et al. 
2007; Rusch and Oesterheld 1997; Thomas et al. 2019; Til-
man et al. 1997) through niche differentiation (Lanta and 
Lepš 2006). Community-weighted mean traits, i.e., the com-
munity-level trait values based on species own abundance, 

is widely considered to be closely related with productivity 
in macrophyte communities (Cadotte 2017; Fu et al. 2014). 
This demonstrates that the mass ratio hypothesis, which pro-
poses that ecosystem functioning is determined to an over-
whelming extent by the traits of the dominant species, plays 
a key role in relationship between biodiversity and produc-
tivity (Garnier et al. 2004; Jing et al. 2019; Xu et al. 2018).

One study indicated that productivity was strongly 
determined by trait-based biodiversity but not significantly 
affected by species diversity in macrophyte community (Fu 
et al. 2014), whereas Cadotte (2017) demonstrated that mac-
rophyte species richness positively contributed to productiv-
ity through species fitness (community-level trait values) 
and niche complementarity (functional diversity). It is still 
an open question how species diversity and trait-based bio-
diversity influence macrophyte community productivity. In 
addition, there are similarities and differences among these 
above-mentioned indices (Gascón et al. 2009). Therefore, 
it is necessary to compare the correlation between multiple 
biodiversity indices and macrophyte community productiv-
ity and see whether these indices’ interpretations of biodi-
versity–productivity relationship are redundant by examin-
ing the correlation between them.

At present, most studies on the impact of trait-based 
diversity on productivity in macrophyte community focus on 
morphological and stoichiometric traits (Cadotte 2017; Gus-
tafsson et al. 2019; Rao et al. 2021). However, photosynthe-
sis-related traits are also key, but rarely studied (Binzer et al. 
2006; Dalla Vecchia et al. 2020). Chlorophyll fluorescence 
parameter Fv/Fm and chlorophyll content of plant leaves 
are two important photosynthesis-related traits (Reed et al. 
2012; Sharma et al. 2015) since they can shape individual 
biomass production by affecting two critical photosynthe-
sis processes: maximum quantum yield of photosystem II 
(PSII) chemistry (Ibaraki and Murakami 2007; Murchie 
and Lawson 2013) and light harvesting (Croft et al. 2017), 
respectively. Yet it is still unknown how community-level 
photosynthetic traits and the distribution of each species’ 
traits in the niche space mediate biodiversity–productivity 
relationship.

In this study, we investigated 78 macrophyte plots in 
Liangzi lake, one of the macrophyte-dominated lakes in the 
mid-lower Yangtze River floodplain to test how multiple fac-
ets of biodiversity (i.e., species diversity, functional diver-
sity, functional group richness and community-weighted 
mean of traits) correlate with community productivity. Two 
photosynthesis-related traits (i.e., Fv/Fm and chlorophyll 
content of leaf) were used to calculate trait-based biodiver-
sity indices. We aimed to test (1) how multiple facets of 
biodiversity indices correlate with community productivity 
and what mechanism underlies biodiversity–productivity 
relationship; (2) whether trait-based indices better predict 
productivity than indices based only on species presence and 
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abundance in aquatic macrophyte communities and whether 
redundancy of biodiversity indices exists when explaining 
the biodiversity–productivity relationship; (3) how traits of 
dominant species relate with community productivity.

Materials and methods

Field sampling survey

The study was carried out in Liangzi lake (30° 05′–30° 18′ N, 
114° 21′–114° 39′ E), Hubei Province, China (Ma et al. 
2021). It is a typical macrophyte-dominated shallow lake 
in the middle reaches of Yangtze River Basin with high 
biodiversity (Fang et al. 2006; Xie et al. 2015). During the 
growing season from July 19 to August 7 of 2018, when 
the macrophytes have the maximal productivity, we sur-
veyed randomly 78 aquatic macrophyte plots (1 m × 1 m) in 
Liangzi lake (Ma et al. 2021). In each plot, the whole plants 
containing both shoot and root were collected using destruc-
tive method to obtain sample data accurately (Müllerová 
et al. 2020), and then washed to get rid of the sediment and 
surface residues. All species within a plot had been identi-
fied and recorded according to the Flora of China (http:// 
www. iplant. cn/ foc/) and all species were divided into four 
life-forms (i.e., submerged, floating-leaved, free-floating and 
emergent plants) based on its growth form, and their cover-
age were determined by visual estimation on a 22-degree 
scales (0.5%, 1%, 5%, 10%, 15%, 20% …100%) (Ma et al. 
2021). To measure the biomass of each species within each 
plot, the materials were oven-dried at 80 °C for 72 h. In this 
study, community productivity is referred to the total bio-
mass of all species within plot since biomass is a surrogate 
of the potential productivity of a system (Hillebrand and 
Cardinale 2010). Our previous study showed that the total 
biomass per plot ranged from 48 to 1581 g·m−2 (Ma et al. 
2021). We calculated each species’ relative coverage ( R

C
 ) 

in a plot by formula R
C
= C∕C

T
 , where C and C

T
 are cover-

age of a species and total coverage of this plot, respectively. 
Likewise, we calculated each species’ relative biomass by 
R
M
= M∕M

T
 , where M and M

T
 are biomass of a species and 

total biomass of this plot, respectively. The dominance index 
of a species within plot was set as the average value of rela-
tive coverage and relative biomass of this species. Then, we 
set the species with the highest dominance index in a plot as 
the dominant species in this plot.

Our previous study showed that there were 33 aquatic 
plant species, including 12 submerged species, 7 floating-
leaved species, 2 free-floating species and 12 emergent spe-
cies (Ma et al. 2021). In most cases, there is only one obvi-
ous dominant species in a 1  m2 plot. Four of the 78 plots 
had co-dominant species (i.e., subdominant species had the 
similar dominance index with dominant species) based on 

the dominance index. Due to the rarity of co-dominance in 
our study, these plots were removed from analysis.

Functional traits measurements

We measured two photosynthetic traits (Fv/Fm and chloro-
phyll content) of all species within plot. To measure maxi-
mum quantum efficiency of PSII photochemistry (Fv/Fm), 
where PSII photochemistry is one of the photosystems for 
photosynthesis, materials were first adapted to dark condi-
tions for 30 min to ensure photosystem II reaction centers 
open. Then, six healthy and mature leaves each species were 
selected to measure the chlorophyll fluorescence using a 
portable chlorophyll fluorometer Diving-PAM (Walz GmbH, 
Effeltrich, Germany), acquiring the minimum fluorescence 
(F0) and the maximum fluorescence (Fm). Finally, we cal-
culated chlorophyll fluorescence parameter Fv/Fm (where 
Fv = Fm–F0). To measure chlorophyll content, 0.1 g leaves 
were weighted freshly, cut off to pieces, and soaked in 80% 
acetone for 48 h, and then measured the absorbance at 
663 nm and 645 nm (UV-1800, SHIMADZU, Tokyo, Japan). 
The chlorophyll concentration was then calculated according 
to Lichtenthaler and Wellburn (1983).

Biodiversity indices

We estimated two types of biodiversity indices for each 
plot (Table 1): seven species diversity indices (species rich-
ness, Shannon–Wiener index, Shannon diversity, Simpson 
diversity, Pielou evenness, Shannon evenness and Simpson 
evenness) and five trait-dependent diversity indices (com-
munity-weighted mean traits, functional richness, functional 
evenness, functional divergence and functional group rich-
ness). Community-weighted mean traits and three functional 
diversity indices (functional richness, functional evenness 
and functional divergence) were calculated based on two 
photosynthetic traits (Fv/Fm and chlorophyll content). 
Community-weighted mean traits reflect the community 
trait level and are a quantitative translation of mass ratio 
hypothesis (Grime 1998). Functional diversity indices reveal 
the pattern of species distribution in niche/functional space 
(Mason et al. 2005; Mouillot et al. 2005). Functional group 
richness is the number of functional groups (submerged, 
floating-leaved, free-floating and emergent plants) in each 
plot.

Statistical analysis

Community-weighted mean trait values and functional 
diversity indices were calculated for each plot with the FD 
package (Laliberté et al. 2014) in R software. We applied 
general linear models where the response variable was the 
community productivity and each biodiversity index was 

http://www.iplant.cn/foc/
http://www.iplant.cn/foc/
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predictor variable to assess the variations in community 
productivity along the gradient of biodiversity indices. To 
compare the predictions of different biodiversity indices 
on community productivity, we applied a multiple gen-
eral linear model with community productivity as response 
variable and all biodiversity indices as predictor variables 
(full model). To reduce the degree of collinearity between 
biodiversity indices, we checked for collinearity by calcu-
lating the variance inflation factor (VIF). We excluded the 
biodiversity indices with highest VIF step-by-step until 
the VIF of all terms were below 5 and thus we got the 
final model. The coefficient of each biodiversity index in 
the final model is their prediction on community produc-
tivity. In addition, we examined the correlation between 
pairwise biodiversity indices by means of the Spearman 
rank correlation using corrplot package (Wei et al. 2017) 
to estimate the extent to which these indices differ in their 
predictive ability on community productivity. To assess 
how traits of dominant species affects ecosystem function-
ing, we regressed community productivity with traits of 
dominant species using general linear models. Note that 
productivity was log transformed before performing gen-
eral linear regression to ensure that the data conform to a 
normal distribution and homogeneity. The above analyses 
were performed using R version 3.5.1 (R Development 
Core Team, 2011).

Results

Correlation between multiple biodiversity indices 
and productivity

The results of linear regression showed that log-transformed 
productivity had no significant correlation with all species 
diversity (species richness, P = 0.572; Shannon–Wiener, 
P = 0.573; Shannon diversity index, P = 0.362; Simp-
son diversity index, P = 0.758; Pielou evenness index, 
P = 0.914; Shannon evenness index, P = 0.754; Simpson 
evenness index, P = 0.46; Fig. 1A–G). However, the log-
transformed productivity significantly increased with 
community-weighted mean Fv/Fm (R2 = 0.17, P = 0.015, 
Fig. 1H) and community-weighted mean chlorophyll content 
(R2 = 0.29, P = 0.001, Fig. 1I). Functional evenness also sig-
nificantly enhanced log-transformed productivity (R2 = 0.37, 
P = 0.004) while functional richness, functional divergence 
and functional group richness had no significant correlation 
with log-transformed productivity (Fig. 1J–M).

Most biodiversity indices showed closely correlation with 
each other (Fig. 2). The positive correlations were found 
among species diversity (Spearman test, r > 0.8, P < 0.001), 
as well as between species diversity and functional richness 
(Spearman test, r > 0.6, P < 0.01), and between species diver-
sity and functional group richness (Spearman test, r > 0.5, 

Table 1  Formulas used to 
calculate multiple biodiversity 
indices

S the species number of a plot, C the sum coverage of all species, Ci, Pi
 and T

i
 are the coverage, propor-

tional biomass and the trait values of species I, respectively, dG mean distance to the center of gravity, Dd 
sum of abundance-weighted deviances, D|d| absolute abundance-weighted deviances from the center of 
gravity, PEW partial weighted evenness

Biodiversity indices Formula Reference

Species diversity
Species richness Number of species
Shannon–Wiener  diversity −

∑S

i=1
(
C
i

C
ln

C
i

C
) Shannon and Weaver (1949)

Shannon diversity
e

�
−
∑S

i=1

�
Ci

C
ln

Ci

C

��
Maturo (2018)

Simpson diversity
1 −

∑S

i=1

�
C
i

C

�2 Pielou (1969) and Simpson (1949)

Pielou evenness −
∑S

i=1
(
Ci

C
ln

Ci

C
)

lnS

Pielou (1969)

Shannon evenness
e

�
−
∑S

i=1

�
Ci

C
ln

Ci

C

��

S

Sheldon (1969)

Simpson evenness 1−
∑S

i=1

�
Ci

C

�2

S

Morris et al. (2014)

Trait-based diversity
 Community-weighted mean trait ∑S

i=1
P
i
T
i

Garnier et al. (2004)

 Functional richness Quickhull algorithm Villeger et al. (2008)
 Functional evenness ∑S−1

i=1
min

�
PEW

i
,

1

S−1

�
−

1

S−1

1−
1

S−1

Villeger et al. (2008)

 Functional divergence Δd+dG

Δ|d|+dG
Villeger et al. (2008)

 Functional group richness Number of functional groups
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P < 0.01). By contrast, there was a negative correlation 
between species richness and Shannon evenness (Spearman 
test, r = − 0.367, P = 0.014). However, community-weighted 
mean of traits and functional evenness were not correlated 
to any of other diversity indices.

After removing the collinearity of the full model, eight 
predictors (i.e., biodiversity indices) were left in the final 
model. Among these, species richness, Shannon evenness, 
functional divergence and functional group richness had 
very weak negative effects on log-transformed productivity. 
In contrast, community-weighted mean Fv/Fm, community-
weighted mean chlorophyll content and functional evenness 
had strong positive effects (Fig. 3).

Correlation between functional traits of dominant 
species and community productivity

Regression analysis between functional traits of dominant 
species and community productivity demonstrated that 
Fv/Fm of dominant species had no significant relationship 
with log-transformed productivity (R2 = 0.02, P > 0.05) 
(Fig. 4A). In contrast, the chlorophyll content of dominant 

species was positively correlated with log-transformed pro-
ductivity (R2 = 0.13, P = 0.038) (Fig. 4B).

Discussion

Correlation between biodiversity and productivity

Many previous studies have demonstrated positive (Gustaf-
sson and Boström 2011; Moi et al. 2021) or negative (Wu 
et al. 2021) richness–productivity relationship in macrophyte 
community. However, our results indicate that community 
productivity have no significant correlation with all species 
diversity indices (Fig. 1). This discrepancy may be caused by 
the species-specific feedbacks and adaptations to the aquatic 
environment across different sites (Engelhardt and Ritchie 
2001, 2002).

Community-weighted mean traits are significantly corre-
lated with productivity in our study, which reveals that mass 
ratio hypothesis plays a key role in biodiversity–productiv-
ity relationship in macrophyte community (Fu et al. 2014; 
Jing et al. 2019). Our results are consistent with previous 

Fig. 1  Relationship between log-transformed productivity and species 
diversity (A species richness, B Shannon–Wiener diversity, C Shan-
non diversity, D Simpson diversity, E Pielou evenness, F Shannon 
evenness, G Simpson evenness), community-weighted mean of traits 
(H Fv/Fm, I chlorophyll content), functional diversity (J functional 

richness, K functional evenness, L functional divergence) and func-
tional group richness (M). Gray circles represent the samples. The 
regression line is drawn in blue when it is significant (P < 0.05). ns 
means not significant
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study signifying a higher explanatory power of community-
weighted mean in determining variations of community pro-
ductivity relative to functional diversity indices (e.g., Díaz 
et al. 2007; Fu et al. 2014). It is worth noting that functional 
evenness, instead of functional richness and functional 
divergence, accounts for productivity in our study (Fig. 1). 
Functional evenness is generally used to predict resource 
utilization (Mason et al. 2005; Schleuter et al. 2010), indicat-
ing that the more sufficient resource utilization, the higher 
community productivity will be. The positive correlation 
between functional evenness and community productivity in 
our study demonstrates that niche complementarity advances 
productivity of macrophyte communities appreciably (Fu 
et al. 2014; Hodapp et al. 2016). Recent studies have stated 
that biodiversity–ecosystem functioning relationships are 
stronger if functionally different species coexist in a land-
scape with heterogeneous resource supply (Hodapp et al. 
2016). Moreover, the lack of significant correlations between 
functional richness or functional divergence and productivity 
in our study suggests that the range and abundance of spe-
cies occupying the trait space (functional richness and diver-
gence, respectively) might be less important than evenness 

in affecting macrophyte community productivity. Preceding 
investigations have proved that the effect of functional group 
richness on productivity is more pronounced than the effect 
of the number of species in terrestrial ecosystems (Lanta and 
Lepš 2006) due to the complementarity between functional 
groups (Chmara et al. 2019; Reich et al. 2001). However, 
we did not find such phenomenon, and this might be trig-
gered by the effect of water depth on aquatic macrophyte 
community structure. Both functional group richness and 
community productivity are modified by water depth (Ma 
et al. 2021; Middleton et al. 2015), which leads to the failure 
of testing effect of functional group richness on macrophyte 
community productivity. In summary, the significant posi-
tive correlations between functional evenness or community-
weighted mean of traits and productivity in our study imply 
that both niche complementarity hypothesis and mass ratio 
hypothesis underly the mechanism of biodiversity–produc-
tivity relationship in macrophyte community.

The different direction and strength of coefficient of bio-
diversity indices in multiple general linear model (Fig. 3) 
reveals that indices merely based on the numbers and 

Fig. 2  The Spearman correlation within 13 biodiversity indices. The 
size and color of the circles represent the value of the correlation 
coefficient. The larger the circle and the darker the color, the more 
relevant between two indices. The color of the circle changes from 
red (negative) to blue (positive). The blank cell means the correla-
tion between two indices is not significant (i.e., P > 0.05). Note: FDiv 
indicates functional divergence; SE indicates Shannon evenness; SiE 
indicates Simpson evenness; J indicates Pielou evenness; SiD indi-
cates Simpson diversity; H indicates Shannon–Wiener diversity; SD 
indicates Shannon diversity; FRic indicates functional richness; S 
indicates species richness; FGR indicates functional group richness; 
chl indicates chlorophyll content and FEve indicates functional even-
ness

Fig. 3  The mean coefficient and 95% confidence interval of biodiver-
sity indices in predicting log-transformed community productivity. 
The positive estimates are marked in blue and negative estimates are 
marked in red. Note: S indicates species richness, SE indicates Shan-
non evenness, Fv/Fm indicates community-weighted mean Fv/Fm, 
chl indicates community-weighted mean chlorophyll content, FRic 
indicates functional richness, FEve indicates functional evenness, 
FDiv indicates functional divergence and FGR indicates functional 
group richness
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abundances of species are generally weak at explaining 
productivity of aquatic macrophyte communities, while the 
trait-based diversity indices have stronger correlation with 
productivity of macrophyte communities (Dalla Vecchia 
et al. 2020; Gagic et al. 2015). Our results are consistent 
with previous studies that exposes macrophyte community 
productivity is strongly determined by community functional 
trait composition, but not significantly affected by species 
diversity (Fu et al. 2014). Cadotte et al. (2011) summarized 
that trait variation above the species level was a better pre-
dictor of ecosystem functioning than species diversity since 
traits can influence environmental tolerances and habitat 
requirements and thus can determine where a species can 
live. However, the usage of functional group richness in 
macrophyte community may lead to bias of estimating func-
tional diversity effect when functional groups are formed 
subjectively based on some species characteristic such as 
life-forms (Mason et al. 2005; Wright et al. 2006). Func-
tional diversity based on patterns of species distribution in 
continuous niche/functional space is more accurate to reveal 
mechanisms of biodiversity–productivity relationship (Díaz 
et al. 2007; Mammola et al. 2021; Mason et al. 2005; Vil-
leger et al. 2008).

The importance of photosynthesis‑related traits 
in testing relationship between trait‑based 
biodiversity and productivity

Both of the two community-weighted mean photosynthesis-
related traits are positively correlated with productivity in 
our study (Fig. 1H, I), demonstrating that community-level 
photosynthetic traits can be good predictor of community 
productivity in macrophyte community. This is because 
Fv/Fm and chlorophyll content are two important parameters 
in the process of photosynthesis through affecting the con-
version of light energy to chemical energy by plants (Croft 
et al. 2017; Ibaraki and Murakami 2007; Kalaji et al. 2012; 

Murchie and Lawson 2013; Schull et al. 2015). However, 
among the traits connected to photosynthesis, only chloro-
phyll content was used in previous studies on the impact 
of trait-based diversity on productivity (Croft et al. 2015; 
Gitelson et al. 2006). Therefore, we call for more research 
considering multiple photosynthetic traits in the study of 
trait-based biodiversity’s effect to improve the understand-
ing of mechanism of biodiversity–productivity relationship.

Redundancy of biodiversity indices in predicting 
community productivity

Our results show that many species diversity indices are 
highly correlated with each other and they also exhibit 
obvious association with functional richness and functional 
group richness (Fig. 2). This is in line with the collinearity 
between the diversity indices in multiple regression (Fig. 3), 
which together illustrates the redundancy of the biodiversity 
indices in predicting community productivity. Our results 
are partly consistent with the finding of García-Girón et al. 
(2019) that expose the redundancy among species richness, 
Shannon diversity and functional diversity in macrophyte 
communities. On contrast, community-weighted mean traits 
and functional evenness are dissimilar with other biodiver-
sity indices, which reveals the complementarity of these 
biodiversity indices in predicting macrophyte community 
productivity and underlies the necessity of predicting eco-
system functions with multifaceted biodiversity (Gallardo 
et al. 2011; García-Girón et al. 2019; Gascón et al. 2009).

Correlation between dominant species 
and community productivity

The positive connection between community productiv-
ity and chlorophyll content of dominant species (Fig. 4B) 
also supports the mass ratio hypothesis (Díaz et al. 2007; 
Garnier et al. 2004). Our previous study also found the 

Fig. 4  The effects of dominant 
species traits: A Fv/Fm and 
B chlorophyll content on log-
transformed productivity. Gray 
circles represent the communi-
ties sampled. The regression 
line is drawn in blue when it is 
significant (P < 0.05). The blue 
area shows the approximate 
95% confidence intervals on the 
fitted function
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difference of community productivity among communities 
dominated by different species (Ma et al. 2021). These 
findings emphasize the importance of species identity 
of dominant species in shaping community productivity 
(Loreau et al. 2001; Roscher et al. 2012; Xu et al. 2018). 
However, the insignificant correlation between Fv/Fm of 
dominant species and community productivity reveals that 
not all traits of dominant species can predict community 
productivity. Our results suggest that the identification of 
relevant traits and the relative impacts of functional iden-
tity of dominant species are essential for a mechanistic 
understanding of the role of plant diversity for ecosystem 
processes such as community production.

Conclusions

Our study indicates that functional evenness and commu-
nity-weighted mean traits are main predictors of macro-
phyte community productivity, while species diversity, 
functional richness, functional divergence and functional 
group richness are not significantly correlated with pro-
ductivity. Our results suggest both mass ratio hypothesis 
and niche complementarity hypothesis can operate on 
community productivity. The positive connection between 
community productivity and chlorophyll content of domi-
nant species also supports the mass ratio hypothesis. 
However, the insignificant correlation between Fv/Fm of 
dominant species and community productivity reveals that 
not all traits of dominant species can predict community 
productivity. Moreover, our results show the redundancy 
and complementarity of the biodiversity indices in predict-
ing community productivity, suggesting the importance of 
selecting suitable indices in the test of biodiversity–pro-
ductivity relationship. In addition, we emphasize the 
importance of taking into account of photosynthetic traits 
in the study of the mechanism of biodiversity–productiv-
ity relationship.
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