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Abstract: Underwater light reduction is presumably becoming more frequent and intensified due to
eutrophication and algal blooms, which may significantly affect submerged macrophytes’ growth.
However, a comprehensive understanding of how light reduction influences growth-related traits
and responses is currently lacking. Here, we compiled data from 333 records of 62 published works
that used controlled experiments to explore the responses of functional traits associated with growth
to light reduction. Our results indicated that light reduction significantly decreased the relative
growth rate (RGR), ramet number (RM), shoot biomass (SB), root biomass (RB), soluble carbohydrates
(SC), and leaf number (LN) by 38.2%, 60.0%, 59.2%, 55.4%, 30.0%, and 56.1%, respectively, but
elevated the chlorophyll content (Chl) by 25.8%. Meanwhile, the responses of RGR to light reduction
increased significantly with the responses of RM, SB, RB, and root-to-shoot ratio (R/S). Considering
the relationships among the growth-related traits, we further found that the responses of RGR to light
reduction were mainly driven by the RM rather than leaf photosynthetic capability, indicating the
importance of tiller ability under low light stress. We also identified a tipping point of the response of
RGR to light reduction, which might be incorporated into hydrophyte dynamic models to improve
precision. Our results highlight the importance of growth-related traits, andthese traits may need to
be incorporated into models to improve the prediction of distribution and area for submerged species
or to provide guidance for the restoration and sustainable development of aquatic ecosystems.
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1. Introduction

Submerged macrophytes, as the main primary producers, play critical roles in struc-
turing communities and stabilizing the functions of aquatic ecosystems [1-3], such as
providing refuge and food for fish and zooplankton [4,5], reducing phytoplankton biomass
through allelopathic effects [6,7], removing nutrients from water [8], and controlling sedi-
ment resuspension [9]. Additionally, submerged macrophytes also provide food and finan-
cial products for humans to advance the sustainability of aquatic ecosystems. However,
the decline of submerged macrophytes is accelerating worldwide due to eutrophication
and degradation of light conditions [10-12], expediting the collapse of aquatic ecosystems.
Thus, successfully reviving submerged macrophytes is a crucial pathway for maintaining
the functions and achieving sustainable development of aquatic ecosystems.

The growth and reproduction of submerged macrophytes are affected by abiotic
and biotic factors such as light, nutrients, temperature, water level, and phytoplankton
growth [13,14]. Among these factors, light availability determines the growth, reproduction,
and distribution of submerged macrophytes [15,16], which could explain as much as 77%
of the variation in macrophytes’” abundance [17]. In addition, light reception can facilitate
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inorganic carbon acquisition, photosynthesis, and growth of submerged macrophytes [18]
as well as regulate oxygen evolution, thus enabling plants to adapt to anoxic sediments
through root aeration [19,20]. Therefore, understanding the responses of submerged macro-
phytes to light is crucial for the ecological restoration of aquatic ecosystems.

Functional traits have been widely used to illuminate the interactions between plants
and their environments in terrestrial ecosystems [21-23]. Hydrophyte adaptive strategies in
aquatic ecosystems have been tested and can be directly compared with strategies for terres-
trial plants using a functional trait-based approach [24,25]. Functional traits in hydrophytes
are mainly assessed by referring to morphology (plant height and branch), production
(biomass allocation and growth rate), reproduction (bud numbers), physiology (photosyn-
thesis rate), and biochemistry (elemental contents of tissue) [26]. Under environmental
stress, the plasticity of functional traits may enable macrophytes to be more adaptable.
For instance, submerged macrophytes could ease low light stress via growth-related and
physiological trait adjustments (e.g., shoot length, biomass allocation, and leaf photosyn-
thesis parameters) to optimize light utilization and increase survival probability [27-29].
Thus, functional traits are considered vital drivers in regulating the growth strategies of
submerged macrophytes [26,30].

In recent decades, substantial studies have been performed to examine the effects of
light or shading on the functional traits of submerged macrophytes, which have con-
siderably improved our understanding of the mechanisms underlying these light ef-
fects [20,25,31]. For example, after light reduction, Myriophyllum spicatum increased
the plant height and branch length to maximize light interception and photosynthe-
sis [27]. Moderate light reduction induced submerged macrophytes to increase chloro-
phyll content and glutamine synthetase to increase photosynthetic efficiency. However,
extremely low light decreased photosynthesis and nutrient metabolic activity to avoid ox-
idative damage due to low antioxidant reactions [32]. Based on a field investigation,
Arthaud et al. (2021) [31] identified tolerance and avoidance strategies for submerged
macrophytes under reduced light. The tolerance strategy was characterized by a high
investment in leaf area and photosynthetic efficiency to increase light energy utilization,
and a greater investment in vertical growth characterized the avoidance strategy to obtain
more light in shallow water [31]. Additionally, some studies have also shown that the
responses of submerged macrophytes to reduced light occur mainly in terms of ramet
and leaf numbers [33,34], but these responses might change with the percentage of light
reduction [35]. Nonetheless, the current understanding of the global pattern of func-
tional traits in response to light reduction remains highly uncertain due to the lack of
complete datasets, which limits our ability to predict the distribution and dynamics of
submerged macrophytes.

Moreover, the effects of light reduction on functional traits investigated in previous
studies were highly diverse, which might be related to differences in species, leaf shapes,
experimental durations, and light reduction intensities. For instance, after light reduction,
Elodea canadensis showed decreases in ramet numbers and total biomass while biomass
per ramet remained the same. In contrast, Myriophyllum spicatum and Zosterella dubia
showed decreases in both ramet number and biomass per ramet [36]. To adapt to low-light
environments, submerged macrophytes with flat leaves presented greater leaf areas, leaf dry
weights, specific leaf areas, and Fv/Fm ratios, while those with needle leaves had greater
Chl a/b ratios [3]. Shading had no significant effect on the Chl contents of waterweed
over 8 weeks but significantly elevated Chl contents after 10 weeks [37]. Importantly,
light reduction might affect submerged macrophytes’ relative growth rate by decreasing
it, increasing it, or affecting it not at all depending on different species and percentage of
light reduction [28,34,38—40]. In addition, whether the treatment method (artificial light
source vs. shading), plant type (seedlings, mature, or shoots) and experiment end season
influence the effects of light reduction has not been studied. Therefore, it is necessary to
integrate the available data from different studies to reveal the patterns and mechanisms of
functional traits in response to light reduction.
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To support the use of results from individual studies to elucidate a general tendency,
a meta-analysis, a quantitative and scientific synthesis tool to provide reliable conclu-
sions [41], was conducted using 333 records of 62 published works describing the use of
control experiments to evaluate the responses of 12 functional traits to light reduction.
Specifically, we aimed to (1) examine global patterns of light-reduction-induced changes
in the traits of submerged macrophytes and (2) investigate the influences of moderators
(e.g., experimental conditions, plant type, and leaf shape) on traits and related responses to
light reduction.

2. Materials and Methods
2.1. Traits Selection

Twelve functional traits of submerged macrophytes were included in our study: rela-
tive growth rate (RGR), shoot biomass (SB), root biomass (RB), root-to-shoot ratio (R/S),
plant height (PH), ramet number (RM), leaf number (LN), soluble carbohydrates (SC),
net photosynthesis rate (NPR), leaf maximal quantum yield of photosystem II complex
(Fv/Fm), chlorophyll content (Chl), and chlorophyll a/b ratio (Chl a/b). These traits can
reflect submerged plant growth performance [3,16,22]. Moreover, we also selected these
traits based on data availability, as they were relatively easy to measure and thus were
more frequently reported in the analyzed publications.

2.2. Data Source and Collection

A search for studies related to the responses of submerged plants to light availability
was carried out using the Web of Science, Google Scholar, and China National Knowledge
Infrastructure (CNKI) search engines. The search was performed between March and May
2022 using the following keyword string: ((“submer* plant*” or “submer* macrophyt*”)
and (biomass or morpholog* or physiolog* or photosynthe* or growth) and (light or shad®)).
Then, we screened the studies using the following criteria: (1) at least two light levels in the
experimental design, (2) different light groups had similar sediment and water conditions,
(3) the methods used to manipulate light were recorded, and (4) at least 1 of the 12 traits
was reported at the species level. Furthermore, we excluded studies in which the different
light levels resulted from the differences in water depth and turbidity due to the combined
effects of other environmental factors such as hydraulic pressure and silt. We also excluded
studies that investigated trait variation across a large water area without focusing on the
effect of reduced light. A flowchart of the process and output of the literature search is
provided in the supplementary materials (Figure S1).

According to these criteria, we compiled 62 published works between 1996 and 2022
that focused on intraspecific photosynthesis and growth trait variations of 37 species along
light gradients. These submerged plants were sampled at 51 sites in East Asia, Oceania,
Europe, and North America (Figure S2). Every study reported data for one or more traits
considered in the analysis (Table S1).

We extracted the data directly from tables and text or indirectly from graphs using
GetData Graph Digitizer (version 2.25). The mean value, standard deviation (or stan-
dard error), and sample size for each trait of a given species at each light level in each
study were extracted. If the standard deviation was not reported, we calculated it by
multiplying the standard error by the square root of the sample size. If only median
values and ranges were reported, we estimated the mean value and standard deviation
as proposed by Hozo et al. (2005, http:/ /vassarstats.net/median_range.html, accessed on
23 May 2022) [42].

We regarded the highest and other light levels as control and treatment groups, respec-
tively. Then, we calculated the percentage differences in light intensity between the control
and treatment groups as the percentage of light reduction. In addition, we extracted the
submerged plant type at the start of the experiment (mature, seedlings, shoots, tubers, or
buds), end season, treatment method, and experimental duration for each study. We also
extracted the scientific names of species and geographic coordinates of the locations at which
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species were sampled. To avoid species synonyms, the scientific names of the submerged
plants in each study were confirmed using The Plant List (http://www.theplantlist.org/,
accessed on 28 May 2022) and Tropicos (http://www.tropicos.org/, accessed on 28 May 2022).

2.3. Data Analysis

All data analysis and figure generation were performed in the R 4.1.3 statistical
platform [43].

We calculated the natural log-transformed response ratio (InRR) for each species’ traits
along with light reduction gradients as the effect size in our meta-analysis [44]. The InRR
was calculated as follows:

InRR = In X; — In X, @)

where X; and X were the traits’ mean values for the control and treatment pairs, respectively.

Because some selected studies reported traits for multiple light levels along a gradient,
we calculated the InRR for each light level compared with the highest light level. This did
not meet the assumption of independence of effect sizes [45] (i.e., multiple treatments with
a common control). Therefore, we computed the variance-covariance (VCV) matrix for each
trait according to the method of Lajeunesse (2011) [46]. Before computing the VCV matrix,
the sampling variance (v) of each study case’s effect size was determined as follows:

v SD?  SD?
ny th nCXE

@

where SDy, n; and SD, n, are the treatment and control groups’ standard deviations and
sample sizes, respectively.

First, some missing standard deviations were imputed using the coefficient of variation
from all complete study cases using the impute_SD function in the metagear
package [47-49]. For each trait, the effect sizes and sampling variances were calculated
using the escalc function in the metafor package [50], and the VCV matrix was computed
using the covariance_commonControl function in the metagear package [48].

Then, we estimated the weighted average effect sizes (InRR.,) and 95% confidence
intervals (CIs) of each trait with multilevel linear mixed-effect models using the rma.mv
function in the metafor package [50]. The InRR,, was significant if the estimated CIs did not
overlap zero. The inverse of the variance of the VCV matrix was used to weight the precision
of the InRRs when averaged. The mixed-effect models were fitted with crossed, nested,
and non-nested random effect terms: (1 | reference/ID) + (1| species), which included the
reference of each study and the species as non-nested random effects [51,52]. Considering
the variation among different cases reported within a single publication (i.e., with the same
reference), we nested each study case ID within the reference level in the random structure
of the mixed-effect models.

To explore the influence of plant type, treatment method, end season, experimental
periods, and the percentage of light reduction on the InRRs of each trait, these factors
were used as moderators in the multilevel linear mixed-effect models for meta-regression
using the rma.mv function in the metafor package [50]. The heterogeneity of effect size was
evaluated via a Q-test to determine whether these moderators significantly influenced the
response of each trait to light reduction. The parameter and confidence interval estimate of
moderators were based on the mixed-effect model that did not contain the intercept term.
To improve the interpretation, the InRR,., was transformed back to the percentage change
(%) as follows:

Percentage Change (%) = (elnRR++ - 1) %100 ©)]

To test the robustness of the meta-analysis for each trait, a file drawer analysis was
performed using the fsn function in the metafor package [50]. The Rosenberg method was
used to calculate the number of study cases averaging null results that would have to be
added to the given outcomes to reduce the significance level of the weighted average effect
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size to 0.05 [50,53]. To test for potential publication bias, a funnel plot was made using
the funnel function in the metafor package [50]. The modification of Egger’s test proposed
by Nakagawa and Santos (2012) [54] was used to evaluate the funnel plot’s symmetry
of the residuals.

Finally, to explore the pairwise relationships of the responses of traits to light reduction,
asymmetric regressions were performed using the rma.mv function considering the random
effect and the weight of the InRRs. Specifically, the InRRs of pairwise traits were used as
response variables and moderators in the meta-regression analysis, respectively, and the
variance of VCV matrix and “(1 | reference/ID) + (1| species)” were used as the weight and
random effect term, respectively. The pairwise Pearson correlation relationships of InRRs
of traits were also calculated to check the influence of random effect and the weight. The
correlation coefficients were calculated using the corr.test function in the psych package [55],
and a corrplot was made with the corrplot function in the corrplot package [56].

3. Results
3.1. Effects of Light Reduction on the Growth of Submerged Macrophytes

Our meta-analysis showed that light reduction resulted in a significant 38.2% decrease
in the relative growth rate (RGR) of submerged macrophytes (Figure 1). The negative
effects of light reduction on RGR resulted from the shoots and seedlings of submerged
macrophytes (Figure 1b). Moderators (leaf shape, treatment method, experimental duration,
and end season) had non-significant moderating effects on the response (InRR) of RGR to
light reduction (Figure 1b). Light reduction had significantly negative effects on RGR when
experiments ended in the summer but a non-significant effect when experiments ended in
other seasons (Figure 1b). With increases in the percentage of light reduction, the InRR of
RGR to light reduction decreased significantly (Figure 1c).

3.2. Effects of Light Reduction on the Whole Plant and Leaf Traits

For the whole-plant traits, light reduction led to 60.0%, 59.2%, 55.4%, and 30.0%
decreases in ramet number (RM), shoot biomass (SB), root biomass (RB), and soluble
carbohydrates (5C), respectively (Figure 2a). For leaf traits, light reduction resulted in
a 56.1% decrease in leaf number (LN) but a 25.8% increase in chlorophyll content (Chl,
Figure 2b). Light reduction had non-significant influences on plant height (PH), root-
to-shoot biomass ratio (R/S), net photosynthesis rate (NPR), maximal quantum yield of
photosystem II complex (Fv/Fm), and chlorophyll a/b ratio (Chl a/b, Figure 2).

Most of the moderators did not significantly affect the response of whole-plant traits
to light reduction, except for leaf shape and plant type (Figure S3). Specifically, light
reduction had greater negative effects on the PH of plants grown from seedlings than those
grown from other starting materials (Figure S3b). The InRRs of R/S to light reduction were
significantly negative for plants grown from shoots but non-significant for those grown
from tubers, seedlings, and mature plants (Figure S3e). The responses of leaf traits to light
reduction were altered by all moderators except the treatment method (Figure S4). The
InRRs of NPR and Chl a/b were influenced by the experiment end season, and the InRRs
of Chl were changed by plant type. The InRRs of NPR for needle leaves were significantly
greater than those for flat leaves. The InRRs of R/S increased with experimental duration
(Figure S5). Moreover, the InRRs of RM, SB, RB, PH, LN, and Chl a/b decreased with the
increasing percentage of light reduction (Figure S6).
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Figure 1. Orchard plot (a) showing the mean estimate (red dot), confidence interval (bold black
line), individual effect sizes (blue bubbles), and their precision (inverse variance) for the response
ratios (InRRs) of relative growth rate (RGR). A positive value of InRR indicates that the mean value
of a specific trait for a given species increases relative to that at the highest light level. Forest
plot (b) showing the effect of light reduction on RGR across different moderators. Overall effect
and 95% confidence intervals are given. Where the zero line (red solid line) is not crossed by the
confidence intervals, the effect of light reduction was significant (shown by the asterisks, * p < 0.05,
**p <0.01, *** p <0.001). Arrows indicate 95% confidence intervals extending beyond the limits of
the plot. Values in parentheses are sample sizes. The effects of moderators are tested by Qs at the
0.05 level. Scatter plot (c) denoting the relationships of the InRRs of RGR with the percentage of light
reduction. The sizes of dots were weighted by the inverse variance.

3.3. Influence of Whole Plant and Leaf Traits on the Responses of RGR to Light Reduction

RGR was linked closely with whole-plant traits but non-significantly with leaf traits
(Figure 3). Specifically, the InRRs of RGR increased with the InRRs of RM, SB, RB, and
R/S. Some InRRs of whole-plant traits correlated significantly with those of leaf traits
(Figure 4 and Figure S7). For example, the InRRs of SB were correlated positively and
significantly with those of LN, NPR, and Fv/Fm. The InRRs of PH were correlated signifi-
cantly with those of LN, NPR, Fv/Fm, Chl, and Chl a/b. Furthermore, the InRRs of RM
and SC were also linked closely with those of SB and RB.
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Figure 2. Orchard plots showing mean estimate (black dot), confidence interval (bold black line),
individual effect sizes (colored bubbles), and their precision (bubble sizes, inverse variance) for the
response ratios (InRRs) of (a) whole-plant traits (i.e., RM: ramet number, PH: plant height, SB: shoot
biomass, RB: root biomass, R/S: root-to-shoot ratio, SC: soluble carbohydrates) and (b) leaf traits (i.e.,
LN: leaf number, NPR: net photosynthesis rate, Fv/Fm: leaf maximal quantum yield of photosystem
II complex, Chl: chlorophyll content, Chl a/b: chlorophyll a/b ratio). The symbol k denotes the
number of individual effects. When the confidence intervals do not cross the zero line (dash line), the
effect of light reduction is significant.

Based on these relationships, a potential regulatory pathway of the response of RGR
to light reduction was proposed (Figure 5). With the increase in the percentage of light
reduction (PLR), the InRRs of RM, PH, and LN decreased. Subsequently, the InRRs of NPR
decreased due to the decreasing PH and LN. Finally, the increase in PLR resulted in SB, RB,
and RGR decreasing significantly.
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Figure 3. Response ratio relationships between (a) ramet number (RM), (b) shoot biomass (SB), (c) root
biomass (RB), (d) root-to-shoot ratio (R/S), (e) soluble carbohydrates (SC), and (f) net photosynthesis
rate (NPR) with relative growth rate (RGR). The sizes of dots are weighted by the inverse variance.



Sustainability 2023, 15, 5918 90f 19

PH

RM

R/S

SB

RB Slope

i 2

1
0

LN

NPR

Fv/Fm

Chl

i * o ok Chl a/b

PH RM R/S SB RB SC LN NPR Fv/Fm Chl Chla/b

Figure 4. Relationships between InRRs of paired growth-related traits in the meta-analysis. Values
in the matrix are slope estimates obtained through a mixed-effect regression model with the InRR
of a trait as a response (y-axis) and another trait as a predictor (x-axis). Significance levels of slope
estimates are given for paired traits (* p < 0.05, ** p < 0.01, *** p < 0.001). RM: ramet number PH:
plant height, R/S: root-to-shoot ratio, SB: shoot biomass, RB: root biomass, SC: soluble carbohydrates,
LN: leaf number, NPR: net photosynthesis rate, Fv/Fm: leaf maximal quantum yield of photosystem
II complex, Chl: chlorophyll content, Chl a/b: chlorophyll a/b ratio.
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Figure 5. Illustration of our main findings of the effect of light reduction on growth-related traits
(a) and a simplified conceptual framework for potential mechanisms regulating the response of
relative growth rate (RGR) to increased percentage of light reduction (PLR, (b)). Red arrows: positive
effect, blue arrows: negative effect. RM: ramet number, PH: plant height, NPR: net photosynthesis
rate, LN: leaf number, RB: root biomass, SB: shoot biomass.

4. Discussion
4.1. Effects of Light Reduction on Growth-Related Whole Plant and Leaf Traits

Light is one of the major drivers (others include nutrients, temperature, and sediment
type) that can affect plant growth and metabolism in aquatic ecosystems [15,57,58]. Our
meta-analysis showed that light reduction significantly decreased the ramet number (RM),
shoot biomass (SB), root biomass (RB), and soluble carbohydrate content (SC, Figure 2a).
The decreased RM might be attributed to the adaptive strategy of submerged macrophytes.
Submerged macrophytes tend to reduce the resistance of CO, diffusion from water to
chloroplasts and respiratory cost via decreasing RM [3,24,28,59], which might improve
photosynthetic efficiency under low light stress. The decreased RM induced by light re-
duction further leads to decreased total carbon assimilation and significant reductions
of SC, SB, and RB. Moreover, plant damage induced by light reduction is likely to affect
the rhizosphere microbial community, resulting in the limited availability of nutrients
and further decreases of SB and RB [60,61]. Specifically, light reduction could influence
the rhizosphere microbes of submerged macrophytes via oxygen concentrations and root
exudations [62-64]. Low light availability reduced the production of oxygen in the pho-
tosynthetic tissue of submerged macrophytes and decreased oxygen transportation from
root tips into the rhizosphere [65,66], which might lead to a decreasing abundance of
plant-growth-promoting bacteria (e.g., Azospirillum and Pseudomonas) and sulfide oxidizers
(e.g., Sulfurimonas) [63,67,68]. Additionally, light deprivation could alter the compositions
of root exudation resulting in a decrease in nitrogen-fixation bacteria and an increase in
nirS denitrifying and anammox bacteria, which in turn intensifies the nitrogen limitation
for the growth of submerged macrophytes [63,69]. However, how the type and amount of
root exudation affect the rhizosphere nutrient cycles in submerged macrophytes should be
further investigated.

Similarly, our results indicated that light reduction caused a significant decrease in
leaf number (LN) but an increase in chlorophyll content (Chl) at the global scale (Figure 2b).
When faced with limited light availability, the leaf increases Chl to adapt to low light stress
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and to increase low light utilization [32]. However, the increased Chl did not cause the
increase in the net photosynthesis rate (NPR) in our meta-analysis, which might be the
result of the consumption of more energy for nutrient metabolism activities (e.g., glutamine
synthetase and alkaline phosphatase activity) [32]. Moreover, the light-reduction-induced
decrease in LN (i.e., the photosynthetic organ) also contributed to the non-significant NPR.

4.2. Light-Reduction-Induced Changes of RGR and Its Relationships with Growth-Related Traits

Because suites of traits are linked to the growth of submerged macrophytes, the
responses of growth-related traits to light reduction are closely connected with macrophytes’
eco-physiological adaptive strategies, resulting in changes in RGR [26,38,59]. Our meta-
analysis indicated that light reduction significantly decreased the RGR (Figure 1). The
growth rate decrease might be attributed to the following mechanisms. First, light reduction
might decrease the photosynthetic capacity of whole plants. Our results showed that
light reduction increased Chl by 25.8% but caused 56.1% and 59.2% decreases of LN
and SB, respectively (Figure 2), resulting in decreased photosynthetic organ number and
photosynthetic capacity of whole plants.

Second, submerged macrophytes might increase carbon investment in metabolism and
thus decrease carbon fixation in response to light reduction [3,36]. For example, low light
stress is likely to trigger the detoxification process, resulting in elevated antioxidant enzyme
activity [70]. It has been shown that weak light stress could produce and accumulate
superoxide dismutase and peroxidase activity in Hydrilla verticillate, Gracilaria lemaneiformis,
and Vallisneria natans [71-73]. In our meta-analysis, NPR was affected non-significantly by
light reduction, but the product of photosynthesis (i.e., SC) was reduced by light reduction
(Figure 2), which directly suggested that more resources were invested in the metabolic
and non-growth processes. Meanwhile, the responses (InRRs) of RGR to light reduction
were linked more closely with InRRs of RB (R? = 0.77) compared to photosynthetic organ
biomasses (i.e., SB; R? = 0.49) and positively linked with R/S (Figure 3b-d), indicating
that the growth of submerged macrophytes relied more strongly on investment in non-
photosynthetic organs in low-light environments.

Third, submerged macrophytes growing in poor light environments tended to decrease
branch and lateral growth, leading to a decreased growth rate. Our meta-analysis also
showed that the RM of submerged macrophytes was reduced by light reduction (Figure 2a),
and the InRRs of RGR increased significantly with those of RM (Figure 3). Among the
three potential mechanisms, the decreased RGR was mainly driven by the decreased RM
rather than leaf photosynthetic capability (Figure 5). On hand, the decreased RM reduced
additional carbon investment in non-photosynthetic processes, contributing to the survival
of submerged macrophytes under low light stress. On the other hand, light-reduction-
induced changes in PH and LN showed opposite effects for NPR, resulting in a relatively
weaker contribution of photosynthetic capability to InRRs of RGR.

4.3. Factors Influencing the Responses of RGR and Other Traits to Light Reduction

Experimental factors (e.g., plant type, leaf shape, treatment method, experiment
duration and percentage, and experimental end season) have been shown to affect the
growth responses of plants to light reduction [3,30,74,75]. We found that the InRRs of
RGR were significantly negative for plants grown from shoots and seedlings but non-
significantly positive for those grown from mature plants at the beginning of the experi-
ment (Figure 1b), which might be related to more carbon storage in mature plants leading
to greater adaptability. Meanwhile, some species dormant in low-temperature condi-
tions might lead to non-significant effects of light reduction on RGR in spring, autumn,
and winter.

The effect of light reduction on NPR for needle leaves was stronger than that for the flat
leaves (Figure S54b), which might be due to flat leaves having a higher specific leaf area and
being more sensitive to light changes compared to needle leaves [3]. Leaf originating from
buds generally have high biological variability of photosynthesis pigments [76], leading to
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a stronger effect of light reduction on the chlorophyll (Chl) of plant materials originating
from buds compared to those from shoots, seedlings, and mature plants (Figure S4d).
Moreover, submerged macrophytes need more chlorophyll a content when they begin
growing with more photosynthesis and a higher growth rate in spring, [31], leading to
a stronger response of the Chl a/b ratio to light reduction in spring compared to other
seasons (Figure Sde).

The InRRs of the root-to-shoot ratio (R/S) increased with experimental duration
(Figure S5), which might be attributed to the following reasons. When the duration
was shorter than 70 days, to adapt to low light, submerged macrophytes elevated their
investment in leaf construction to maximize photosynthetic capacity [77,78], leading to a
negative response of R/S to light reduction. As the duration increased, weak light stress
started to damage the leaves, and then the leaves withered, resulting in the R/S rising and
the positive responses of R/S to light reduction.

4.4. Potential Publication Bias

Funnel plots, Egger’s test, and fail-safe analysis were used to test for potential publica-
tion bias in our database (Figures S8 and S9). There was no marked indication of publication
bias for most trait datasets. Although the funnel plot for the LN was mildly asymmetrical,
and the result of Egger’s test was significant (p < 0.001), the fail-safe analysis indicated
that 3269 additional study cases with null results would need to be added to the dataset
to reduce the significance level to p = 0.05. Therefore, the limited publication bias was not
considered an issue for interpreting our main results.

4.5. Limitations and Implications

Due to the restriction of data coverage and the knowledge gap about functional traits
of submerged macrophytes, our study may have a few limitations. First, we are aware
that the responses of submerged macrophytes to light reduction were species-specific.
Hence, our meta-analysis results might be inappropriate for predicting and modeling
adaptive strategies for individual species. Second, most species in the database belonged
to Vallisneria, Myriophyllum, Potamogeton, and Elodea (Table S1). The limited submerged
species coverage of the field studies might hinder our understanding of growth strategies
of the whole submerged macrophytes. Thus, more studies about growth strategies of
submerged species, including other species (e.g., Stuckenia, Egeria, and Ceratophyllum),
should be better explored in the future.

Despite these limitations, in this study, we found that light reduction significantly
negatively influenced RGR, mainly resulting from the decreased RM. Our results may thus
provide some suggestions for trait-based functional ecological research and the manage-
ment and restoration of submerged macrophytes. We found that the growth responses
of submerged macrophytes to light reduction were mainly driven by RM rather than leaf
photosynthetic capability (Figures 3 and 5). Thus, the tillering capacity of submerged
macrophytes should be considered first when conducting ecological restoration and setting
goals for the sustainable development of aquatic ecosystems.

Our results also showed that the responses of growth to light reduction had tipping
points (at approximately 20% light reduction). Due to the restriction of data coverage,
species-specific tipping points were still unclear. Nevertheless, based on the threshold effect
of light reduction on RGR, the reported tipping point may help to improve hydrophyte
dynamic models (HDMs). At present, the parameter used in most HDMs to reflect the
effect of light on hydrophytes resulted from the light saturation point measured using
photosynthetic light-response curves in the laboratory [79,80], which cannot represent
plants’ actual growth and long-term light adaptation [81], thus limiting the predictions
of the distribution and area of macrophytes. Recently, multiple environmental tipping
points were successfully used in site selection for zebra mussel farming [82], suggesting
that tipping points might also be applicable. The threshold effect of light reduction on
RGR is essential for submerged species growth and distribution [16,17], which may help
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the management and restoration of submerged species [17]. Therefore, the more species-
specific responses of RGR to light should be investigated, especially for common species in
ecological restoration.

We also found a trend to covary with light reduction within the whole-plant (RM, SB,
RB, and PH) and leaf traits (LN, NPR, Fv/Fm, and Chl) in our study (Figure 4 and Figure S7),
which may imply a pattern to the plant economic spectrum existing in submerged plants.
However, reports of functional traits related to resource acquisition (specific leaf area, nitro-
gen content, leaf longevity, enzyme activity, and root traits) are still scarce for submerged
species compared to terrestrial plants [25,26], which limits the predictive capacity of these
traits for community dynamics and ecosystem functions. Hence, there is an urgent need to
examine the response of functional traits and their relationships to environmental changes
to predict changes in submerged community structures and functions and to advance the
sustainable development of aquatic ecosystems.

5. Conclusions

Growth-related traits play critical roles in the acclimation and adaptation of submerged
macrophytes to light reduction. Our study examined the effect of light reduction on growth
and related traits across 37 species from around the world. These results showed that light
reduction markedly influenced growth traits and responses across the globe. Specifically,
light reduction had significantly negative effects on RGR and whole-plant traits except for
PH and R/S. At the leaf scale, light reduction induced a decrease in LN but an increase in
Chl. The response of RGR to light reduction correlated significantly with whole-plant traits,
including RM, SB, RB, and R/S, but non-significantly with leaf traits. The responses of RGR
to light reduction were mainly driven by the RM rather than leaf photosynthetic capability.
Moreover, most moderators had non-significant effects on the responses of traits, except for
plant type and the percentage of light reduction. Our results highlighted the importance of
these traits in response to light reduction, especially RGR and RM, and they might need
to be incorporated into hydrophyte dynamic models for predicting the distribution and
area of submerged macrophytes or to guide the management and ecological restoration of
aquatic ecosystems.
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Abbreviations

Chl Chlorophyll content

Chla/b  Chlorophyll a/b ratio

Fv/Fm  Leaf maximal quantum yield of photosystem II complex
LN Leaf number

InRR Response ratio

InRR;,  Weighted average effect sizes

NPR Net photosynthesis rate

PH Plant height

PLR Percentage of light reduction
RB Root biomass

RGR Relative growth rate

RM Ramet number

R/S Root-to-shoot ratio

SB Shoot biomass

SC Soluble carbohydrates
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