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Despite escalating anthropogenic alteration of food webs, how the carbon
cycle in ecosystems is regulated by food web processes remains poorly
understood. We quantitatively synthesize the effects of consumers (herbi-
vores, omnivores and carnivores) on the carbon cycle of coastal wetland
ecosystems, ‘blue carbon’ ecosystems that store the greatest amount of
carbon per unit area among all ecosystems. Our results reveal that consu-
mers strongly affect many processes of the carbon cycle. Herbivores, for
example, generally reduce carbon absorption and carbon stocks (e.g. above-
ground plant carbon by 53% and aboveground net primary production by
23%) but may promote some carbon emission processes (e.g. litter decompo-
sition by 32%). The average strengths of these effects are comparable with, or
even times higher than, changes driven by temperature, precipitation, nitro-
gen input, CO2 concentration, and plant invasions. Furthermore, consumer
effects appear to be stronger on aboveground than belowground carbon pro-
cesses and vary markedly with trophic level, body size, thermal regulation
strategy and feeding type. Despite important knowledge gaps, our results
highlight the powerful impacts of consumers on the carbon cycle and call
for the incorporation of consumer control into Earth system models that
predict anthropogenic climate change and into management strategies of
Earth’s carbon stocks.

This article is part of the theme issue ‘Integrative research perspectives
on marine conservation’.
1. Introduction
An inclusive understanding of the ecological factors regulating the ecosystem
carbon cycle is critical in the Anthropocene. This understanding is needed to
develop Earth system models that can accurately predict climate change [1,2]
and to design effective strategies to protect or maximize carbon storage in ecosys-
tems [3]. How abiotic factors (e.g. precipitation changes, warming and nitrogen
enrichment) and human-driven land use changes (e.g. forest logging and refores-
tation) affect various processes of the ecosystem carbon cycle has been
investigated in many observational and experimental studies and synthetic
analyses [4–7]. These studies have shown that many abiotic factors and human-
driven land use changes can strongly affect ecosystem carbon cycling and
exacerbate or help mitigate climate warming. Despite the many advances these
studies have made in our understanding of the ecosystem carbon cycle and its
response to environmental change, important knowledge gaps remain [2].

Amajor knowledge frontier in current understanding of the ecosystem carbon
cycle is whether or not food web processes affect the ecosystem carbon cycle and
should be incorporated into Earth system models and protection strategies
of Earth’s carbon stocks [8]. We know of no current Earth system models or
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carbon-climate models that have incorporated food web
processes. Nevertheless, the response of the ecosystem
carbon cycle to human-driven environmental changes cannot
be understood or predictedwithout recognizing the potentially
powerful impacts of food web processes. Indeed, accelerating
human activities in the Anthropocene not only modify the
abiotic mechanisms of the ecosystem carbon cycle but also
directly alter the structure of foodwebs in ecosystems (via over-
fishing, hunting, pollution or introducing novel consumers
such as livestock or invasive predators; [9,10]). It is well
known that such alterations often have cascading effects on
lower trophic levels such as plants and, in extreme cases,
can lead to complete vegetation loss [10]. It is very likely that
alterations of food webs also affect the functioning and biogeo-
chemistry of ecosystems, including the carbon cycle. The effects
of foodweb processes (such as grazing) on carbon cycling have
been relatively well recognized in phytoplankton-dominated
ecosystems (e.g. [11,12]). In vascular plant-dominated ecosys-
tems, there are an increasing number of studies on livestock
grazing in terrestrial grasslands [13] and goose grazing in
wetlands [14]. How food web processes affect the ecosystem
carbon cycle, however, remains poorly understood.

It is particularly important to understand how food web
processes affect the carbon cycle in coastal wetland ecosystems
including salt marshes and mangroves. These coastal vege-
tated wetlands are ‘blue carbon’ ecosystems that store the
greatest amount of carbon per unit area among all Earth’s
ecosystems. Coastal wetlands, however, are threatened not
only by reclamation, draining, and pollution, but also by
human-driven changes in food webs (e.g. overfishing; [15]).
Such human-driven changes in food webs have been shown
to exert top-down control on vegetation in coastal wetlands
globally [16]. There are also an increasing number of studies
investigating the effects of consumers on biogeochemistry in
coastal wetlands (e.g. [17]). With evidence from only a few
case studies, maintaining healthy predator populations has
also been argued to be critical to help protect carbon stocks
in blue carbon ecosystems [18,19]. The generality and predict-
ability of the effects of consumers on the carbon cycle in
coastal wetlands are not well understood. Furthermore, the
carbon cycle involves a series of pools and fluxes from photo-
synthesis and primary production to decomposition and
respiration [2]. Most previous studies, however, investigated
one or a few of those carbon cycle processes (e.g. [20–22]) or
were focused on a specific type of consumers (e.g. livestock;
[23]). How consumers in general affect the entire carbon cycle
and which carbon processes are most sensitive to changes in
consumer pressure are still unknown. Understanding these
questions requires a holistic synthesis.

In this paper, we provide a quantitative synthesis on the
impacts of consumers on the carbon cycle in coastal wetlands.
Using a global dataset compiled from published and unpub-
lished studies, we examined if consumers affect a series of
carbon cycle processes, including both carbon pools and
fluxes. We also examined whether the effects of consumers on
the carbon cycle vary with consumer traits, including trophic
level (herbivores, omnivores and carnivores), consumer taxon
(e.g. insects, snails, crabs, small mammals, geese and livestock),
thermal regulation strategy (endotherms and ectotherms), and
feeding type (aboveground herbivores, belowground herbi-
vores, above- plus belowground herbivores, and trampling
herbivores which mainly included livestock). Specifically, we
tested the following hypotheses: (1) herbivores decrease
carbon pools and carbon absorption processes
(e.g. photosynthesis and primary production) and promote
carbon emission processes (litter decomposition (LDP) and res-
piration); (2) the effects of herbivores on the carbon cycle are
generally evident, but their relative strength varies with herbi-
vore traits, including taxon, thermal regulation strategy and
feeding type; and (3) in contrast to herbivores, consumers at
higher trophic levels, carnivores in particular, enhance carbon
stocks. We also identified knowledge gaps and areas that
merit further investigation and discuss the implications of our
results for the development of next-generation Earth system
models and for the conservation of blue carbon ecosystems
and Earth’s carbon stocks.
2. Materials and methods
(a) Dataset
To build a dataset on the impacts of consumers on the carbon cycle
in coastal wetlands, we compiled data from two sources. First, we
considered data and papers analysed in a previous comprehensive
meta-analysis we conducted on consumer control of vegetation in
coastal wetlands [16]. That meta-analysis focused on consumer
control of vegetation performance, although studies on consumer
control of the carbon cycle were also included while we were
screening the literature and collecting related data. Also, we
updated this dataset by adding data in recently published
papers between 2015 and 2019. To do so, we first searched Web
of Science in June 2019 using the query: TS = (top-down* OR
herbivor* OR grazing* OR predat* OR consumer* OR trophic cas-
cade*) AND TS = (salt marsh* ORmangrove* OR coastal wetland*
OR coastal marsh*) AND TS = (carbon* OR organic matter* OR
biomass* OR productivity* OR decomposition). We screened the
resulting papers and retained those that: (1) quantified the effects
of consumers (either herbivores, omnivores or carnivores; human
‘grazing’ through salt marsh haying was not considered) in obser-
vational or experimental studies; (2) contained a response variable
relevant to a carbon process (either pool or flux); and (3) reported
mean values of the carbon cycle measure with sample sizes and
some measure of variance (standard deviations, standard errors
or confidence intervals (CIs)) in treatments with and without con-
sumers. A PRISMA flow diagram showing the literature screening
process is given in electronic supplementary material, figure S1.
Finally, 125 papers (including a few unpublished studies extracted
from [16]) were retained. A list of those papers is given in electronic
supplementary material, data S1.

From each retained publication, we extracted carbon cycle
data in treatments with and without consumers from text, tables,
or by digitizing figures in the publication. We considered the
following measures: carbon pools—aboveground plant carbon
(APC), belowground plant carbon (BPC), litter carbon (LC), soil
carbon stock (soil CS), soil organic carbon density (soil OCden),
soil organic carbon concentration (soil OCcon), soil total carbon
density (soil TCden), soil total carbon concentration (soil TCcon),
soil microbial biomass carbon (soil MBC), and soil dissolved
organic carbon (soil DOC); and carbon fluxes—gross ecosystem
photosynthesis (GEP), aboveground net primary production
(ANPP), belowground net primary production (BNPP), litter
decomposition (LDP), canopy respiration (canopyR), soil
respiration (soilR), ecosystem respiration (ER), and net ecosystem
exchange (NEE). For APC, BPC and LC, we also used biomass
data as a proxy, assuming that consumers did not change carbon
concentration in plants. This was supported by our meta-analysis
of studies that reported plant carbon concentration in treatments
with and without herbivores (electronic supplementary material,
table S1). Some studies reported the carbon responses of different
plant species or a soil carbon measure in multiple soil layers (less
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than 30 cm deep in most studies) in the same plot/treatment, sep-
arately, which were included in our dataset. To account for
potential autocorrelation, these data points were pooled using a
meta-analysis, and the single pooled mean estimate (with var-
iance) included in all the meta-analyses described below [24].
For soil carbon measures, most studies analysed soil cores of less
than 30 cm deep except for a few that were 50–100 cm deep.
For studies that reported soil C concentration but not soil carbon
density, we estimated soil carbon density by multiplying soil C
concentration by soil bulk density (if unavailable, soil bulk
density was estimated using the pedotransfer function; [25]).

Following [16], we also recorded the following variables for
each experiment/observation: (1) author(s) and year; (2) study
venue (field versus laboratory), latitude and longitude; (3) eco-
system (marsh versus mangrove); (4) annual mean temperature
and annual precipitation; (5) plant growth form (forb, grass
versus shrub); (6) name, taxon, bone type (vertebrate versus
invertebrate), trophic level (herbivore, omnivore or carnivore
(as defined in the original study)), thermal regulation strategy,
and feeding type of the study consumer species; (7) source (natu-
ral, transplanted or seeded) of the study plant species; (8)
method of consumer manipulation (observation, exclusion or
addition); and (9) other factors manipulated (e.g. competition
or nutrient) and their treatment level (ambient versus treated).
90451
(b) Meta-analysis
We used log response ratio (and associated variance; [26]) to quan-
tify the effect sizes of consumers on a carbon cycle measure. Log
response ratio is among the most widely used effect size metrics
in meta-analysis, but does not accept non-positive data, which
were present in a relatively small number of cases in our dataset.
To resolve this issue, zero values in our dataset were (x + 1)-trans-
formed (three negative data points were excluded from the
analysis). Data in the corresponding treatments with or without
consumers were transformed similarly. Inclusion or exclusion
of these transformed data did not affect the general findings in
our study.

Random-effects models were used to estimate the mean effect
sizes (and 95% CIs) of consumers on a carbon cycle measure. In
each analysis, heterogeneity in the effect size data was quantified
using the Q statistic, a measure of weighted squared deviations
[26]. Mean effect sizes are considered to be significant if their
95% CIs do not cross zero [26]. All analyses were carried out
using R 3.6.1 [27] and its metafor package [28].

Mixed-effects models with a herbivore trait as the moderator
were used to determine if the effects of herbivores on a carbon
cycle measure varied with consumer traits. Three traits were con-
sidered in this analysis: taxon, thermal regulation strategy and
feeding type. These traits (including trophic level, analysed
below) represent some of the most widely considered traits that
can be relatively easily defined for most of the herbivores
included in our analysis. Although we did not include a quanti-
tative measure of body size, another important consumer trait,
our classification of herbivore taxon described above represents
a broad gradient of body size for herbivores, from insects with
the smallest body size to livestock with the largest body size.
Thermal regulation strategy is a key functional trait underlying
the energy maintenance of animals. Endotherms, which consume
resources to maintain their body temperature, are expected to
have stronger impacts on the carbon cycle relative to ectotherms,
which change their body temperature depending on external
environments [29]. Finally, feeding type was included as a herbi-
vore trait, given that herbivores that feed primarily on
aboveground or belowground material may have differential
effects on the carbon cycle. In these mixed-effects models, the
between-group heterogeneity statistic QM was used to assess if
mean effect sizes differed among herbivores of different taxa,
thermal regulation strategies or feeding types.

The above herbivore traits are likely to be non-independent, and
other explanatory variables, either plant, climatic ormethodological,
have also been found in univariatemeta-analyses to be significant in
mediating variation in the effects of herbivores [16]. To examine
potential non-independence and interactions among herbivore
traits and other explanatory variables, we further evaluated the per-
formance of a candidate set of multivariate mixed-effects models,
where effect sizes were related to the main effects of the three herbi-
vore traits and five other explanatory variables: plant growth form,
method of consumer manipulation, source of response plants
(whether theywereplanted, seededornaturallypresent) andclimate
variables (annualmean temperature andannualprecipitation). Two-
way interactive effects of the four categorical variables on herbivore
traits andplant growth formwere also considered inmodelling. Two
of themostwidely reportedmeasures of the carbon cycle—APCand
BPC—were used as the dependent variables. Only field studies in
ambient conditions (i.e. no other factors were disturbed except for
the presence of herbivores) were considered in these analyses. The
most parsimonious models in predicting variations in effect size
were selected using Akaike’s information criterion, corrected for
small sample sizes (AICc) [30].

Furthermore, to determine if the effects of consumers on a
carbon cycle measure vary with consumer trophic level (herbi-
vores, omnivores and carnivores), mixed-effects models with
trophic level as the moderator were used. Three carbon cycle
measures with data for at least two types of trophic level available
were used: APC, BPC carbon and LC. Studies on the impacts of
carnivores and omnivores on other measures of the carbon cycle
were unavailable. In these mixed-effects models, the between-
group heterogeneity statistic QM was used to assess if mean
effect sizes differ among herbivores, omnivores and carnivores.
Additionally, to examine if carnivores and omnivores affect herbi-
vores, we computed log response ratio (lnRR) effect sizes on
herbivore abundance using the dataset in [16]. This included
data of herbivore abundances in treatments with and without car-
nivores (or omnivores) reported in previous studies. We used
random-effects models to estimate the mean effect sizes (and
95% CIs) of carnivores and omnivores on herbivore abundance.

Additionally, to check for the influence of potential publication
bias on our results, we examined funnel plot asymmetry quantitat-
ively using the trimfill method and estimated Rosenthal’s fail-safe
number for each of our effect size metrics. These supplementary
analyses and results are detailed in electronic supplementary
material, text S1 and table S1. These analyses showed that our
results were generally robust to publication bias.
3. Results
(a) Effects of herbivores on carbon pools and fluxes
Herbivores significantly affected various components of
carbon pools. Herbivores reduced APC by 53% and LC by
39% (figures 1a and 2). Herbivores also significantly reduced
BPC by 16%, soil OCcon by 20%, soil TCcon by 18%, and soil
DOC by 30%, and nearly significantly increased soil CS and
soil OCden, but did not affect soil MBC and soil TCden
(figures 1a and 2 and electronic supplementary material,
table S1). These results held when a few studies on soil
OCden and OCcon in soil cores of greater than 30 cm deep
were included (electronic supplementary material, table S1).

Fewer studies have investigated how consumers affect
carbon fluxes. Of the carbon absorption measures, herbivores
significantly reduced ANPP by 23%, but no significant effects
on GEP and BNPP were found (figures 1b and 2). Although
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herbivores also significantly reduced carbon emission
measures such as canopyR (by 33%) and ER (by 11%),
they significantly accelerated LDP by 32% (figures 1b and
2). Herbivores did not significantly affect soilR or NEE
(figures 1b and 2).
(b) Variation with herbivore traits
Herbivore taxon, thermal regulation strategy, and feeding type
significantly mediated variation in the effect of herbivores on
the carbon cycle (figure 3). Herbivore taxon was significant
in modulating the strength and the nature of herbivore effects
on almost all carbon cycle measures with sufficient data
(except for soil OCden, where all types of herbivores with
data available showed no significant effects; mixed-effects
model, p = 0.32). All types of herbivores except insects
with data available significantly reduced APC, and generally
effects increased with body size within invertebrate and
vertebrate herbivores (figure 3a). BPC was significantly
reduced by crabs and geese, LC by livestock and ‘other’ herbi-
vores, soil OCcon by livestock, and ANPP by snails, crabs and
livestock (figure 3a; electronic supplementary material, table
S1). Insects and livestock significantly increased, while geese
significantly reduced soil MBC (figure 3a). Snails and ‘other’
herbivores significantly increased LDP (figure 3a). In all other
cases with data available, no significant effects were detected
(figure 3a).
Thermal regulation strategy was a significant mediator of
variation in the effects of herbivores on APC, BPC, LC and
ANPP ( p < 0.005 in all cases), but not on soil MBC (p = 0.27).
Relative to ectotherms, endotherms more strongly affect APC
(figure 3b) and LC (p = 0.002). By contrast, endotherms had
much weaker effects on BPC and ANPP than ectotherms
(figure 3b).

Feeding type was a significant or nearly significant
mediator of variation in the effects of herbivores on all carbon
cycle measures with sufficient data (including APC, BPC, LC,
soil OCcon, soil MBC, ANPP and LDP) except for soil Cden.
All feeding types except belowground herbivores (with a
small sample size) significantly reduced APC, and this effect
weakened from tramplers to above- plus belowground and to
aboveground herbivores (figure 3c). Above- plus belowground
herbivores significantly reduced, while herbivores of all other
feeding types did not significantly affect BPC (figure 3c).
Aboveground herbivores did not significantly affect, above-
plus belowground herbivores nearly significantly reduced,
while tramplers strongly reduced LC (figure 3c). Above- plus
belowground herbivores did not affect while tramplers
increased soil CS (electronic supplementary material, table
S1). Above- plus belowground herbivores did not significantly
affect, while tramplers tended to reduce soil OCcon (figure 3c).
Aboveground herbivores and tramplers significantly increased,
while above- plus belowground herbivores reduced soil MBC
(figure 3c). Aboveground herbivores reduced, tramplers
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nearly significantly reduced, while above- plus belowground
herbivores did not significantly affect ANPP (figure 3c).
Similarly, aboveground herbivores reduced, and above- plus
belowground herbivores nearly significantly reduced LDP
(figure 3c).

Multivariate modelling revealed that (i) herbivore effects
on APC were best predicted by a single variable (herbivore
taxon), (ii) source of response plants, thermal regulation strat-
egy and temperature were also common predictors, occurring
in 4, 3 and 3 of the 10 most parsimonious models, respectively,
and (iii) annual precipitation and feeding type might also play
a role, as they occurred in 2 and 1 of the 10 most parsimonious
models, respectively (ΔAICc < 4; electronic supplementary
material, tables S2 and S3). Herbivore effects on BPC were
best predicted by a combination of herbivore taxon, plant
growth form, method of consumer manipulation and temp-
erature, although precipitation, feeding type and source of
response plants could also be common predictors, occurring
in 3, 2 and 2 of the 8 most parsimonious models, respectively
(electronic supplementary material, tables S4 and S5).

(c) Effects of herbivores, omnivores and carnivores
The effects of consumers on the carbon cycle also varied
significantly with trophic level (i.e. herbivores, omnivores
and carnivores). Among the carbon cycle measures with
data available, herbivores significantly reduced, omnivores
did not affect, while carnivores significantly increased APC
(by 58%) (figures 2 and 4). Herbivores also significantly
reduced, while carnivores did not significantly affect BPC
and LC (figures 2 and 4). Carnivores and omnivores signifi-
cantly reduced herbivore abundance by 51% and 41%,
respectively (figure 2).
4. Discussion
Our results support the hypothesis that herbivores generally
decrease carbon absorption processes (e.g. ANPP) and increase
carbon emission processes (decomposition). This decreases
carbon pools (e.g. APC, BPC, LC and soil Ccon, except for
soil CS and soil Cden) in coastal wetland ecosystems. These
effects of herbivores on the ecosystem carbon cycle varied
with herbivore taxon and traits (body size, thermal regulation
strategy and feeding type). Our study also supports the
hypothesis that carnivores influence the carbon cycle in coastal
wetlands by suppressing herbivores and promoting plant
biomass carbon accumulation. Moreover, our study clearly
identifies important knowledge gaps and areas that require
further investigation.

The effects of herbivores were stronger on aboveground
carbon processes (e.g. APC, LC and decomposition) than on
belowground processes (e.g. BPC, soil MBC, soil CS and soil
OCcon). This finding is consistent with a previous study show-
ing that livestock grazing strongly reduced APC but did not
significantly affect BPC [23]. Also, relative to belowground
carbon processes, aboveground carbon processes are often
more sensitive to warming [31], precipitation changes [31],
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nutrient addition [32,33] and plant invasions [5]. In our study,
herbivores reduced APC regardless of taxon and functional
traits, while their effects on BPC were much more variable.
Indeed, positive, negative and no effects of herbivores on
belowground carbon processes in coastal wetlands have all
been reported in individual site-scale studies [22,34,35]. There-
fore, it is important to consider differential responses of
aboveground and belowground carbon processes to food web
alterations. Our study highlights the challenge in generalizing
and predicting responses of belowground carbon processes.

Our analysis suggests that a trait-based approach can be
highly valuable to helping predict variation in the top-
down effects of consumers on the ecosystem carbon cycle.
Our analysis of top-down effects of herbivores on APC
among herbivore taxa of different body sizes supports the
long-held view that body size is an important determinant
of consumption and top-down effects of consumers [36–38].
However, previous studies on the relationship between
body size and top-down control have often focused on
either invertebrates or vertebrates, rather than both, and
have focused on the effects of consumers on aboveground
processes, rather than belowground and soil processes. Our
finding that the relationship between body size and top-
down effects of herbivores on APC appeared to hold only
within but not across invertebrate and vertebrate herbivores
suggests that other factors such as herbivore abundance
may modulate their top-down effects on APC. Indeed, invert-
ebrate herbivores are often orders of magnitude more
abundant than vertebrate counterparts in coastal wetlands
[39]. Furthermore, instead of body size, variation in the
effects of herbivores on other processes of the ecosystem
carbon cycle (such as BPC and ANPP) can be better explained
by feeding type. For example, herbivores that feed above- and
belowground (e.g. crabs and geese) consistently reduced
BPC, while those that feed primarily aboveground (e.g.
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snails and small mammals) did not affect BPC (figure 3).
Additionally, our results confirm that, relative to ectothermic
herbivores, endothermic herbivores with energetic mainten-
ance costs [29] may have stronger impacts on APC. But this
was not the case for BPC, likely because endothermic herbi-
vores in coastal wetlands are mostly aboveground feeders
(except geese). This finding highlights the need for employ-
ing multiple functional traits to predict variation in the
effects of consumers on aboveground versus belowground
processes. It should be stressed that, as shown in our study
(electronic supplementary material, tables S2–S5), predicting
variation in the effects of consumers on the carbon cycle
across different scales may also require incorporation of
other variables such as plant and climate variables.

Our synthesis of the existing literature also identifies
important gaps in current understanding of consumer control
of the carbon cycle in coastal wetlands. First, although large
proportions of carbon in coastal wetlands are stored in soils
[40], the effect of consumers on belowground carbon processes
has received much less attention than aboveground processes.
In particular, existing studies on the impacts of consumers on
soil carbon processes have focused on the carbon concentration
or density of top soil layers, without accounting for the effects
of consumers on soil vertical/lateral erosion or accretion (e.g.
[41]), or have focused on large-bodied herbivores such as
livestock and geese. Whether small invertebrate herbivores
that are often abundant in coastal wetlands have differential
effects on soil carbon sequestration is still unknown. Second,
managing ecosystem carbon stocks requires understanding
when, where and how carbon fluxes (e.g. photosynthesis, res-
piration and NEE; [42]) are affected by consumers. However,
the impacts of consumers on carbon fluxes, NEE in particular
(a measure of carbon sequestration), have been investigated
in only a few studies, and generality and variability remain
to be understood. Furthermore, current studies on consumer
control of the carbon cycle in coastal wetland ecosystems
have been largely focused on herbivores. Predators and omni-
vores, especially large-bodied top predators, have been widely
advocated to be essential for the functioning of coastal marine
ecosystems [19,43], but studies that specially investigate the
effects of carnivores, omnivores and consumer diversity on
the carbon cycle remain few. Although our synthesis focused
on coastal wetlands, these knowledge gaps are likely to be
general for all types of ecosystems.

Coastal wetlands are highly valued for their carbon storage
function, which helps mitigate climate change [40]. Owing to
declines in large predator populations, grazing pressure has
been elevated in many coastal wetland ecosystems [9]. For
example, overfishing has been shown to elevate grazing by
herbivorous crabs in New England [44] and by periwinkle
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snails in the southeastern USA [45]. Our results suggest that
elevated grazing pressure may lead to reductions in the
amount of carbon stored in coastal wetlands, compromising
the capacity of these ecosystems to help mitigate climate
change. In fact, in extreme cases, loss of predators can interact
with abiotic stressors (e.g. drought and nitrogen enrichment) to
lead to runaway grazing by herbivores, complete denuding of
coastal wetlands, and massive loss of carbon [14,34,46]. There-
fore, to halt further loss of carbon stocks, coastal wetland
managers not only need to restore hydrology and vegetation
and control pollutant and nutrient input, but also need to be
aware of the potential importance of maintaining healthy
food webs [3]. The latter could be achieved either directly or
indirectly by controlling environmental factors that mediate
herbivore and predator populations, wherever appropriate.
We encourage future studies to design more specific measures
and test how best to manage herbivores and predators across
different scales so that the recovery of carbon stocks in
degraded or destroyed coastal wetlands can be maximized.

Our finding that consumers strongly affect a series of carbon
cycle processes underscores the importance of incorporating
consumer control into Earth system models predicting future
climate [8]. Current Earth system models are parameterized
mainly with physical variables and vegetation properties, and
modelling of the carbon cycle mainly considers responses to
changes in temperature, precipitation, CO2 concentration and
nutrient input [2]. In magnitude (figure 5), many effects of her-
bivores on the carbon cycle shown in our study, however, are
comparable with, even times higher than those of warming,
precipitation changes, nitrogen enrichment and even plant
invasions (although the effects of plant invasions on APC,
ANPP and LDPwere much higher than all other ecological fac-
tors). Ignoring consumer control in Earth system models can
therefore result in considerable deviations of model predictions
from empirical observations. Incorporating consumer control
into Earth system models, nevertheless, might not be as
straightforward as physical variables such as temperature and
precipitation. As a kind of biotic interactive process, the effects
of consumers on the carbon cycle are often variablewith consu-
mer species and functional traits and are also likely to be more
responsive to changes in environmental factors (e.g. tempera-
ture; [16]). Despite potential challenges, accurate predictions
of climate change and ecosystem dynamics cannot be achieved
without fully recognizing the profound impacts of consumers
and human-driven alterations in food webs on the cycling
of carbon in ecosystems. It is hoped that this synthesis
will motivate further efforts toward consumer-inclusive predic-
tions of changes in Earth’s climate and ecosystems, and
mitigation strategies.
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