
diversity

Article

Environmental Pressures on Top-Down and Bottom-Up Forces
in Coastal Ecosystems

Michael J. Blum 1,2

����������
�������

Citation: Blum, M.J. Environmental

Pressures on Top-Down and

Bottom-Up Forces in Coastal

Ecosystems. Diversity 2021, 13, 444.

https://doi.org/10.3390/d13090444

Academic Editors: Miguel Ferrer,

Jesús Cambrollé, Jesús M. Castillo

and Blanca Gallego-Tévar

Received: 2 August 2021

Accepted: 13 September 2021

Published: 16 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Ecology and Evolutionary Biology, Tulane University, New Orleans, LA 70118, USA;
mblum@utk.edu

2 Department of Ecology and Evolutionary Biology, University of Tennessee, Knoxville, TN 37996, USA

Abstract: Global change is manifesting new and potent pressures that may determine the relative
influence of top-down and bottom-up forces on the productivity of plants that undergird coastal
ecosystems. Here, I present a meta-analysis conducted to assess how herbivory, nitrogen enrich-
ment, and elevated salinity influence plant productivity according to the salinity regimes of coastal
ecosystems. An examination of 99 studies representing 288 effect sizes across 76 different plant
species revealed that elevated salinity negatively affected productivity across all environments, but
particularly in freshwater ecosystems. Nitrogen enrichment, on the other hand, positively affected
productivity. In agreement with the plant stress hypothesis, herbivory had the greatest negative
impact in saline habitats. This trend, however, appears to reverse with nitrogen enrichment, with
maximum losses to herbivory occurring in brackish habitats. These findings demonstrate that multi-
ple stressors can yield complex, and sometimes opposite outcomes to those arising from individual
stressors. This study also suggests that trophic interactions will likely shift as coastal ecosystems
continue to experience nutrient enrichment and sea level rise.

Keywords: coastal protection; ecological restoration; herbivory; marshes; meta-analysis; nitrogen
enrichment; salinity; sea level rise; wetlands

1. Introduction

Concern is rising that global change is subjecting coastal ecosystems to potent new
pressures that could lead to wholesale transformation or loss. The corollaries of climate
change (e.g., increasing temperature and sea level rise), alongside other anthropogenic
pressures (e.g., nutrient enrichment), are expected to manifest complex responses as
species cope through physiological acclimation [1–3], rapid evolution [4], distributional
change [5,6], or some combination thereof [7,8]. Responses of ecologically dominant
(i.e., foundational) plants can potentially alter the vital processes (e.g., productivity, ac-
cretion, erosion) that undergird ecosystem stability [7,9]. Studies of brackish marshes in
Chesapeake Bay along the mid-Atlantic coast of the United States have shown, for instance,
that surface elevation is tightly linked to soil organic matter accumulation, which is a
function of Schoenoplectus americanus productivity [10–12], which in turn is governed by
prevailing salinity, inundation, CO2, and nitrogen regimes [13–16]. Work on brackish
marshes has also begun to shed light on outcomes of concurrent exposure to multiple stres-
sors. For example, elevated CO2 can moderate salinity stress in S. americanus [13,14], while
nitrogen addition can confer a competitive advantage under greater flooding stress [15,16].
These findings point to the possibility that some pressures ameliorate rather than accelerate
the undesirable outcomes (e.g., drowning) of other pressures by imparting greater tolerance
in foundational plants like S. americanus [16]. Accordingly, the nature of exposure responses
merits further investigation to better understand and forecast the fate of coastal ecosystems
as global change continues to unfold.

Biomass-based measures of plant productivity often serve as proxies for gauging the
influence of global change on coastal ecosystems. Plant productivity is determined by
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a complex interplay between top-down and bottom-up forces [17,18]. Top-down forces
correspond to pressures exerted by consumers, whereas bottom-up forces generally re-
flect environmental factors that determine the availability of resources [17,18]. While it
is well understood that both consumers (i.e., herbivores and predators) and resources
(i.e., nutrients, light, water) play an important role in regulating plant growth (and that
respective roles can be context-dependent), it is unclear how the relative influence of each
varies as prevailing environmental conditions change [19–21]. Top-down and bottom-up
forces rarely act in isolation, and changes in the strength of one force can feed back to
influence the other. Increases in limiting resources such as nitrogen can, for example,
dramatically change plant productivity and palatability, with cascading effects on higher
trophic levels [22–24]. The nature of trophic interactions may change, however, as shifts in
environmental conditions differentially affect plant quality and performance by mitigating
resource availability [25,26].

Long-standing observations that coastal ecosystems are exposed to intense physical
stress [27–29] have sustained the assumption that plant productivity is predominantly
regulated by bottom-up forces [30]. Coastal ecosystems are characterized by strong gra-
dients of local environmental stress that often manifest patterns of abrupt zonation in
plant communities [28,31]. Plants occurring at lower shoreward elevations are typically
exposed to harsher physical conditions of more frequent inundation, higher soil salinity,
and lower soil oxygen availability [5,32,33] that can increase vulnerability to disturbance
and potential interactions between disturbance and physical stress [34–36]. An increasing
number of studies have demonstrated, however, that consumer pressures can exert strong
effects on plant biomass [23,35,37–39]. While the impact of herbivores and abiotic effects
on the productivity of coastal plants has been extensively examined, results from this work
have not been synthesized with consideration given to environmental gradients [40]. Con-
sequently, it is unclear whether variation in environmental stress determines the relative
strength of top-down and bottom-up forces in coastal ecosystems, including whether the
balance of responses to global change varies across underlying environmental gradients.

There are opposing views on how environmental stress influences the relative
strength of top-down and bottom-up forces. The environmental stress hypothesis of
Menge and Sutherland [41,42] proposes that the strength of biotic interactions weakens
under conditions of physical stress. In contrast, the plant stress hypothesis [43–45] posits
that biotic interactions strengthen when plants are physically stressed. Support has been
found for each hypothesis, suggesting that environmental stress may not categorically
strengthen or weaken trophic interactions [46–51]. Evaluating both hypotheses in light of
this possibility could substantively improve understanding of top-down and bottom-up
regulation of plant productivity in coastal ecosystems. A synthesis of prior studies could,
for example, offer valuable perspectives by placing ostensibly contrary findings into a
broader context.

A meta-analysis would be particularly valuable for assessing whether the intensity of
herbivory increases when coastal plants experience greater abiotic stress [27,38,40,52–55].
A review of prior work reveals a range of perspectives on this possibility. It has been
found, for example, that salinity stress can act synergistically with snail grazing to reduce
the biomass of Spartina alterniflora [38]. Plants under stress can have more free unbound
nitrogen [56] and can mobilize nitrogen for the production of organic solutes that serve
an osmoregulatory function [57]. These observations challenge the view that stressed
plants represent poor quality hosts to herbivores compared to more vigorous plants that
may be nutritionally superior [56]. Leaves of Spartina alterniflora from low-stress habitats
have, however, been found to exhibit higher nitrogen levels and lower phenols than those
in high-stress habitats [58] resulting in higher levels of herbivory by grazing snails [59].
Accordingly, comparative analysis of these and other findings could clarify how salinity
stress influences plant quality to herbivores.

A meta-analysis of prior work could likewise clarify how the interplay between
top-down and bottom-up forces is influenced by pressures arising from global change.
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It is unclear, for instance, how nutrient enrichment influences plant productivity across
salinity regimes, including shifts in salinity related to sea level rise [60]. Salinity can inhibit
nitrogen uptake, and thus the influence of nutrient enrichment on plant productivity might
be more limited under higher salinity conditions [61]. Alternatively, it is possible that
nutrient enrichment exerts less influence on productivity under comparably lower salinity
conditions due to greater resource demands [26,62]. Rising sea levels and increasing salinity
might also affect productivity more strongly in freshwater and brackish habitats than in
higher salinity habitats where plants generally exhibit greater salinity tolerance [28,63]. The
reverse is also possible because greater salinity stress could exacerbate the susceptibility to
herbivory exhibited by plants in higher salinity habitats like salt marshes [38,40,53].

Here I present a meta-analysis conducted to examine patterns of trophic interactions
and productivity in coastal ecosystems according to natural gradients of environmental
stress and anthropogenic pressures, including climate change. The meta-analysis has been
structured to test the hypothesis that plant responses to abiotic (salinity and nitrogen)
and biotic (herbivory) stressors differ between saline, brackish, and freshwater habitats.
The aim was to assess whether plants in saline conditions are (1) less affected by elevated
salinity, (2) more negatively impacted by herbivory, and (3) exhibit the weakest response to
nitrogen enrichment relative to plants in brackish and freshwater habitats. Because plants
in saline conditions may exhibit greater susceptibility to herbivory but may not respond to
nitrogen enrichment, consideration was given to the possibility that nitrogen enrichment
results in greater herbivory in freshwater and brackish habitats versus saline habitats. As
the proportion of C3 and C4 plants varies across salinity gradients, where the dominance of
C4 plants generally declines from higher to lower salinity habitats [33], consideration also
was given to the possibility that photosynthetic pathway (i.e., physiology) is a contributing
factor in biomass responses to herbivory, elevated nitrogen, and elevated salinity.

2. Materials and Methods

Data were collected from articles published in peer-reviewed journals since 1981. Articles
were iteratively identified and reviewed using the Clarivate Analytics Web of Science search
engine with the following search terms: marsh + herbivor*, coastal wetlands + herbivor*,
Spartina + herbivor*, marsh + nutrients, marsh + salinity, coastal wetlands + nutrients
+ herbivor*, coastal wetlands + salinity + herbivor*. We included Spartina as one of the
key words as this genus of plants often dominates coastal ecosystems [31,64]. The search
delivered 99 papers and a total of 288 effect sizes across 76 different plant species, with
subsets of papers yielding different datasets for hypothesis testing. The inclusion of
studies was based on the criteria that the authors (1) measured some parameter of plant
performance when (2a) conducting one (or more) animal exclusion experiment(s) while also
manipulating salinity or some form of nitrogen (e.g., fertilizer); or when (2b) conducting
one or more experiment(s) along a salinity or nutrient gradient. Only studies of higher
plants were considered. Both greenhouse and field-based experiments were considered.
Entire articles (i.e., text, figures, tables) were scanned for data on measures of herbivory
and plant productivity as response variables. All but three studies examined measures of
biomass; seed production was examined in two studies, and fruit production was examined
in one study.

Data on means, standard errors, and sample sizes were used when reported in the
text, figures or tables in each article. Following Massad and Dyer [65], data from three or
fewer experiments were randomly selected for analysis when multiple experiments were
conducted within the same study (e.g., when examining the independent effects of elevated
salinity and nitrogen on different species). All data on the responses of different plant
species within a single experiment were considered for analysis. Although the inclusion of
multiple species from the same study might not be regarded as independent, their omission
might also lead to biased results due to reduced sample size [49,66].

Controls were assigned as unfertilized, no or low salinity, or with herbivore exclusion
cages. Treatments were assigned as herbivore exposure, salinity, and/or nitrogen addition.
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When studies reported data from along a natural environmental gradient or from seasonal
analyses, only the lowest and highest mean values were selected, with the lowest mean
value designated as the control and the highest mean value designated as the treatment.
When multiple sampling dates were used, those exhibiting the greatest difference between
the treatment and control were selected [49].

Each plant species’ habitat type was categorized as freshwater, brackish, or saline.
Elevation was not a suitable classification variable since it does not necessarily correspond
to salinity or inundation regime. For example, freshwater sites can occur at low or high
elevation, and saltpans generally occur at higher elevations [67]. Many plant species
also occupy the same habitats (characterized by salinity regime) at different elevations in
different locations. Moreover, many studies did not specify the elevation of the plants that
were being examined, whereas salinity conditions were consistently identified. Information
on salinity conditions was also provided in all greenhouse studies as plant material was
originally obtained from the field. In the few studies where this information was not
specified, information was obtained from other studies carried out at the same locations.
Studies were excluded when this information was not available for a given species and
location. Information on whether plants utilize the C3 or C4 photosynthetic pathway was
obtained from the Illinois Plant Information Network [68]. Information on the studies used
for each analysis is presented in Table S1.

Mixed model analyses were used for hypothesis testing. In contrast to a fixed effects
model, a mixed model assumes that studies within a class (i.e., independent variable) share
a common mean effect but also exhibit random and sampling variation [69]. For each
individual comparison (i.e., experiment) the standardized mean differences (effect size,
hedges g) were calculated using the program Comprehensive Meta-Analysis by Biostat [70].
Effect sizes were calculated as the difference between the control and treatment means,
divided by their pooled standard deviation, and corrected for sample size [49,69]. The
standardized effect sizes and variance were used to determine between-class homogeneity,
QB, for testing against a chi-squared distribution to determine whether the classes were
significantly different. Significant QB values indicate a meaningful difference between
the classes [48]. Effect sizes were combined across the studies to give a grand mean
effect size [49]. The grand mean effect size represents the magnitude of the impact of
the independent variable on the dependent variable. In this study, a negative effect size
represents a decrease in plant productivity in response to herbivory or salinity, and a
positive effect size indicated an increase in plant productivity in response to nitrogen
addition. The effects of each stress on plant productivity or herbivory were considered
significant if the 95% confidence intervals did not overlap zero [32,49].

To assess the potential for publication bias, funnel plots were constructed and fail-safe
numbers were calculated using the program Comprehensive Meta-Analysis by Biostat [65,70].
A funnel plot portrays a measure of study size (e.g., standard error or precision) on
the vertical axis as a function of the effect size on the horizontal axis. Large studies
appear toward the top of the graph and tend to cluster near the mean effect size, whereas
smaller studies appear toward the bottom of the graph, dispersed across a range of values
because more sampling variation in effect size estimates is expected in smaller studies.
Studies should be distributed symmetrically around the mean effect size in the absence of
publication bias [70]. On the other hand, a higher concentration of studies should occur on
one side of the mean than the other at the bottom of the plot in the presence of bias [70].
This can correspond to a scenario where smaller studies have larger than average effect
sizes, which generally increases the likelihood of meeting criteria for statistical significance.
Fail-safe numbers are defined as the number of missing studies that would be required to
nullify an observed effect [70]. There would be cause for concern if a fail-safe number was
relatively small, whereas a large fail-safe number should elicit little concern, although there
remains some possibility that the exclusion of some studies might still have influenced an
estimated treatment effect [70].
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3. Results

In total, 34 studies (freshwater (F), n = 7; brackish (B), n = 10; saline (S), n = 17) were
considered to examine the effects of herbivory on productivity, yielding 74 effect sizes
(F, n = 17; B, n = 27; S, n = 30), and 59 effect sizes for herbivore classes (invertebrates, n = 18;
vertebrates, n = 41). A total of 50 studies were considered to examine the effects of elevated
salinity on biomass (F, n = 7; B, n = 24; S, n = 19) with 76 effect sizes (F, n = 9; B, n = 40;
S, n = 27), and 35 studies were considered to examine the effects of nutrient enrichment
on productivity (B, n = 14; S, n = 21) with 61 effect sizes (B, n = 27; S, n = 34). Freshwater
was not included in this analysis due to small sample size. Of the studies examined, nine
assessed the effects of nutrient enrichment on herbivory (F, n = 0; B, n = 4; S, n = 5) with
28 effect sizes (B, n = 16; S, n = 12). Although the studies included for consideration were
conducted in a range of ecosystems, 90% involved research on coastal marshes.
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Figure 1. Response of plant biomass to (A) salinity, (B) nitrogen addition, and (C) herbivory across
coastal ecosystems. Error bars represent 95% confidence intervals. Sample sizes (n) represent the
number of effect sizes. F = freshwater, B = brackish, and S = saline.

Elevated salinity negatively affected plant productivity (Figure 1). Out of 78 experi-
ments, only eight detected a positive response to salinity, and only three found no effect.
Comparisons by habitat revealed that freshwater plants experienced significantly lower
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productivity when exposed to salinity relative to plants from saline and brackish habitats
(Qb = 6.761, df = 2, p < 0.034). There was no difference between brackish and saline habitats
in the response of plant biomass to salinity (Qb = 0.015, df = 1, p < 0.901). This trend held for
plants in marsh habitats even after trees were removed from the analysis (Qb = 0.037, df = 1,
p < 0.848) and when marsh grasses were analyzed separately (Qb = 0.479, df = 1, p < 0.489).
There was also no significant difference between the two ecologically dominant marsh
grasses Spartina alterniflora and Spartina patens (Qb = 1.559, p < 0.212), monocots versus
dicots (Qb = 1.193, df = 1, p < 0.275), or when experiments were conducted in greenhouses
versus field plots (Qb = 0.241, df = 1, p < 0.623).

A large majority of the examined studies (54 of 65) found evidence of positive re-
sponses to nutrient enrichment (Figure 1). Only 10 studies found evidence of negative
responses to nitrogen addition, and only one study found no effect. No difference was
found in the effects of nitrogen addition on plant biomass between saline and brackish
habitats (Qb = 1.001, df = 1, p < 0.317) or between monocots or dicots (Qb = 0.844, df = 2,
p < 0.358). To reiterate, small sample sizes precluded comparisons between plants in
freshwater habitats to plants in brackish and saline habitats.
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Figure 2. Effects of invertebrate (invert) and vertebrate (vert) herbivores on plant biomass. Error bars
represent 95% confidence intervals. Sample sizes (n) represent the number of effect sizes.

Herbivory negatively affected plant productivity (Figure 1). Out of 85 experiments,
only 12 detected positive responses to herbivory and only three found no effect. Also, plant
productivity in saline habitats was more negatively affected by herbivory than in freshwater
and brackish conditions (Qb = 9.867, df = 2, p < 0.007). Notably, most of the studies from
freshwater and brackish habitats involved vertebrate herbivory (i.e., grazing by geese or
rodents) whereas vertebrates and invertebrates were equally represented in saline habitats.
All studies measured damage from natural herbivores except for one study [71], in which
herbivory was simulated. The overall results did not change when this study was excluded
from the analysis, even though this study detected the largest difference between treatment
and control conditions. The impact of herbivores did not differ between monocots and
dicots (Qb = 0.114, df = 1, p < 0.736). No difference in the impact of herbivory on plant
productivity was observed between vertebrates and invertebrates (Figure 2) (Qb = 0.863,
df = 1, p < 0.353). The same result was found when only brackish and saline habitats
were compared (Qb = 1.143, df = 1, p < 0.285). Plants from brackish habitats were more
negatively affected by herbivores (herbivory plus herbivore densities) following nitrogen
addition than were plants from saline habitats (Figure 3) (Qb = 19.008, df = 1, p < 0.001).
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Examining whether the photosynthetic pathway utilized by plants influenced their
response to different pressures revealed that C4 plants experienced a greater change in
productivity following nitrogen addition compared to C3 plants (Qb = 4.60, df = 1, p < 0.032)
(Figure 4). A significant difference was not found, however, in the biomass response of
C3 and C4 plants to herbivory (Qb = 2.268, df = 1, p < 0.132) or elevated salinity (Qb = 2.484,
df = 1, p < 0.115).

Funnel plots of study versus effect sizes (e.g., of salinity and herbivory; Figure S1)
revealed that most studies were distributed around the peak of each plot and clustered near
the mean effect size, suggesting that the results of analyses were driven by large studies [70].
The following fail-safe numbers were calculated for analyses examining effects on pro-
ductivity: herbivory = 5568 (C3/C4 analysis: 3639); salinity = 7340 (C3/C4 analysis: 6916);
and nitrogen addition = 4395 (C3/C4 analysis: 3567). This indicates, for example, that
99.6 ‘null’ studies would need to be located and included for every observed study for
the estimated effect of salinity on productivity to be nullified. The analysis of invertebrate
versus vertebrate herbivore effects on productivity had a fail-safe number of 3734 and the
fail-safe number for the analysis of nitrogen addition effects on herbivory was 597.

4. Discussion

It is becoming increasingly apparent that global change is manifesting pressures
capable of altering the functioning and fate of coastal ecosystems. It is expected that
synergisms from factors like increasing atmospheric CO2 and sea-level rise will intensify
threats (e.g., inundation and erosion) to coastal ecosystems by altering the production and
distribution of ecologically dominant plant species. The effects of vegetation on marsh
stability can be large: vegetation can increase marsh platform elevation by as much as
13.3 mm per year [72] and alter shoreline erosion rates by more than 10% [73]. Accordingly,
even modest changes in the capacity of plants to accommodate stressors could determine
whether and for how long an ecosystem persists as global change continues to unfold.
Understanding the nature and extent to which vegetation responds to global change
can thus advance efforts to protect coastal ecosystems and communities. It could, for
example, improve mechanistic ecosystem models and broader predictive frameworks (e.g.,
Earth System Models) for understanding the complex outcomes of forcings and feedbacks.
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Notably, the importance of understanding plant responses to global change is likely to
grow as humans continue to exert pressure on coastal environments.
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A meta-analysis approach was taken to gain further perspective on the two opposing
ideas—the environmental stress hypothesis and the plant stress hypothesis—that circum-
scribe explanations for how environmental pressures can influence biotic interactions and
productivity in coastal ecosystems [41–45]. The examination of prior studies of coastal
plant responses to herbivory, nitrogen enrichment, and elevated salinity (plus interactions
thereof) revealed that elevated salinity negatively affects productivity across all salinity
regimes, whereas nitrogen enrichment positively affects plants in saline and brackish
environments. In agreement with the plant stress hypothesis, herbivores appear to exert
the greatest negative influence on productivity in saline versus brackish and freshwater
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habitats. This trend, however, reverses under conditions of nitrogen enrichment. Thus, it
can be inferred that the relative strength of top-down and bottom-up forces is subject to
change according to prevailing local environmental regimes, and that concurrent exposure
to multiple stressors can yield unanticipated responses that contrast with responses to
individual stressors [74]. This inference extends the findings of a prior meta-analysis of
consumer pressures on coastal wetlands worldwide, showing that nutrients and other
physical factors can regulate the strength of consumer control [75].

Salinity exposure is arguably one of the strongest pressures acting on coastal ecosystems,
where it often gives rise to striking biogeomorphic features like plant zonation [28,31,76].
Salinity affects plant physiology in a manner similar to drought, although halophytes
can employ additional strategies to moderate salt stress such as salt tolerance or salt
avoidance [64]. In salt avoidance, for instance, plants close stomata to prevent desiccation.
Since this subsequently inhibits CO2 fixation and photosynthesis [77], elevated levels of
salinity can significantly reduce productivity. As might be expected, elevated salinity
appears to have the greatest inhibitory effect on freshwater plant productivity. A meta-
analysis of prior findings indicates, however, that even halophytes (which often perform
significantly better under lower salinity stress [78,79]) are negatively impacted by elevated
salinity. The effects of salinity did not differ between the foundational plants that often
dominate brackish and high salinity ecosystems (e.g., Spartina patens and Spartina alterniflora,
respectively). This trend held regardless of whether the analyses included or excluded
mangrove forests, focused solely on marsh ecosystems, or focused more specifically on
grasses, which are often dominant plants in marsh ecosystems. These results suggest that
plants in brackish environments that are able to tolerate salinity may not thrive under
high-salinity conditions due to a lack of tolerance to other stressors such as prolonged
inundation, high sulfide levels, or lower nutrient availability, which can concordantly occur
with high salinity conditions [76]. Greater herbivore pressure might also limit expansion
into more saline environments [80].

Contrary to expectations, plant productivity was not significantly lower in saline than
in brackish habitats following nitrogen addition. Some prior studies have shown that
growth responses to nitrogen addition diminish with increasing salinity [80,81]. Meta-
analysis revealed that plants from both habitats positively responded to nitrogen. While
plants in brackish habitats also appear to respond more than plants in saline conditions,
the difference in responses was not statistically significant. Small sample sizes precluded
comparisons to freshwater habitats, but this trend suggests that responses to nitrogen are
likely greater than those in brackish and saline habitats. Nonetheless, nitrogen loading
may not always benefit coastal ecosystems by boosting productivity [36,82,83]. It can also
compromise stability by reducing belowground biomass due to lower nutrient foraging, a
phenomenon that has been observed in freshwater, brackish, and saltwater habitats [83,84].
Accordingly, understanding responses to concurrent shifts in salinity and nutrient regimes
is becoming increasingly relevant as coastal management programs continue to invest
in massive engineering projects that will divert riverine outflows of sediment-rich but
nutrient-laden freshwater, with the aim of stabilizing and rebuilding adjacent wetland
ecosystems. It would thus be prudent to mount a targeted assessments of outfall sites to
determine whether expected shifts in salinity and nutrient regimes will result in desirable
outcomes [7].

Plant productivity and zonation in coastal ecosystems also reflect biotic interactions
such as competition for limiting nutrients and herbivory [31,67,75,79,84,85]. Consistent
with prior reviews [75], meta-analysis revealed that the influence of biotic interactions on
productivity varied according to environmental stress, where herbivory had a stronger
negative effect on productivity in high salinity conditions than in brackish and freshwater
habitats. These relationships were independent of the type of herbivore present, lending
support to the hypothesis that herbivore pressure increases when plants are stressed [43–45].
In combination or alone, it appears that defensive traits and the nutritional status of plants
can be modified by salinity. Although some evidence suggests otherwise [86], plants
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might generally lose more biomass to herbivores in high salinity environments because
susceptibility to herbivores can increase due to reduced performance under higher levels
of stress. Salinity stress can interfere with water and nutrient uptake, and thus may cause
ionic imbalance and toxicity in plants [87]. Accordingly, the costs of replacing tissue lost to
herbivores can be much greater in saline environments when growth is inhibited [21,88].
It also has been shown that elevated salinity can increase leaf nitrogen content [21,89] and
alter leaf rigidity, depending on the strategy employed by plants to overcome osmotic
stress [64]. This raises the possibility that exposure to elevated salinity might increase
vulnerability to herbivore attack [90]. Similarly, the availability of carbon and phosphorous
stocks for plant nutrition and defense can vary according to salinity conditions [91]. Host
specialization and high resource concentrations thus might also result in greater herbivory
with elevated salinity. This also points to the possibility that coastal habitats dominated
by a single or few species (i.e., Spartina alterniflora in salt marshes) that are concentrated
resources and support host-specific herbivores (e.g., Prokelisia marginata planthoppers) may
become increasingly prone to herbivore outbreaks [38]. For some plant species though,
elevated salinity might enhance plant defenses. For instance, areas of higher salinity
support Borrichia fructescens with greater plant toughness (which functions as a mechanical
defense) and reduced densities of herbivores and parasitoids [21]. Mounting further
comparative studies of plant quality across coastal habitats [54,92] would help clarify how
salinity-induced changes influence biotic interactions and productivity.

This meta-analysis notably revealed that the influence of herbivory on productivity
reverses under conditions of nutrient enrichment, with plants in brackish habitats suffering
greater losses than plants in saline habitats. Bowdish and Stiling [93] provide an example
of this, showing that herbivory by Prokelisia planthoppers is suppressed in fertilized marsh
plots at higher salinity levels. Herbivores are generally nitrogen limited [94], therefore
nitrogen addition would be expected to result in greater herbivory by elevating nutrient
availability, regardless of habitat [95]. With some exceptions—relative to edaphic conditions
and specific herbivore requirements [51,54,96,97]—the observed reversal might reflect the
inhibitory effect of salinity on nitrogen uptake [61], where nitrogen addition has less
of an effect on plant quality in higher salinity environments [79]. However, nutrient
enrichment may not necessarily result in greater herbivory by influencing plant quality.
Plant quality might remain unchanged while plant stature or size increases. If so, then
herbivory could be lower in saline conditions where nitrogen uptake is limited because
herbivores are responding to an increase in apparency rather than quality. Further work is
thus warranted to differentiate between responses to changing plant quality and apparency
across environmental gradients [54], and whether certain species that dominate coastal
ecosystems are more prone to herbivory following nutrient enrichment [79].

Plant responses were compared according to photosynthetic pathway to evaluate
whether broader trends in plant responses were attributable to environmental conditions
and not simply differences in underlying physiology. This is a particularly important
consideration for comparisons of coastal ecosystems, as the proportion of C3 and C4 plants
varies across salinity gradients. High-salinity habitats such as salt marshes are typically
dominated by C4 plants (primarily monocots), possibly because the C4 photosynthetic path-
way is associated with adaptations that reduce drought (i.e., salinity) stress [33]. In contrast,
brackish and freshwater habitats are typically dominated by C3 plants or composed of
mixed C3 and C4 communities. The productivity of both C3 and C4 plants was negatively
affected by elevated salinity, although it appears that C3 plants consistently exhibit less
tolerance to exposure (i.e., a greater reduction in productivity). While a statistically signifi-
cant difference was not detected in the responses of C3 and C4 plants to salinity, C4 plants
appear to exhibit greater productivity in response to nutrient enrichment. This may be
attributable to C4 plants generally having greater photosynthetic nitrogen use efficiency
than C3 plants, which enables C4 plants to photosynthesize at lower nitrogen levels and
to allocate excess nitrogen to growth under enriched conditions [98,99]. Although signifi-
cant differences in responses were not detected, it is notable that striking spatiotemporal
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changes in the relative dominance of C3 and C4 species can reflect subtle environmental
variations like changes in elevation, water table height of just a few centimeters [10,99],
or changes in salinity of just a few parts per thousand [11]. Changes in community com-
position are important because C3 and C4 species can have contrasting structural and
functional characteristics that feed back on ecosystem processes that relate to ecosystem
stability like carbon accumulation and vertical accretion. For example, C3 species generally
have higher nutrient concentrations and more labile types of organic matter that can result
in faster decomposition and lower accretion rates [100]. C4 species commonly have more
recalcitrant litter, potentially increasing carbon accumulation and vertical accretion [100].
It is also notable that differences in herbivory do not appear to correspond to photosynthetic
pathways, even though C4 plants are thought to be less palatable and nutritionally inferior
(i.e., less protein and more structural carbohydrates) than C3 plants [101]. Avoidance of
C4 plants has been demonstrated in some plant communities, but it does not appear to be
a general trend [102], possibly because C3 plants can have a greater diversity of defenses
than C4 plants [103].

5. Conclusions

This meta-analysis of studies examining top-down and bottom-up effects on plant
productivity highlighted the importance of interactions among stressors that act on coastal
ecosystems. Though the impact of individual stressors, including consumer pressure, on
coastal plants has been well studied [75], few factorial assessments have been carried out
and little consideration has been given to how outcomes might vary across underlying
environmental gradients. As a consequence, the magnitude and direction (i.e., synergistic
or antagonistic) of feedback mechanisms have remained understudied. The utility of meta-
analysis in pooling together prior studies elaborated general trends of plant responses to
multiple stressors across coastal ecosystems according to the prevailing salinity regime.
It was also possible to identify specific conditions under which plant growth is adversely
affected by the anthropogenic and climate stressors that threaten coastal ecosystems [34,35].
Comparisons indicated, for example, that one type of stress can elicit consistent responses
across ecosystems, but that additional stress can reverse trends in top-down and bottom-up
regulation, further illustrating the often-unpredictable nature of these interactions [15,104].
A synthesis of prior work also indicated that freshwater systems have received less atten-
tion than either brackish or saline systems. A search on the Web of Science for the key words
“freshwater marsh” and “plant productivity,” for instance, recovered less than one-fifth the
number of hits recovered in a search using “salt marsh” and “plant productivity” as key
words. Consequently, some analyses presented here were limited to studies conducted
on brackish and saline systems. While this suggests that comparably fewer studies have
been completed on freshwater systems, it is also possible that the apparent deficit in search
results reflects limitations of the approach taken to identify studies for analysis. Modifica-
tions of search terms, for example, might have yielded a broader range of studies (i.e., by
topic or time), including additional work on freshwater systems. Accordingly, greater
consideration of freshwater systems in future efforts would help improve knowledge of
responses to stressors like elevated salinity and nutrient enrichment, and thus broaden the
understanding of how global change moderates the strength of bottom-up and top-down
forces across coastal ecosystems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13090444/s1, Table S1: Information on the studies subjected to meta-analysis. Figure S1:
Funnel plots of study and effect sizes.
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