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ABSTRACT

Global stressors are increasingly altering ecosystem resistance, resilience, and functioning by reorganizing vital species
interactions. However, our predictive understanding of these changes is hindered by failures to consider species-
specific functional roles and stress responses within communities. Stressor-driven loss or reduced performance of
strongly interacting species may generate abrupt shifts in ecosystem states and functions. Yet, empirical support for
this prediction is scarce, especially in marine climate change research. Using a marine assemblage comprising a
habitat-forming seagrass (Phyllospadix torreyi), its algal competitor, and three consumer species (algal grazers) with po-
tentially different functional roles and pH tolerance, we investigated how ocean acidification (OA) may, directly and
indirectly, alter community resistance. In the field and laboratory, hermit crabs (Pagurus granosimanus and
P. hirsutiusculus) and snails (Tegula funebralis) displayed distinct microhabitat use, with hermit crabs more frequently
grazing in the area of high algal colonization (i.e., surfgrass canopy). In mesocosms, this behavioral difference led to
hermit crabs exerting ~2 times greater per capita impact on algal epiphyte biomass than snails. Exposure to OA vari-
ably affected the grazers: snails showed reduced feeding and growth under extreme pH (7.3 and 7.5), whereas hermit
crabs (P. granosimanus) maintained a similar grazing rate under all pH levels (pH 7.3, 7.5, 7.7, and 7.95). Epiphyte bio-
mass increased more rapidly under extreme OA (pH 7.3 and 7.5), but natural densities of snails and hermit crabs
prevented algal overgrowth irrespective of pH treatments. Finally, grazers and acidification additively increased
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surfgrass productivity and delayed the shoot senescence. Hence, although OA impaired the function of the most abun-
dant consumers (snails), strongly interacting and pH-tolerant species (hermit crabs) largely maintained the top-down
pressure to facilitate seagrass dominance. Our study highlights significant within-community variation in species func-
tional and response traits and shows that this variation has important ecosystem consequences under anthropogenic

stressors.

1. Introduction

Anthropogenic stressors are degrading important biogenic habitats and
ecosystem functions they provide (Atwood et al., 2015; Gonzélez-Vare
et al., 2013; Hoegh-Guldberg et al., 2007). These impacts are often caused
by stressors directly modifying habitat-forming organisms' physiology and
performances. Yet, they are also driven by stressors altering how these or-
ganisms interact with surrounding communities (Hughes, 2000). Stressors
can modify biodiversity and community composition of habitat-associated
species (Haddad et al., 2015; Kroeker et al., 2011) as well as ecological in-
teractions vital to sustaining habitat-forming species (Connell et al., 2017;
Niu and Wan, 2008). Furthermore, these changes can combine additively
and even synergistically to drive abrupt and non-linear alterations in eco-
system states and functioning (Crain et al., 2008; Silliman and He, 2018).

Assessing such ecologically mediated stressor effects is challenging be-
cause of the complexity of stress responses and multiple interaction path-
ways. Communities comprise species that play different functional roles
or contribute differentially to the same collective function (Bliithgen and
Klein, 2011). Stressors also cause variable organismal responses within
communities, producing winners and losers (Elmqvist et al., 2003). Theory
and empirical studies suggest that the functional consequences of stressor-
driven species loss are dependent on how species' functions and stressor
sensitivities are correlated in given communities (i.e., the response-and-
effect framework; Suding et al., 2008). For instance, if strongly interacting
species (i.e., species with large functional contributions) are more sensitive
to external stressors than weakly interacting ones (i.e., species with small
functional contributions), stressor-driven species losses could initially
cause a significant reduction in ecosystem functioning (Hooper et al.,
2012; Larsen et al., 2005). If such species are more resistant to stressors
than the others, species losses may have negligible or even positive effects
on ecosystem functioning (Smith and Knapp, 2003; Winfree et al., 2015).

It remains less clear how stress-induced changes in the performance
(e.g., feeding, growth, and survival) of strongly and weakly interacting spe-
cies scale to ecosystem dynamics. This is a critical oversight, considering
that (a) stressors may not necessarily lead to species losses, and
(b) changes in individual species performances are often sufficient to signif-
icantly alter ecosystem functions (Hawlena and Schmitz, 2010; Post et al.,
1999). By assessing altogether how stressors affect the performances of
strong and weak interactors within communities and overall ecosystem
functioning, we can better understand mechanistically how stress responses
of individual species combine to alter ecosystem dynamics.

We used a marine community comprising a habitat former (seagrass),
its competitor (epiphytic algae), and three dominant consumer species
(algae grazers) to test how strongly and weakly interacting consumers mod-
ulate ecosystem resistance — i.e., the ability to withstand disturbance
(Pimm, 1984) — under increasing stress (ocean acidification). For our pur-
pose, we define strongly and weakly interacting consumers as species that
have relatively large and small per capita effects on shared resources, re-
spectively (Berlow, 1999). Seagrasses represent one of the most productive
ecosystems on the planet and provide a suite of vital services (e.g., carbon
sequestration, coastal protection, and fishery production) (Nordlund
et al., 2016). However, these habitats are declining globally (Waycott
et al., 2009), commonly due to increased competition with ephemeral
algae that thrive in human-perturbed coastal environments (Orth et al.,
2006). In healthy seagrass ecosystems, algal overgrowth is controlled by
mesograzers (e.g., small crustaceans, mollusks, and fishes) that preferably
consume algae over seagrass (Williams and Ruckelshaus, 1993). However,
impaired grazing function and increased algal dominance can negatively

impact seagrass productivity and resilience (Hughes et al., 2013;
Reynolds et al., 2014).

Ocean acidification (OA), i.e., the enrichment of seawater with anthro-
pogenic CO,, has the potential to modify seagrass community dynamics by
altering the physiology, behavior, and performance of interacting species
(Kroeker et al., 2011). However, predicting the community-level outcomes
of OA has proven to be difficult due to the variable effects of OA on different
components of seagrass communities. Studies show OA could facilitate
seagrass and algae through increased availability of CO, and bicarbonate
ion concentrations (Hughes et al., 2018; Palacios and Zimmerman, 2007)
but drive negative and more variable responses among grazers (Eklof
et al., 2012; Hughes et al., 2018). OA-driven changes in seagrass commu-
nity dynamics could be further complicated because grazer species can
exert a varying degree of control over algae due to different morpho-
behavioral adaptations (Best and Stachowicz, 2012; Duffy et al., 2001). Elu-
cidating how OA affects strong and weak interactors within grazer assem-
blages and overall grazing pressure can help predict when and where
seagrass ecosystems would be most vulnerable to the stressor.

We experimentally assessed how acidification modifies seagrass-algae-
grazer interactions in and resistance of surfgrass ecosystems (Phyllospadix
torreyi). Surfgrasses are ubiquitous foundation species on the Pacific coast
of North America (Phillips and Menez, 1988) that have several important
functions, including habitat provision for juvenile and adult marine organ-
isms and amelioration of physical stressors (Castafieda-Ferndndez De Lara
et al., 2005; Galst and Anderson, 2008; Shelton, 2010). In intertidal and
shallow subtidal rocky shores, surfgrasses are commonly associated with
gastropod (turban snail Tegula funebralis) and crustacean grazers (hermit
crab Pagurus granosimanus and P. hirsutiusculus) (Pearse et al., 2015) that
consume algae growing on and around seagrass shoots (Figs. 1A and S1).
Increased algal growth is associated with reduced surfgrass productivity
and deteriorated bed health (Honig et al., 2017). Our goals were (a) to ex-
amine if and how OA variably influences the two dominant grazer groups
and (b) to evaluate how the grazer responses scale up to the community-
level processes, including grazer-control of algae and grazer-facilitation of
surfgrass productivity.

We first hypothesized that grazers would vary in their effectiveness for
controlling algae due to different microhabitat uses and feeding behaviors.
Based on our initial observations that hermit crabs frequently feed within
surfgrass canopy, where intense algal recruitments usually occur (Willcocks,
1982), we predicted the species would exert greater top-down effects on
algae. Snails were commonly observed in shoot bases or the seafloor and
were expected to play a weaker functional role. Second, we hypothesized
OA would negatively but variably affect grazer species. We predicted a stron-
ger negative effect of OA on snails, which are generally more calcified and less
effective in maintaining intracellular pH than crustaceans (Kroeker et al.,
2011). Third, we hypothesized OA would directly facilitate algae and seagrass
productivity via increased resource availability (Koch et al., 2013). Finally,
we hypothesized that grazer-control of algae and facilitation of seagrass resis-
tance under OA would depend on how strongly interacting grazers (hermit
crabs) respond to the stressor. That is, if strongly interacting grazers show de-
creased performance under OA, increased algal loading will overwhelm graz-
ing to the extent that seagrass production will no longer be sustained (P, and
P,; Fig. 1B). Alternatively, if the species are tolerant of OA, sufficiently high
grazing pressure will be maintained - irrespective of how OA affects weakly
interacting grazers — to suppress algae and to sustain or enhance seagrass pro-
duction (P; and P,; Fig. 1B).

We combined field surveys and laboratory experiments to assess the
microhabitat associations and varying effectiveness of snail (T. funebralis)
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Fig. 1. Hypothesized changes in seagrass ecosystem dynamics under ocean acidification. (A) Conceptual diagrams of interspecific interactions among seagrass, epiphytic
algae, and grazer assemblage. These include trophic interaction between grazers and algae, competition between algae and seagrass, and non-trophic, facilitative
interaction between grazers and seagrass. (B) Hypothesized changes in seagrass ecosystem resistance under ocean acidification (OA). We predicted, if strongly interacting
grazers are susceptible to OA, increased algal recruitment and growth will overwhelm grazing to the extent that seagrass production will no longer be sustained (P; and
P5). If the species are tolerant of OA, sufficiently high grazing pressure will be maintained — regardless of how OA influences weakly interacting grazers — to sustain or
enhance seagrass productivity and resistance (P3 and P,4). Images: snail (Tracy Sutton), hermit crab (Lantapix), and seagrass (Tracey Saxby, IAN Image Library).

and hermit crab grazers (P. granosimanus and P. hirsutiusculus) in controlling
algae. We then investigated under mesocosms the effects of different seawa-
ter pH (pH 7.3, 7.5, 7.7, and 7.95) on the growth, survival, and feeding rate
of different grazer species. Finally, we mimicked a shallow water surfgrass
community in outdoor mesocosms and tested how snails and hermit crabs,
at their natural densities, control algae and seagrass productivity under OA.
The extreme pH treatments (pH 7.3 and 7.5), which are well beyond the
projected IPCC scenario (Bopp et al., 2013; Gattuso et al., 2015; Pachauri
et al., 2014), represented the conditions surfgrass communities experience
only temporarily in their natural habitats (e.g., diel pH fluctuations in tide
pool surfgrass habitats ranging from pH 7.22 to 9.0) (Jellison et al., 2016;
Kwiatkowski et al., 2016; Tharaldson, 2018). However, we used the semi-
regression design to understand better the functional relationship between
seawater pH and the community processes of our interest across a broad OA
spectrum.

2. Methods and materials
2.1. Interspecific variation in grazer function (field survey and Experiment 1)

Between the summer of 2018 and the spring of 2020, we surveyed
surfgrass grazer communities at seven intertidal sites (Fig. $2) across Cen-
tral California, USA: Stillwater Cove (36°33’57.9” N, 121°56”38.0” W), Hop-
kins Marine Station (36°37'14.4” N, 121°54’11.4” W), Pleasure Point
(36°57°27.1” N, 121°5807.6” W), Opal Cliff (36°57’33.6” N, 121°57/53.5”
W), Scotts Creek (37°02’30.4” N 122°13’58.4” W), Davenport Landing
(37°01"18.9” N, 122°12"56.0” W), and Waddell Creek (37°06’11.8” N,
122°1716.7” W). Grazers were surveyed within two different habitat
types: surfgrass beds in exposed intertidal flats and the beds within tide
pools or channels that remain submerged through most tidal cycles. In ex-
posed beds, we placed 11 to 27 randomly spaced quadrats (1 m?) along
20-50 m transects laid perpendicularly to the shoreline in the low and
mid-intertidal zone. We estimated % seagrass cover and counted all visible
crustaceans (i.e., decapods and isopods) and snail grazers within each quad-
rat. Although amphipod and limpet grazers are also common in surfgrass,
they were not included in the survey due to their eryptic nature. The sur-
veys on exposed surfgrass beds were conducted in all study sites, except
in Hopkins Marine Station. At Scott's Creek, Davenport Landing, and Hop-
kins Marine Station, we randomly placed five additional quadrats over
surfgrass patches within tide pools and channels (depth > 10 cm). Here,
we used smaller quadrats (0.25 m?) because of the higher grazer density
found in these habitats.

We investigated the microhabitat association of dominant grazers
(i.e., turban snails Tegula spp. and hermit crabs Pagurus spp.) in surfgrass

beds at Hopkins Marine Station. We placed eight random quadrats
(0.25 m?) across tide pools and channel areas at the site (depth > 20 cm).
Within each quadrat, we vertically partitioned the habitats into shoot can-
opy (a shoot section approximately > 10 cm from the seafloor) vs. bottom
(i.e., seafloor and shoot section < 10 cm from the seafloor) and counted
all snails and hermit crabs found in each microhabitat.

To experimentally test the microhabitat association and top-down con-
trol of algae by grazers, we conducted an outdoor-mesocosm experiment
comprising thirty 5-liter tanks at the Hopkins Marine Station. Experimental
tanks were constructed from white, semi-transparent paint buckets (30 cm
diam., 45 cm height) and were placed on an outdoor seawater table
(1.5m X 3.5 m). Each tank was continuously flooded with sand-filtered
(nominal 20 pm) seawater. Grazers and surfgrasses were manually col-
lected from Hopkins Marine Station during July 2019. Collected grazers in-
cluded black turban snail T. funebralis and two species of hermit crab,
P. granosimanus and P. hirsutiusculus. While these species actively consume
various algae, including diatoms and macroalgae (Erlandson et al., 2015;
Ruesink, 2000), our observations suggest they do not consume live seagrass
tissue. Surfgrasses were collected in clumps to include aboveground shoots
and undamaged rhizomes. These clumps were then divided into smaller
units (approximately 5-7 cm diameter cores) with standardized shoot den-
sity (65-70 individual blades per core) and length (~43 cm). We planted a
single core into each tank containing a layer of coarse sand. We randomly
assigned ten mesocosm tanks to each of the three treatments: without
grazer, with snails (4 T. funebralis; mean blotted wet mass = 1 SE =
5.63 + 0.09 g), and with hermit crabs (2 P. granosimanus and 2
P. hirsutiusculus; mean blotted wet mass *+ 1 SE = 5.57 + 0.03 g including
shell). Grazer biomass and density in each tank were well within their nat-
ural range in the field (see Fig. 2).

We monitored grazer microhabitat usage every 2-3 days. During each
session, an observer counted the number of snail and hermit crab grazers
that had climbed on surfgrass > 10 cm above the sand bottom. After
21 days, we harvested all seagrass, separated aboveground shoots from
the rhizome, and scraped off all epiphytic materials from the seagrass
blades using pre-weighed pieces of paper towel. We also sampled all visible
macroalgae (mainly Ulva spp.) growing inside the mesocosms. Seagrass
shoot, epiphyte, and macroalgae were dried at 65 °C for 72 h before
weighing. We finally dried and weighed all surviving snails and hermit
crabs (extracted from the shell).

2.2. Grazer growth, survival, and feeding under ocean acidification (Experiment 2)

We investigated the effect of experimental OA on the growth, survival,
and feeding rate of snail and hermit crab grazers at the Long Marine
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Fig. 2. Field abundance of seagrass-associated mesograzers. Mean log-densities (per 0.25 or 1 m?) of invertebrate grazers associated with seagrass Phyllospadix torreyi in
(A) tide pools and channels and (B) open, exposed beds in intertidal sites across Central California (n = 5 plots per site for tidal pools/channels and n = 11-27 for open
beds). Field surveys were conducted in July-September 2018 for open beds and in February 2020 for tide pools and channels. When pooled across all sites and habitat
types, T. funebralis accounted for >95% of total Tegula abundance, and P. granosimanus and P. hirsutiusculus accounted for >96% of total Pagurus abundance. Note that
grazer densities were measured using different quadrat sizes (0.25 m? for tide pool/channels and 1 m? for open beds). Error bars indicate 1 SE. Different colors indicate

different species groups.

Laboratory (University of California Santa Cruz). Our experiment consisted
of four outdoor 200-liter mesocosm tanks (60 cm diam., 90 cm height),
each receiving seawater with manipulated carbonate chemistry from four
individual header barrels (200 L). We adjusted the pH level in each header
barrel (pH 7.3, 7.5, 7.7, and 7.95) by mixing filtered seawater with CO,
enriched seawater (pH 5.7-6.0) created in a separate recirculating tank
through direct bubbling of CO,. The mixing process was regulated with a
custom-built control system, which consisted of pH sensors, controllers,
and relays (Hughes et al., 2018). Seawater pH and temperature in each
header barrel was monitored every 10 s by a Durafet pH sensor connected
to a UDA controller (Honeywell Inc.) with the preprogrammed set point.
When the header barrel pH reached values higher than the setpoint
(pH 7.35,7.55,7.75, and 8.0), a relay switch in the controller was activated
to release the low pH seawater (pH 5.7-6.0) into the barrel via a solenoid
valve. The manipulated seawater was then gravity fed into each of four ex-
perimental mesocosm tanks from the four independent header barrels at
consistent rates.

In November 2016, we collected the two most abundant grazer species
(T. funebralis and P. granosimanus) from surfgrass beds adjacent to Hopkins
Marine Station. For snails, we measured the shell length and blotted wet
mass (BWM; g) after removing excess water from its mantle (by gently
pushing the operculum into the shell). We also marked the margin of
each snail shell aperture with a thin layer of white paint and superglue to
track the shell growth. For hermit crabs, we extracted each individual

from its shell by applying mild heat to the shell apex and measured its car-
apace length and BWM. Snails (n = 72) and hermit crabs (n = 72) were
then haphazardly assigned to four pH treatments (pH 7.3, 7.5, 7.7, and
7.95) so that each pH treatment group had 18 snails and 18 hermit crabs.
The average body mass of snails (mean snail BWM = 1 SE = 1.34 +
0.1 g for all pH groups) and hermit crabs (mean hermit crab BWM without
shell = 1 SE = 0.06 * 0.01 g for all pH groups) were nearly identical
among different pH groups. We constructed a total of 72 rearing chambers
(n = 18 per pH group), each consisting of a 120 mL plastic container (8 cm
diam., 7 cm height), cobblestone, and mesh lid (3 mm opening). In each
rearing chamber, we introduced one snail and one hermit crab. We placed
18 rearing chambers at the bottom of each tank (see Fig. S3A for the exper-
imental design and set-up) and gradually reduced seawater pH to desired
levels over 24 h. Grazers were fed dried Ulva every other day. Experiment
2 lasted a total of 17 days, during which we monitored seawater pH and
temperature in experimental tanks with Durafet pH sensors (every 10 s)
and a YSI Pro Plus hand-held sensor (twice daily). We also collected discrete
water samples from experimental tanks every 4-5 days and measured them
for total alkalinity (TA) using closed-cell titration (Metrohm, 905 Titrando).

To test the effects of prolonged OA exposure on grazing rates, we settled
algal epiphytes onto artificial substrates or “cards”. We utilized two differ-
ent substrates for algal recruitment, considering different feeding biome-
chanics. For a snail, which is more specialized for scraping food items off
hard surfaces using its radula, algae were settled onto transparent glass
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slides (2.5 cm x 7.6 cm). For a hermit crab, which uses its claws to pick
food items off substrates, algae were settled onto fiberglass mesh screens
(6 cm x 8 cm, 1 mm opening), which helped minimize the algal mass
loss caused by the scraping motions in leg movements. During the culture,
all cards were placed inside shallow plastic bins, which received a continu-
ous flow of ambient pH seawater. Both card types were extensively colo-
nized by epiphytic algae (primarily diatoms) after two weeks. We dried
all algae cards at 45 °C for 12 h before weighing them.

Grazing trials were conducted two days before terminating Experiment
2. We relocated grazers from the rearing chambers to independent feeding
chambers (120 mL; with a mesh lid) so that each feeding chamber
contained either a single snail or hermit crab. We then returned all grazers
to their original mesocosm tanks, placed inside their respective feeding
chambers. Due to the loss of few grazers during the rearing period, we car-
ried out the trials with 16 individuals per species per pH treatment. Grazers
were allowed to feed on the cards for 36 h. To examine whether algal mass
loss that is not attributed to grazing varied with pH treatments, we set up 12
additional feeding chambers per tank, each containing an algae card with-
out grazers (n = 6 per card type per pH group). After the trial has ended, we
collected all algae cards and grazers from mesocosm tanks. We re-weighed
all algae cards and determined grazer wet and dry mass (shells removed for
all hermit crabs) and snail shell growths (i.e., the maximum distance be-
tween the newly formed margin of shell aperture and the outer margin of
the painted surface). Snails exhibited limited shell growth (<0.5 mm) dur-
ing the experiment due to their slow-growing nature (Barclay et al., 2019)
and the short duration of the experiment. We measured snail shell growth
under a dissecting microscope using a digital caliper (to 0.01 mm). We fi-
nally calculated the mass-specific grazing rate by dividing the mass change
of each algae card by the grazer dry mass.

2.3. Grazer-control of algal epiphytes and seagrass performances under ocean
acidification (Experiment 3)

We investigated the effects of experimental acidification and grazer as-
semblage on algal epiphytes and seagrass performance. We manipulated
the carbonate chemistry in eight 200-liter header barrels, allotting two bar-
rels to each of four pH treatments (pH 7.3, 7.5, 7.7, and 7.95). Each header
barrel was connected to two 200-liter mesocosm tanks, of which each was
assigned to different grazer treatments (i.e., with vs. without grazers).
Hence, our experiment comprised a total of sixteen mesocosm tanks, with
two replicate tanks assigned to different pH X grazer treatment groups
(see Fig. S3B for the experimental design and set-up). We added to each
mesocosm 16 terracotta pots (diameter = 10 cm), each planted with five
pre-weighed surfgrass shoots (20 em in shoot length, 1.5 cm in rhizome
length) (Fig. S3B). We fixed surfgrass shoots with plastic cable ties to a cob-
blestone covered in nylon mesh, which simulated rhizome matrix and hard
surfaces for root attachments. For each tank assigned to the grazer treat-
ment, we added the following density and biomass of grazers: 24
T. funebralis (32.1 = 0.2 g [1 SE]) and mixed Pagurus spp. comprising 12
P. granosimanus and 6 P. hirsutiusculus (11.9 + 0.01 g [1 SE]). Grazer den-
sity and biomass in each tank were well within their natural range in the
tide pool and channel habitats (i.e., 60-146 individuals and 84-143 g wet
mass/0.25 m? for snails; 17-57 individuals and 13-81 g wet mass/
0.25 m? for hermit crabs; see Fig. 2A).

We conducted Experiment 3 over 23 days, during which we continuously
monitored seawater pH and temperature in header barrels with Durafet pH
sensors (every 10 s). Additionally, we monitored seawater pH and tempera-
ture in experimental tanks with a YSI Pro Plus hand-held sensor twice daily
and collected discrete water samples from the tanks every 3-4 days for
total alkalinity measurements. Extensive algal proliferation occurred mid-
way through the experiment. To examine whether the magnitude of algal
recruitment and growth during the bloom varies with pH, we randomly sam-
pled four pots from each tank on day-12 (n = 8 per pH X grazer treatment
group). We counted all surviving surfgrass shoots and scraped all the epi-
phytic materials from surfgrass blades using pre-weighed cotton pads. We
measured the length of the longest blade in each shoot and separated rhizome
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and brown or senescent tissues from living shoot tissues to estimate the mag-
nitude of shoot senescence. Algae and seagrass samples were dried at 65 °C
for 72 h before weighing. We repeated the process with the remaining
seagrass units on day 23. We also counted all dead or missing grazers from
each mesocosm.

2.4. Statistical analyses

We used a generalized linear model (GLM) with a quasi-Poisson
error distribution for over-dispersed data (Bolker et al., 2009) to com-
pare field grazer densities in different surfgrass microhabitats for snails
and hermit crabs. For analyzing the number of snail and hermit crabs
feeding within surfgrass canopy during Experiment 1, we averaged mul-
tiple observation values for each of 10 tanks assigned to the same treat-
ment group and analyzed the data using one-way analysis of variance
(ANOVA). We used the same test to examine the effect of grazer treat-
ments on total algal mass (i.e., combining epiphyte and macroalgae)
and absolute epiphytic biomass at the end of Experiment 1 (both log-
transformed for data normalization). We used GLM with Gamma error
distribution and log link to analyze standardized epiphyte biomass,
which measured the relative intensity of algal recruitment and growth
(i.e., epiphytic mass per gram of seagrass shoot mass). Data on
macroalgal biomass was continuous, positive, and zero-inflated, so we
used a two-part hurdle model incorporating two generalized linear
models. The first model assessed the effect of grazers on the frequency
in which macroalgae colonized mesocosms (binomial GLM). Then, the
second model evaluated the effects on macroalgal biomass if the algal
colonization occurred (Gamma GLM).

Due to logistical constraints, we placed multiple grazer-rearing cham-
bers inside mesocosm tanks in Experiment 2 (n = 1 tank for each treatment
group), which is a pseudo-replicated design (Hurlbert, 1984). However, we
treated each chamber as a replicate because carbonate chemistry and other
environmental parameters (e.g., temperature, water flow, and salinity)
were tightly controlled across mesocosms (summarized in Table 1). Also,
large tank volume (200 L), constant water flow, and individual chambers
likely prevented grazers from affecting others through direct interaction
or metabolism (besides the individuals placed in the same chamber). We
used one-way ANOVA to analyze how pH levels (four levels, fixed) affect
percentage changes in individual snail and hermit crab BWM and mass-
specific grazing intensity at the end of Experiment 2. For snail shell growth,
we again implemented a twe-part hurdle model to test the effect of pH on
the proportion of individuals showing any shell growth (binomial GLM)
and on maximal growth (mm) along the painted shell margin (Gaussian
GLM), to account for zero-inflated data.

We used linear mixed-effects models (LME) to test the effect of
grazers, pH, sampling period (day 12 vs. 23), and their interactions on
standardized epiphytic biomass and seagrass morphometrics (shoot
mass, rhizome mass, the ratio of live to detrital shoot mass, and shoot

Table 1

Measured and estimated environmental parameters during Experiment 2. Chemical
and physical characteristics of seawater during the 17-day mesocosm experiment on
grazer growth, survival, and feeding rate. pHy value was calculated as the mean sea-
water pH (+1 SD) within each mesocosm. Temperature and pHr were measured ev-
ery 10 s with Durafet sensors. Salinity measurements (YSI sensor) and total
alkalinity (TA) samples were taken every 4-5 days (n = 4 per treatment group). Par-
tial pressure of carbon dioxide (pCO,) and dissolved inorganic carbon (DIC) were
derived from Durafet pH and laboratory measurements of discrete TA using R pack-
age Seacarb (version 3.2.13).

pH treatment 7.3-7.35 7.5-7.55 7.7-7.75 7.95-8.0
pHr 7.34(0.15) 7.53(0.11) 7.71(0.05) 7.96(0.03)
Temp (*C) 11.9(0.37) 11.8(0.39) 11.8(0.38) 11.8(0.38)
TA (uM/kg SW) 2179.2(24.7) 2179.9(22.7) 2178.6(21.3)  2180.8(24.5)
pCO; (patm) 2430.9(154.2) 1513.7(104.2) 915.2(33.9) 478.1(11.1)
DIC (uM/kg SW)  2242.4(32.0) 2183.2(26.4) 2123.1(21.0)  2040.7(17.0)
Salinity (ppt) 32.3(0.8) 32.2(0.8) 32.3(0.8) 32.3(0.8)
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elongation) in Experiment 3. As with the previous experiment, we
placed multiple seagrass units (i.e., individual pots) in each mesocosm
tank (n = 2 tanks for each treatment group) in Experiment 3. To account
for potential pseudo-replication issues, we included Tank IDs as a nested
random variable in all models. All data were normalized using log
(shoot mass, rhizome mass, and the ratio of live to detrital shoot mass)
or square root (standardized epiphyte mass) transformations prior to
the analysis. For shoot survival (i.e., number of surviving shoots per
pot), we used a Poisson generalized linear mixed model (GLMM) with
the same fixed and nested random variables as specified above. Linear
mixed-effects models and generalized linear mixed models were imple-
mented using packages nlme (Pinheiro et al., 2020) and Ime4 (Bates
et al., 2015) in R (version 3.6.3, R Core Team, 2020), respectively. For
multiple comparisons in GLMs or one-way ANOVA outputs, we used
Holms-corrected post-hoc tests (package multcomp).

3. Results
3.1. Interspecific variation in grazer function (field surveys and Experiment 1)

Hermit crabs (Pagurus spp.) and snails (Tegula spp.) were the two most
abundant grazer groups, especially in surfgrass beds within tide pools and
channels (Fig. 2A), where their densities averaged 33 * 6.4 individuals/
0.25 m* and 89 + 15 individuals/0.25 m?, respectively (mean hermit
crab densities ranging 17-57 individuals/0.25 m? and mean snail densities
ranging 61-146 individuals/0.25 m” across three survey sites). Open beds
had much lower grazer abundance and were dominated by hermit crabs
(Fig. 2B). When pooled across all sites and habitat types, T. funebralis ac-
counted for >95% of total snail abundance, and P. granosimanus and
P. hirsutiusculus accounted for >96% of total hermit crab abundance. In
tide pool surfgrass beds, snails and hermit crabs showed different spatial
distribution, with snail grazers mostly occupying shoot bases and the sea-
floor (GLM, F;, 14 = 40.69, p < 0.0001) and hermit crab grazers occupying
the upper portion of surfgrass shoots (GLM, F, 14 = 16.65, p = 0.001)
(Fig. 3A and B).

We found similar grazer microhabitat-use patterns during Experiment
1. Hermit crabs were, on average, ~4 times more likely to be found
among surfgrass canopy compared to snails when time-averaged across
nine observations (One-way ANOVA, F;, 15 = 11.85, p = 0.003; Fig. 3C).
Both hermit crab and snail treatments had significantly reduced total
algal biomass (One-way ANOVA, F, 55 = 20.99, p < 0.0001; Fig. 4A) rela-
tive to the control groups; and hermit crabs also had much stronger effects
on total algal mass than snails (Holm-corrected post-hoc contrasts,
P < 0.05). Grazer treatments significantly affected the absolute biomass of
epiphytic algae (One-way ANOVA, F, 56 = 11.64, p < 0.001) as well as epi-
phytic biomass standardized by seagrass shoot mass (GLM, F» »; = 8.64,
p = 0.001; Fig. 4B). Hermit crabs exerted stronger effects on absolute
and standardized epiphytic biomass relative to snails (Holm-corrected
post-hoc contrasts, p < 0.05; Fig. 4B). Snails marginally reduced absolute
and standardized epiphytic biomasses relative to the control group
(Holm-corrected post-hoc contrasts, both p < 0.1; Fig. 4B). Grazers signifi-
cantly affected the frequency of macroalgal recruitment (GLM, Likelihood
Ratio }° = 7.19, df = 2, p = 0.03) but had only marginal effects on
macroalgal mass (GLM, F> 16 = 2.81, p = 0.09). Holm-corrected post-
hoc contrasts revealed that hermit crabs and snails weakly reduced or did
not affect the frequency of macroalgal recruitment (p < 0.07 for hermit
crabs, p = 0.28 for snails) and macroalgal biomass (p = 0.18 for hermit
crabs, p < 0.08 for snails).

3.2. Environmental parameters during ocean acidification experiments (Experi-
ment 2 and 3)

The mean seawater pH (on the total scale, pHt) in experimental
mesocosms (Experiment 2 and 3) and header barrels (Experiment 3 only)
generally followed the prescribed pH conditions (see Tables 1 and 2 for
the complete summary of carbonate chemistry in Experiment 2 and 3,
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Fig. 3. Microhabitat usages of dominant seagrass-associated mesograzers. Box plots
illustrating the densities of hermit crab and snail grazers in different seagrass
microhabitats, including (A) bottom (shoot bases and seafloor) and (B) canopy
(upper portion of seagrass shoots). Grazer microhabitat use was surveyed in tidal
channels nearby Hopkins Marine Station (n = 8 per species). (C) The proportion
of hermit crab and snail grazers feeding in seagrass canopy area during
Experiment 1 (n = 10 per species). In box plots, mean values are represented by
red diamond symbols. Different letters indicate significant difference (p < 0.05)
based on Holm-adjusted post-hoc contrasts. Images: snail (Tracy Sutton), hermit
crab (Lantapix), and seagrass (Tracey Saxby, IAN Image Library).

respectively). In Experiment 3, pHy was slightly elevated in experimental
mesocosms than in header barrels, possibly due to the increased photosyn-
thesis by seagrass and epiphytic algae. Temperature, salinity, and total alka-
linity (TA) were comparable among treatment groups in both experiments
(Tables 1 and 2).

3.3. Grazer growth, survival, and feeding under ocean acidification (Experiment 2)

Acidification negatively impacted the somatic growth of snails (Mean %
increase BWM = 1 SE, pH 7.95 = 1.8 + 0.3%, pH 7.7 = 1.2 + 0.1%,
pH7.5 = 0.5 * 0.3%, pH7.3 = —0.2 * 0.2%; One-way ANOVA, F5
g = 15.51, p < 0.0001) and hermit crabs (Mean % increase BWM =+ 1
SE, pH7.95 = 22.3 = 1.9%, pH7.7 = 20.0 + 2.5%,pH7.5 = 21.2
2.1%, pH 7.3 = 12.2 * 2.0%; One-way ANOVA, F; ¢ = 4.53,
p < 0.01). Percentage growth in snail body mass decreased significantly
at pH 7.3 and 7.5 (Fig. 5B), whereas the growth rate of hermit crabs was
only affected at pH 7.3 (Fig. 5A). Overall, snails grew at a much slower
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Fig. 4. Species-specific grazing impacts on ephemeral algae (Experiment 1). Box
plots illustrating algal biomass on seagrass after the 21-day experiment in the
presence of hermit crabs or snails and in the absence of grazers. Measured are
(A) total algal biomass combining benthic macroalgae (e.g., Ulva spp.) and algal epi-
phytes and (B) standardized epiphyte biomass (i.e., the ratio between epiphyte mass
and seagrass shoot mass). In box plots, mean values are represented by red diamond
symbols. Different letters indicate significant difference (p < 0.05) based on Holm-
adjusted post-hoc contrasts. Macroalgae image: Tracey Saxby (IAN Image Library).

pace than hermit crabs during the experiment. Acidification did not affect
the probability (GLM, Likelihood Ratio Xz = 5.77,df = 3,p = 0.12) nor
the magnitude (Mean * 1 SE shell growth, pH 7.95 = 0.22 * 0.04 mm,
pH 7.7 = 0.12 + 0.02 mm, pH 7.5 = 0.18 = 0.05 mm, pH 7.3 =
0.11 * 0.01 mm; GLM, F5 15 = 1.95, p = 0.16) of new shell formation

Table 2
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in snails. Hermit crab mortality (6-11%) did not vary with pH, while
no mortality occurred in snails. In grazing trials, hermit crabs displayed
constant feeding rates under all pH levels (One-way ANOVA, F5 ¢ =
1.34, p = 0.27) (Fig. 5C). In contrast, snail feeding was significantly
altered by acidification (Fs, 60 = 4.10, p = 0.01) and showed marked
decreases at pH 7.3 and 7.5 (Fig. 5D). Mass changes in algae cards not
subjected to grazing (i.e., control cards) did not vary among pH
treatments.

3.4. Grazer-control of algal epiphytes and seagrass performance under ocean
acidification (Experiment 3)

Standardized epiphyte biomass increased significantly with acidifica-
tion (LME, F5 g = 4.55, p = 0.04), whereas grazers reduced these average
values by 74% (F,, s = 206.88, p < 0.0001) (Fig. 6A). There was also a
strong pH X sampling (time) effect on standardized epiphyte biomass (Fs,
220 = 9.78, p < 0.0001). Acidification significantly increased standardized
epiphyte biomass in mid-experiment (day-12 sampling; F; s = 31.48,
p < 0.0001) but did not affect the final biomass (day-23 sampling; F;,
g = 0.57, p = 0.65) (Fig. S4). Mean aboveground biomass of surviving
shoots increased with acidification (F3 s = 8.35, p < 0.01), in the presence
of grazers (F;, s = 18.30, p < 0.01), and through time (Fy, 220 = 17.73,
p < 0.001) (Fig. 6B). The ratio between live and detrital shoot mass de-
creased with time (F; 209 = 121.90, p < 0.0001) but increased with acidi-
fication (F5, § = 22.52, p < 0.001) and grazer addition (F;, § = 132.23,
p < 0.0001) (Fig. 6C). There was also a significant grazer X time effect
on the live to detrital shoot mass ratio (F; 229 = 20.77, p < 0.0001).
Shoot elongation was significantly affected by grazers (F;, g = 15.49,
p = 0.004), increasing time (F,, 550 = 4.09, p = 0.04), and a two-way in-
teraction between grazer addition and time (Fy, 229 = 6.74,p = 0.01).
Mean rhizome biomass (Fig. 6D) and number of surviving shoots were
not affected by any of the experimental variables.

4. Discussion

Recent advances in global change research have highlighted the
importance of considering within-community variations in species
functions and stressor sensitivities and their relationship in scaling
from individual to ecosystem dynamics (Enquist et al., 2015; Suding
et al., 2008). We utilized this framework to examine how OA variably
modifies the performances of strongly and weakly interacting
consumers within seagrass communities and how these changes
combine to modulate seagrass resistance.

Although snails dominated the grazer assemblage in focal surfgrass hab-
itats (i.e., tide pools and channels), hermit crabs exerted much stronger con-
trol over algal production per capita (~74%, on average). Snail grazing and
growth deteriorated under extreme pH (pH 7.3 and 7.5), but hermit crabs
exhibited a constant grazing rate across all pH levels. This high pH

Measured and estimated environmental parameters during Experiment 3. Chemical and physical characteristics of seawater during the 23-day mesocosm experiment on
grazer-control of algae and seagrass performance. The range of pH treatment represents the target pH levels set for header barrels (n = 2 per each pH x grazer treatment
group). For grazer treatment, + Grazer represents the addition of mixed assembly of hermit crab and turban snails, and — Grazer represents treatments without any grazers.
Durafet pHr was calculated as the mean seawater pH (* 1 SD) in header barrels during the 23-day experiment period. All other environmental parameters were measured
directly from experimental mesocosms. YSI pHy, temperature, and salinity were measured every day, and total alkalinity (TA) samples were taken from each mesocosm tank
every 3—4 days (n = 7 per treatment group). Partial pressure of carbon dioxide (pCO,) and dissolved inorganic carbon (DIC) were derived from YSI pHy and laboratory mea-

surements of discrete TA using R package Seacarb (version 3.2.13).

Treatment pH 7.3-7.35 pH 7.5-7.55 pH 7.7-7.75 pH 7.95-8.0

+ Grazer — Grazer + Grazer — Grazer + Grazer — Grazer + Grazer — Grazer
Durafet pHr 7.32(0.1) 7.51(0.07) 7.70(0.04) 7.92(0.02)
YSI pHr 7.38(0.08) 7.40(0.09) 7.54(0.02) 7.54(0.04) 7.72(0.02) 7.76(0.04) 7.92(0.07) 7.94(0.06)
TA (pM/kg SW) 2219(28) 2214(39) 2219(31) 2213(31) 2220(26) 2220(33) 2223(22) 2223(23)
pCO,, (patm) 2071(140) 1877(204) 1327(139) 1276(172) 851(84) 767(104) 492(36) 453(48)
DIC (pM/kg SW) 2252(30) 2234(39) 2196(39) 2185(38) 2142(30) 2127(38) 2068(22) 2055(30)
Temp (°C) 13.0(0.52) 13.1(0.50) 13.0(0.57) 13.1(0.52) 13.1(0.53) 13(0.54) 13.1(0.50) 13.0(0.52)
Salinity (ppt) 34.1(0.06) 34.1(0.07) 34.1(0.06) 34.1(0.06) 34.1(0.06) 34.1(0.05) 34.1(0.06) 34.1(0.06)
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Fig. 5. Effects of ocean acidification on grazer feeding and growth rate (Experiment 2). Box plots showing percent changes in grazer blotted wet mass (panel A: hermit crab, B:
snail) and feeding rate (panel C: hermit crab, D: snail) under the varying pH conditions (pH 7.3, 7.5, 7.7, and 7.95). The grazer feeding rate was estimated as dry algal mass
loss per grazer biomass for each feeding chamber unit. The scale of Y-axis differs between the grazer species because experimental snails weighed significantly more than
hermit crabs (>15 times) and showed limited growth during Experiment 2. In box plots, mean values are represented by red diamond symbols. Different letters indicate a
significant difference (p < 0.05) based on Holm-adjusted post-hoc contrasts. Images: snail (Tracy Sutton) and hermit crab (Lantapix).

tolerance of hermit crabs was likely critical to the maintenance of
community-level grazing pressure under acidification. Ultimately, the
strong top-down control of algae under OA, combined with the positive ef-
fects of altered carbonate chemistry on surfgrass, resulted in grazers and
acidification additively increasing surfgrass performances. These results
corroborate previous findings that seagrass communities are generally resil-
ient to OA (Eklof et al., 2012; Hughes et al., 2018). More broadly, they high-
light how resilient, strongly interacting species could drive community
dynamics under global change and the importance of considering direct
and indirect effects in scaling the impacts of anthropogenic stressors.
Numerous examples from terrestrial and aquatic communities show
that different morpho-behavioral adaptations in species (e.g., feeding bio-
mechanics and behaviors, and body sizes) underlie complementarity in eco-
logical functions (Bueno et al., 2013; Burkepile and Hay, 2008). The
differential grazing impacts of snails and hermit crabs on algal epiphytes
could be explained by their varying abilities to forage in surfgrass canopy.
Both grazers were capable of feeding throughout different surfgrass micro-
habitats. However, hermit crabs are better suited to climbing and clinging
onto narrow blades of surfgrass owing to their articulated appendages,
whereas snails are more specialized in grazing over hard flat surfaces. In Ex-
periment 1, hermit crabs were ~4 times more likely to be found in surfgrass
canopy than snails. Likewise, in the field, hermit crabs showed >6 times
greater density than snails in the canopy, whereas snails showed >6 times
greater density than hermit crabs near the shoot base and seafloor.
Hence, these grazers likely play complementary, rather than redundant,

roles (Micheli and Halpern, 2005), with hermit crabs more effectively con-
trolling algal epiphytes growing on seagrass, and snails exerting potentially
stronger effects on benthic macroalgae (Nielsen, 2001). Both grazers
weakly affected macroalgal growth in Experiment 1. However, this is be-
cause macroalgae recruiting to mesocosms were mostly free-floating Ulva,
which grazers could not feed effectively.

Greater pH tolerance of hermit crab vs. snail grazers was expected based
on previous findings (e.g., Kroeker et al., 2010, 2011). Compared to shell-
forming mollusks, crustaceans may better tolerate acidification due to rela-
tively lower CaCO3 body composition and ability to effectively maintain in-
tracellular pH through ion-transport regulation (Wheatly and Henry,
1992). Studies have also shown that the snail species is prone to extreme
pH (e.g., 0.5 to 1.1 decrease in mean seawater pH) and can display altered
anti-predatory or feeding behaviors and reduced growth under acidifica-
tion (Barclay et al., 2019; Jellison and Gaylord, 2019; Jellison et al.,
2016). Granted, reduced grazer performances were found only under ex-
treme pH (pH 7.3 and 7.5) that are well beyond the projected oceanic pH
by the end of the 21st century (Bopp et al., 2013; Gattuso et al., 2015;
Pachauri et al.,, 2014). However, these pH values reflect conditions
surfgrass communities regularly face — albeit temporarily - in their habitats.
For example, tide pools inhabited by surfgrass can exhibit substantial diel
pH fluctuations (e.g., pH 7.22-9.0) due to intense respiration during
night-time and photosynthetic activities during mid-day (Jellison et al.,
2016; Kwiatkowski et al., 2016; Tharaldson, 2018). The strong environ-
mental fluctuation inherent in intertidal systems could partly explain the
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Fig. 6. Effects of grazer and ocean acidification on epiphyte biomass and seagrass performances (Experiment 3). Box plots showing (A) standardized epiphyte biomass,
(B) average aboveground biomass of individual seagrass shoots surviving the experiment, (C) the ratio between live and detrital shoot mass, and (D) average biomass of
individual seagrass rhizomes under the varying pH conditions (pH 7.3, 7.5, 7.7, and 7.95) and in the presence or absence of grazers. Algal and seagrass measurements on
day-12 and 23 are pooled for data visualization. In box plots, mean values are represented by red diamond symbols. Different colors indicate different grazer treatment

groups. Seagrass image: Tracey Saxby (IAN Image Library).

absence of acute responses among the grazers (e.g., OA-driven mortality)
and their functional resilience under extreme OA.

Consistent with a previous study (Hughes et al., 2018), recruitment and
growth of epiphytic algae increased with acidification, imposing a greater
competition for seagrass. This effect was pronounced during the initial
phase of Experiment 3 (by day-12), as the bloom more rapidly increased
algal mass and overwhelmed grazing under extreme OA (pH 7.3 and 7.5).
By day-23, however, grazers had reduced the algal mass to the minimum
level in all treatment groups, which explained the strong sampling
(time) x pH effects on algal biomass. Several mechanisms likely contrib-
uted to the maintenance of overall grazing pressure under OA, despite in-
creased algal loading and reduced performance in one of the key grazer
species. First, because snails play a significantly weaker role in controlling
algal epiphytes, their reduced grazing may have led to relatively small
changes in overall grazing pressure. Second, whereas OA can cause com-
pensatory feeding in some marine consumers (e.g., Ghedini et al., 2015),
we did not observe changes in hermit crab's feeding rate or behavior
under OA that would have compensated for reduced snail grazing. None-
theless, it is still possible that reduced competition with or interference
from snails may have enhanced the per-capita grazing impact of hermit
crabs (e.g., Ekl6v and Werner, 2000). Third, our experiment simulated a
moderate-to-high grazer density found in pristine tide pool habitats. Per-
haps, a sufficiently high grazer density allowed the grazer assemblage as
a whole to control algae effectively despite reduced grazing pressure
exerted by snails. It is unclear whether acidification may have further

modified the top-down control of epiphytes through changes in algal palat-
ability. Altered carbonate chemistry may change the community composi-
tion and physicochemical properties (e.g., chemical defense, nutrient
contents) of marine algae, which, in turn, could directly affect grazer con-
sumption (Duarte et al., 2016; Fieber and Bourdeau, 2021; Kroeker et al.,
2013). Further investigation is thus needed on if and how OA alters algal
traits or species composition and how these changes might influence
grazer-algae interactions and surfgrass community dynamics.

We predicted OA would favor algal epiphytes over seagrass, and that, in
the absence of grazers, intensified competition from algae would offset any
physiological benefits seagrass gains from elevated CO,. However, even with-
out grazers and under increased algal loading, surfgrass exhibited a higher
growth rate and delayed senescence under OA, which is consistent with pre-
vious findings in other seagrass species (e.g., Hughes et al., 2018). This resis-
tance is likely related to increased resource availability directly enhancing
seagrass productivity (Koch et al., 2013; Zimmerman et al., 2015) and shifting
the strength of interspecific competitions (Hughes et al., 2018). We further
show that acidification and grazing have independent, positive effects on
surfgrass performances, with surfgrass attaining the highest growth rate
under the lowest pH and in the presence of grazers. This additive effect of
OA and grazing highlights the importance of considering multiple interaction
pathways (i.e., direct vs. indirect and bottom-up vs. top-down effects) when
assessing the community consequence of global stressors.

Although our findings point to the resistance of seagrass communities to
OA, more research is needed to establish the general relationship between
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this stressor and seagrass ecosystem dynamics. First, we only assessed the
short-term effects of OA on grazer feeding, growth, and survival. Our
grazer-rearing experiment (Experiment 2) lasted 17 days, which may
have been too short for adequately assessing the growth response of slow-
growing species such as T. funebralis (Barclay et al., 2019). Moreover, it re-
mains uncertain how OA-induced changes in grazers' growth and feeding
rate might affect their long-term fitness and population success. A more
in-depth examination of grazers' life-history performances (e.g., food con-
sumption and assimilation, survival, and repreduction) over prolonged
OA-exposure would provide valuable insights into the long-term shifts in
seagrass community dynamics (Hughes et al., 2018). Second, to test our hy-
potheses, we employed a simplified experimental assemblage comprised of
only the most abundant and conspicuous consumers. However, seagrasses
often host taxonomically and functionally diverse grazer species (Duffy
et al., 2001; EkIof et al., 2012), and grazer communities can vary a great
deal in time and space (Gullstrom et al., 2012). Thus, future research
would benefit from employing a study design that considers these natu-
ral community variabilities. Third, because we only focused on the in-
teraction between grazers and epiphytic algae, further investigation is
needed on how OA influences other algal components in surfgrass com-
munities. For instance, elevated CO; and reduced snail grazing under
OA could release benthic macroalgae (e.g., Ulva spp.) (Kang et al.,
2021), which may negatively impact surfgrass performances. Finally,
OA will likely affect surfgrass communities in conjunction with other
stressors, such as warming and eutrophication (Hughes et al., 2018;
Koch et al., 2013). As stressors can interact with one another to drive
complex changes in ecological processes (Low and Micheli, 2020; Ng
and Micheli, 2020), predictions on surfgrass community dynamics
should incorporate these multiple stressor perspectives.

Our study points to the importance of strongly interacting species in mod-
ulating community and ecosystem dynamics under stressors. This may be es-
pecially true for low-diversity communities where individual species or traits
have disproportionately large contributions to ecosystem functioning (Arenas
et al., 2006; Schweiger et al., 2018; Smith and Knapp, 2003). In our study sys-
tem, strongly interacting grazers were also highly stressor-tolerant; and these
species played a crucial role in maintaining top-down pressure and enhancing
community resistance under increasing stress. However, in other communi-
ties, species functions and stressor sensitivities could be correlated in ways
that such species are more susceptible to external stressors (Larsen et al.,
2005; Suding et al., 2008). As strong species interactions deteriorate and
are not adequately compensated, the likelihood of reaching tipping points
and ecosystem collapse may increase drastically.

Predicting and managing ecosystem thresholds, resistance, and resil-
ience in the face of global change remains challenging for scientists, man-
agers, and policymakers. We show that the processes governing
ecosystem dynamics may shift less predictably due to response variabilities
within functional groups. Our findings emphasize the importance of under-
standing the natural history of focal communities in global change research
and ecosystem management. Only through examining heterogeneous rela-
tionships between species functions and stressor-sensitivities in each eco-
logical assemblage of interest may we start making relevant predictions
for future ecosystem changes.
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