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More intense and frequent atmospheric heatwaves in the future may reduce the
growth and survival of intertidal organisms. However, interspecific facilitative
interactions can buffer legacy effects of thermal stress and favor recovery of the
affected organisms. To test the role of facilitation, we exposed assemblages of
Zostera noltei and juveniles of Venerupis corrugata, Ruditapes decussatus and R.
philippinarum to a low-tide atmospheric heatwave in mesocosm experiments. A
four-hour low-tide emersion period was applied daily for four consecutive days.
During the heatwave, the temperatures of 108 experimental units were
monitored withhermocouples. Assemblages were transplanted to two intertidal
flats (Combarro and Noia) in NW Spain, and different temperature, salinity and
nutrient concentrations were measured during the experiment. After two and a
half months, there were no differences in shoot abundance or above-ground
biomass between seagrass affected by legacy heat stress and control seagrass
growing together with clams; however, the values of both variables were lower in
the seagrass only scenario, suggesting clam-derived facilitation. At Combarro,
characterized by higher temperature and salinity, a mutualistic interaction
between clams and Z noltei was observed, with greater above-ground
biomass and more abundant shoots in the seagrass and enhanced growth of
clams. No such interactions were observed at Noia, where the seagrass biomass
was significantly lower than at Combarro. At Noia, characterized by higher
nutrient concentrations in seawater, the presence of Ulva spp. canopies above
the seagrass and higher levels of N in Z. noltei shoots indicated that eutrophic
conditions hampered seagrass growth and mutualistic interactions with clams.
The findings suggest that species-specific responses and abiotic context shape
the magnitude and direction of ecological interactions.
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1 Introduction

Record global surface temperatures in 2011-2024 indicate
accelerated warming relative to the 1850-1900 period (ECMWTF,
2025). Monthly anomalies beyond the 1.5°C threshold occurred
throughout 2024 and are projected to continue in the future, thus
exacerbating previously observed negative effects on natural systems
(IPCC, 2023; Cannon, 2025). The human influence on climate has
also increased the frequency of episodes of extreme heat, which are
projected to become even more frequent and which can affect the
growth, reproduction, survival and geographical distribution of
species (IPCC, 2023; Stillman, 2019). These events can be
particularly harmful to intertidal ecosystems, which are subjected
to temperature and humidity oscillations (Rafaelli and
Hawkins, 1996).

Recent studies of intertidal species have mainly focused on
marine heatwaves (Wernberg et al., 2024). However, atmospheric
heatwaves are of concern in relation to the composition and
functioning of intertidal ecosystems, as they can affect the
physiological performance and survival of sessile and sedentary
emerged species (Southward, 1958). Although marine heatwaves
are well defined (Hobday et al., 2016), there is no standardized
definition of atmospheric heatwaves (AEMET, 2024). Thus, a
variety of days and temperature percentile thresholds are applied.
In general, atmospheric heatwaves consist of periods of three or
more consecutive days when the maximum daily temperatures in
summer months exceed a defined percentile (90" or higher) of the
long-term records (years to decades) (Perkins and Alexander, 2013;
AEMET, 2024).

More frequent and intense atmospheric heatwaves may be
harmful to sessile intertidal organisms (Helmuth et al., 2006;
Stillman, 2019), such as macroalgae, seagrass and invertebrates.
Heat-stressed organisms experience body heating and water loss
and spend less energy on feeding, growth and reproduction, at the
expense of maintaining homeostasis for survival (Shick et al., 1988).
Nonetheless, these physiological mechanisms cannot guarantee
survival if the heat stress exceeds the tolerance thresholds of the
organisms (Massa et al., 2009; Dominguez et al, 2021). Most
research on intertidal heatwaves has focused on epibenthic
organisms inhabiting rocky shores, while the effects on infaunal
communities in soft-bottom substrates—where temperature
fluctuations are dampened with depth— remain comparatively
understudied. Recent literature focusing on these ecosystems has
provided evidence of the negative effects of heatwaves on the
behavior, growth, reproduction, and survival of bivalves (Vazquez
et al., 2021; He et al., 2022; Luo et al,, 2025) as well as on the
photosynthetic efficiency, tissue integrity, and spatial cover of
seagrasses (Massa et al., 2009; Danovaro et al., 2020; Roman
et al., 2023). These studies primarily examined impacts
immediately after a heatwave or following a short recovery period
of days. However, there remains a lack of research on legacy effects,
i.e,, the long-lasting impacts of a past disturbance after it has ceased
(e.g., Vaz-Pinto et al, 2013; Reynolds et al., 2016). For instance,
during the 2021 heat dome that affected Western North America,
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air temperatures near 40°C during low spring tides caused massive
shellfish mortality, with unknown long-term consequences
(Raymond et al., 2022). Assessing the legacy effects of
atmospheric heatwaves on intertidal communities (e.g., Vaz-Pinto
et al., 2013; Reynolds et al., 2016), is therefore crucial for
understanding the potential long-term consequences.

Positive interactions between neighboring species, such as
facilitation and mutualism (Bronstein, 2009), may be enhanced by
abiotic stress (Bertness and Callaway, 1994; Chin et al, 2021;
Cardini et al, 2022; Roman et al, 2024). The stress-gradient
hypothesis is exemplified by several cases in nature (Thompson,
1988). Generally, the positive reciprocal interactions between
bivalves and angiosperms may be intensified by high water
temperatures (Clemente and Thomsen, 2023). Specifically, recent
studies have demonstrated that Zostera noltei Hornemann provided
short-term facilitation to infaunal bivalves under low-tide thermal
stress. After an atmospheric heatwave at low tide, photosynthetic
efficiency was higher in Z. noltei growing with Ruditapes
philippinarum (Adams & Reeve, 1850), probably due to increased
amounts of phosphate in the sediment (Roman et al., 2023). Growth
of R. decussatus (Linnaeus, 1758) was also enhanced in sediment
with Z. noltei relative to bare sediment when temperatures rose by
0.3-1.1°C, as shading by the plants kept the sediment cooler
(Roman et al., 2022). Despite such short-term positive
interactions, sublethal effects can persist long after the stress has
ceased and may be critical for the survival and physiological
performance of species and the structure of intertidal
communities (Raymond et al., 2022). Although the importance of
heatwave legacy effects has been recognized, the effects have seldom
been studied in clam-seagrass interactions.

The coast of the NW Iberian Peninsula is a suitable site for
studying the legacy effects of heatwaves on ecological interactions in
soft bottom intertidal communities, as extreme temperature events
are likely to increase in this region (Gomez-Gesteira et al., 2011;
Carvalho et al., 2022). In tidal flats in the inner parts of rias (sensu
Von Richthofen, 1886), the sedimentary substrate is colonized by
seagrass meadows composed by Z. noltei (25.52 km?) and Zostera
marina Linnaeus (4.61 km?) (Cacabelos et al., 2015). Professional
clam seeding and harvesting also take place in many of these areas
(Frangoudes et al,, 2008). Understanding responses of clam-
seagrass interactions to legacy thermal stress will help to aid
management decisions aimed at guaranteeing the sustainability of
commercial clam stocks and the biologically important seagrass
meadows that cohabit intertidal flats. Ensuring a proper balance
between sustainable small-scale fisheries and seagrass conservation
is essential to maintain ecosystem services provided by seagrass
meadows. Seagrass functions comprise coastal protection against
floodings and sea level rise, ecosystem engineering through
substrate accretion and currents deceleration, atmospheric CO,
storage (Miyajima and Hamaguchi, 2019), natural removal of
organic anthropogenic pollutants, nursery for larvae and/or
juvenile stages of pelagic and benthic species, habitat and food for
megafauna, and support for tourism and recreational activities
(UNEP, 2020).
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The aim of this study was to test whether reciprocal positive
interactions between the commercial clam species Venerupis corrugata
(Gmelin, 1791), R. decussatus and R. philippinarum and the temperate
intertidal seagrass Z. noltei could buffer the negative legacy effects of
thermal stress caused by an atmospheric heatwave during low tide.
The following specific predictions were tested: 1) the presence of clams
would ameliorate the negative effects of past low-tide heatwave stress
on biomass, shoot abundance and carbon, nitrogen and carbohydrate
contents of Z. noltei, 2) the presence of Z. noltei would ameliorate the
negative effects of past low-tide heatwave stress on survival, growth
and condition index of clams; and 3) the local environmental context
would affect specific responses and interactions. To test these
hypotheses, we carried out a mesocosm experiment in which
assemblages of these organisms were exposed to a diurnal four-hour
low tide period for four days, followed by four days of recovery. After
the recovery period, the assemblages were transplanted (in summer)
to two field sites characterized by different temperatures, salinity levels
and nutrient concentrations for two and a half months.

10.3389/fmars.2025.1706079

2 Materials and methods

2.1 Heatwave in mesocosm

On 2 May 2022, sediment (1.9 m?®) was collected in situ from
Combarro (NW Spain; 42.437° N, 8.690° W), an intertidal flat
partially covered by a Zostera noltei meadow where clam shell
fishing is practiced (Figure 1), and sieved through a 5 mm mesh to
prevent the collection of clam recruits. A sample of Z. noltei canopy
and the rhizosphere sediment, was collected digging with a shovel to
a depth of 10 cm. Care was taken to avoid damaging the rhizosphere.
The average shoot density was 6520 + 1459 shoots m™> (Roman
etal,, 2024). Samples were transported to the Toralla Marine Science
Station (42.202° N, 8.801° W) (ECIMAT-University of Vigo). The
mesocosm facility of ECIMAT consists of 12 tanks of capacity 800 L,
supplied with running filtered (50 pum) seawater. The tanks are
located outdoors below a methacrylate roof so that the system is lit
directly by sunlight. During the experiment, a semi-diurnal tidal

02-05-2022 —7x - - -
) Mesocosm experiment Experimental unit
Acclimation Surface = 23.6 x 23.6 cm .
po P PO Habitat
Bare Zostera
@ Zostera sediment noltei
02-06-2022 —— N . noltei o
B) Low-tide 20-27°C 20-32°C + Cla + Clams
atmospheric heatwave ~ @ @ :
(4h/day during 4 days) @ w
+ Recovery (7 days) >
14-06-2022 -
C) Transplant in the field N 8.900°W
@ 42.820°N
2 months
and
15 days
40.000°N
29-08-2022 SO0
et D) Variables Sites Zostera noltei
Samples Above-ground i i i
. measured e . Venerupis  Ruditapes Ruditapes
collection biomass (AGB) or
\ i\ corrugata  decussatus  philippinarum
A\ v:y\\ "~ Below-ground i
‘.,N.‘, biomass (BGB) @ -
Number of e
Sediment temperature (3, 8 and 13 cm) Clipped shoots Survival
Water temperature plants Growth
Cumulative heating Condition index
Salinity Nitrogen and Carbon (in AGB and BGB)
Nutrients Starch and sucrose (in apical rhizomes)
FIGURE 1

Chronology of experimental design. (A) Acclimation to the mesocosm and scheme of habitat treatments, (B) application of heatwave conditions

during low tide at the mesocosm + recovery, (C) transplantation to the Noia

and Combarro shellfishing beds for a period of two and a half months,

(D) abiotic and biotic variables measured. Aerial orthophotographs of Figure 1C were obtained from Google satellite. Maps Data: Google (c) 2025/

Airbus. Maxar Technologies.
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regime was performed in the tanks, simulating the natural conditions
experienced by intertidal organisms.

The sediment was placed in 108 plastic pond planting baskets
(Figure 1, “experimental unit”, dimensions: 15 cm x 23.6 x 23.6 cm)
lined with thick garden mesh that allowed the water to circulate. One
third of the baskets (n=36) were filled with sediment only, and the
remaining baskets (n = 72) were filled with sediment at the same height
and portions of the Z. noltei canopy with the associated rhizosphere
(mean density of 529 + 180 shoots, and biomass of 5.9 + 1.53 g dw per
basket). Nine baskets (6 with Z. noltei and 3 with bare sediment) were
haphazardly placed in each tank and left acclimatizing to the
mesocosm conditions for one month (2 May - 2 June 2022). During
this period, the salinity was 34.93 + 0.004 and seawater temperature
was 14.63 + 0.03°C in the mesocosm (n=542). Mean daily solar
radiation (W m™) during the acclimatization period was 258 + 98
(n = 32) at the weather station closest to the mesocosm unit
(Vigo port). The tanks were covered with greenhouse plastic during
two days of intense precipitation to prevent any decrease in salinity.

After acclimatization of the seagrass, juvenile clams of each
species (V. corrugata, R. decussatus and R. philippinarum), of sizes
between 15 and 18 mm, were obtained from hatcheries and
transported to the mesocosm. We used juvenile clams because the
effects of environmental stress on early life stages of marine
invertebrates are less studied, despite their higher sensitivity
(Pineda et al., 2012). The three clam species were mixed to
replicate the typical conditions in seagrass-vegetated shellfish beds
in NW Spain. The clams were submersed for 2 hours in ambient
seawater containing 250 mg L' of the fluorochrome calcein (Sigma,
CAS 1461-15-0), to mark the edges of the shells and thus enable
subsequent measurement of shell growth. Eleven juvenile clams of
each species (33 clams per basket) were placed on the surface of the
sediment in 6 baskets per tank (three with Z. noltei and three with
bare sediment), and the remaining 3 baskets with Z. noltei were left
without clams. The clams were allowed to burrow and acclimatize
for 24 h (31 May - 1 June 2022). The 33 clams yielded a density of
589 ind. m 2, which is within the optimal range for seeding
densities at the shellfish banks (300-800 ind. m3 Navajas et al.,
2003) and prevents the appearance of density-dependent effects on
growth or mortality (Royo et al., 2002; Melia and Gatto, 2005).
During the acclimation period, any dead individuals observed on
the sediment surface were replaced. The clams were fed daily with a
mixture of Isochrysis galbana (TISO), Tetraselmis suecica,
Chaetoceros gracilis and Rodomonas lens (1% of microalgae per
clam [DW]).

The experimental low tide heatwave (HW) treatments applied in
the mesocosm facility (3-6 June 2022) consisted of increasing the
sediment temperature to 3 target ranges of 20-20°C (control), 20-27°C
and 20-32°C, each applied to 4 independent replicate tanks. The
temperatures and treatment durations simulated warming events
recorded in intertidal flats in northwestern Spain (Supplementary
Figure 1) (Dominguez et al., 2021). Metallic structures with arrays of
12,150-W ceramic heating lamps (Ceramix FTE-150) were placed
above the treatment tanks and attached to the mesocosm roof with
chains, so that they could be lowered during the low tide heatwave
periods and raised at other times. The treatments consisted of gradual
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increasing the sediment temperature during the 4-h diurnal low tide
periods with infrared radiation; the process was repeated daily during
4 consecutive days. To reproduce the gradual heating experienced in
the field the lamps were connected to digital controllers (Omega
CN7853), which were attached to feedback thermocouples placed at
2 cm depth in the sediment of each basket. Field observations and
previous research indicated that the rhizosphere reaches a depth of
2 ¢cm (Roman et al., 2023). The thermocouples recorded the sediment
temperature in each basket every 15 seconds. To prevent wind-driven
evaporative cooling, the open tops of the tanks, including controls,
were covered with insect screening mesh (1.6 x 1.6 mm mesh size),
only during application of HW treatments (4 hours per day for
4 days). The mesh reduced the photosynthetically active radiation
(PAR) by 58%, which could have affected photosynthesis during the
treatment period. After exposure to heatwave conditions, the tanks
were held under ambient solar radiation, air and water temperatures
for a 4-day recovery period, and the baskets from all tanks were then
transported to the field for transplantation (Figure 1).

2.2 Transplantation in the field

The baskets were transplanted on 14 June 2022 at Combarro and
on 15 June 2022 at Noia, both sites located in NW Spain (Figure 1).
Noia (coordinates 42.81594°N, 8.90054°W) is located at the inner
part of the Ria de Muros-Noia, and is colder, rainier, less saline and
more nutrient-rich than the other site (Roman et al.,, 2024). This
experimental site was located on an island at the outflow of the
Tambre, Donas and Santa Baia rivers that drain an extensive
watershed of 1600 km” (areas calculated from GIS layers, available
at https://www.miteco.gob.es/es/cartografia-y-sig/ide/descargas/
agua.html). The second transplant site was Combarro (the same
site where the sediment and rhizosphere were collected). This site is
exposed to higher temperatures and salinity and lower rainfall and the
nutrient concentrations are lower than at Noia (Roman et al., 2024).
Combarro is located at the outflow of the Mouro creek, which drained
a smaller watershed of 11 km?”. The mean annual temperature in NW
Spain is 12.5-15 °C, and the annual precipitation ranges between
1400-2000 mm year-1 (AEMET and IM, 2011).

The baskets were covered with a plastic mesh of 2.8 cm diagonal
opening, to prevent access by large predators. In the baskets
containing Z. noltei, a square area of 10 x 10 cm was marked on
the mesh with cable ties, and the seagrass leaves within this area
were cut above the sheath. New tissue that grew in these squares was
collected after the transplantation period for biochemical analysis to
determine the nutrient uptake and physiological processes that
occurred exclusively during the transplant period.

Half of the baskets (54) were transported to each site. The
baskets without seagrass were placed in areas of bare sediment,
whereas those with seagrass were placed within Z. noltei patches. All
baskets were distributed at random in each habitat and buried at the
same level as the surrounding sediment. The baskets were left for
two and a half months in the field and retrieved on 29 August from
Noia and on 30 August from Combarro. On the same day that the
baskets were retrieved, the clipped plants in the 10 x 10 cm squares
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were removed and stored separately from the rest of the seagrass,
before the clams were removed. The sediment was sieved in situ
through a 5-mm mesh to prevent collection of clam recruits, and
the clams and seagrass samples were stored separately. At Noia, the
seagrass meadow where the baskets were placed was found to be
covered by Ulva spp. canopies; the above-ground seagrass biomass
in the baskets was scarce and damaged. All samples were placed in
zip lock plastic bags and transported to the laboratory where they
were frozen at -20°C.

The temperature in bare sediment outside the baskets at each
site was recorded every 60 minutes during the transplant period
with ibutton® dataloggers placed at depths of 3, 8 and 13 cm on two
acrylic sticks buried vertically in the sediment. The weekly
concentrations of nitrate, nitrite, ammonium and phosphate in
surface waters (0-5 m depth) during the transplant were extracted
from data published by the Technological Institute for the Marine
Control in Galicia (Intecmar; http://www.intecmar.gal/PDFs/
EvolFito/Nutrientes/Galego/Nutrientes_2022.pdf) by using the
WebPlotDigitizer (https://automeris.io/). The irradiation at the
sites during the field transplantation was recorded at the Marin
port weather station (3 km from Combarro) and the Lesende
weather station (~5 km from Noia) (https://www.meteogalicia.gal/

web/observacion/rede-meteoroloxica/historico).

2.3 Zostera noltei metrics

In the laboratory, the total number of shoots in each basket was
counted, including clipped and non-clipped plants, and the above-
ground biomass and below-ground biomass were weighed (dry
weight, 60°C, 48 h). The clipped plants contained in the 10 x 10 cm
squares in each basket, comprising shoots with the new leaves and
the below-ground parts, were subsampled for determination of C:N
and carbohydrate content. In each basket, five replicates of both
above- and below-ground tissues were separated. Each replicate
consisted of 15 shoots (approximately 20 mg dw). Replicates were
dried (60°C, 48h) and ground to a fine powder for analysis of the C
and N contents, in a Fisons Carlo Erba EA1108 elemental
microanalyzer, in the analytical facilities at the University of Vigo
(CACTI-UVIGO). The first two internodes of the apical rhizomes
were separated, dried (60°C, 48h) and ground to produce
approximately 50 mg of sample, which was used to determine
carbohydrate contents (starch and sucrose). The starch and sucrose
analyses were based on resorcinol and anthrone assays, respectively,
both standardized to sucrose (Olive et al., 2007). The carbohydrate
contents of the clipped plants from Noia could not be determined
due to insufficient sample weights.

2.4 Survival, growth and condition index of
clams

The final number of live clams (i.e. with valves closed during
collection and freezing) in the transplant baskets was counted. To
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quantify shell growth in the retrieved 1,612 clams, the valve
periostracum was removed by immersion in a solution of H,0,
(35 %) for 24 hours, and observed under a microscope (Leica
MZ125) with a fluorescence filter (Leica SFL 100) at an excitation
wavelength of 470 nm. The distance between the calcein mark and
the shell edge was measured in triplicate in each shell with the Leica
Application Suite V4 image analysis software. The dry weight of the
flesh and shell of all the clams collected was quantified after drying
each part separately in an oven (60°C, 48 h). The condition index
(CI) was calculated using Equation 1 (Walne and Mann, 1975).

o _ﬂesh dw(g)
CI(%0) =" =5 i) x 1000 (1)

2.5 Data calculation

Thermocouple readings in each basket during the mesocosm
heatwave revealed that the target temperatures were not reached in
some baskets in each treatment (Supplementary Figure 2). Thus, to
capture the thermal conditions experienced by bivalves and seagrass
more precisely, cumulative heating was calculated for each basket
during both the heatwave (HW) treatment and the field
transplantation phase. The average burrowing depths of each
species were calculated in bare sediment and seagrass. The
sediment temperatures were then corrected by the burrowing
depths, and cumulative heating (legacy degree hours and degree
days) was computed (Supplementary Text 1). Hourly salinity and
water levels at Noia and Combarro during the transplantation
period were obtained from MeteoGalicia MOHID Water
Modelling System Ocean forecasts (Supplementary Text 2).

To determine the presence of legacy effects, clam responses
must be assessed long after the stressor has ceased. An additional
short-term experiment was conducted simultaneously in the same
tanks, in which the same treatments were applied to another batch
of baskets (n= 72, 6 per tank), for evaluation of the short-term (4
days) response of clams and Z. noltei to heatwave conditions
(Roman et al,, 2025). Clam responses measured after the short-
term experiment were used to estimate responses attributable
exclusively to the field transplantation phase. Clam mortality
during field transplantation was calculated by adjusting the final
mortality observed at the end of the experiment, based on clam
abundance after the mesocosm heatwave (HW) treatment
(Supplementary Text 3). To assess the legacy effects of the
mesocosm heatwave (HW), shell growth attributable to the field
transplantation phase was estimated by subtracting post-HW
mesocosm growth from the final shell growth measurements
(Supplementary Text 4).

2.6 Statistical analysis

Environmental conditions were compared between the two
study sites. The 90" percentiles of daily temperatures at 3cm
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depth (emersion temperatures) in bare sediment and in sediment
below Z. noltei were calculated. The mean between-site differences
in the 90" percentiles of daily temperatures, night-time averages of
daily water temperature, hourly salinity at high tide and weekly
nutrient concentrations were determined by paired t-tests.

As the target temperatures of 20, 27, and 32°C were not
consistently reached in all baskets (Supplementary Figure 2),
cumulative heating was modelled as a covariate for each basket to
more accurately represent the thermal conditions experienced by
the organisms. Legacy degree hours (LDH) above 20°C were defined
as the cumulative thermal exposure experienced during the
mesocosm treatments. The effects on Z. noltei of the fixed factors
Habitat (Z. noltei and Z. noltei + clams), Site (Noia and Combarro),
the covariate LDH, and their interactions, were tested by using
linear models, with the Im function.

The effects on clams of the fixed factors Habitat (bare sediment
and Z. noltei), Site, the covariate LDH, their interactions, and the
random factor Basket (for growth and Condition index) were tested.
Clam mortality, a binary response (dead/alive), was tested with
generalized linear models by using a binomial distribution of errors
and a “logit” (logistic cumulative distribution) function that allowed
the probability of death to be modelled as a function of predictors;
the models were implemented with the “glm” function in the base R
package “stats” (R Core Team, 2023). Shell growth and condition
index, both continuous variables, were analyzed using linear mixed-
effects models to account for repeated measures within baskets. The
models were implemented using the Ime’ function in the ‘nlme’
package (Pinheiro et al., 2022). Each clam species was analyzed
separately, given that the responses of each species were not
assumed to be independent. Species-specific differences were
expected due to variations in burrowing depth (Macho et al,
2016; Dominguez et al., 2021) caused by their different siphon
lengths (Gosling, 2015).

Prior to model application, extreme outliers for each response
variable (except clam survival) were removed using a modified
version of the method proposed by Mittaz and Harris (2011), to
increase the reliability of the parametric statistical tests (Crawley,
2013). Extreme outliers were defined as values below or above the
median * 4 times the standard deviation, calculated as IQR/1.34.
Factor 1.34 corresponds to the relationship between the
interquartile range (IQR) and the standard deviation in a normal
distribution. The outliers removed accounted for less than 10 % of
the observations (Supplementary Table 2).

The global models were simplified through an information-
theoretic selection approach. The corrected Akaike information
criterion index (AICc) was calculated for the models with and
without the random factor Basket, and those with the lowest AICc
were retained (Supplementary Table 3). Subsets of the fixed part of
the models with different link functions were generated in a last-wise
order, and those with the lowest AICc and that did not have any
other simpler model nested within were finally selected (Richards
etal., 2011). AICc and model simplification were calculated with the
AICc and dredge functions in the MumlIn package (Barton, 2025)
(Supplementary Tables 4; Supplementary Tables 5).
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The normality of residuals and homogeneity of the variances of
the models were checked with QQ plots and plots of standardized
residuals vs. fitted values, respectively. If residuals were not
homogeneously distributed and indicated heteroscedasticity, the
models were adjusted by specifying different variances per factor
level using the Varldent function in the nlme package (Pinheiro
et al., 2022). This adjustment typically improved the homogeneity
and distribution of the residuals. The significant (p-value < 0.05)
terms of the final models were obtained by computing a type 3 sum
of squares analysis, with the Anova function in the car package (Fox
and Weisberg, 2019). If more than two levels were present for the
significant terms, post-hoc pairwise comparison of the means was
performed with the emmeans function (Lenth, 2024). Tukey
correction was applied to the p-values to reduce comparison-wise
error rates to levels that constrain experiment-wise error rates to
standard values (Underwood, 1997). All data processing and
statistical tests were conducted with R v 4.3.2 (R Core Team,
2024). The significance threshold was established as p < 0.05.
Environmental variables were expressed as mean + SD and
biological variables as mean + SE.

3 Results

3.1 Temperature, salinity and nutrients at
the transplant sites

The thermal amplitude was higher in the bare sediment than in
sediment with Z. noltei in the baskets at both sites. The temperature
during daytime low tides was lower in the sediment with Z. noltei,
whereas the temperature during night-time low tides was lower in the
bare sediment (Figure 2A). The number of degree days (DDs)
experienced by clams was higher at Combarro (bare sediment =
141-151, seagrass =135-142) than at Noia (bare sediment = 43-50,
seagrass = 40-44). In addition, within each site, the number of DDs
was higher in bare sediment than in vegetated sediment, and within
each habitat, R. decussatus experienced the lowest cumulative heating
consistent with its greater burrowing depth (Figure 2B; Table 1).

The 90™ percentile of sediment temperature at 3 cm depth
(Table 1), the night-time averages of seawater temperature (°C)
(Combarro = 20.14 + 1.18, Noia = 18.82 + 0.70) and hourly high
tide salinities (Combarro = 34.41 + 1.09, Noia = 30.28 + 4.66) were
higher at Combarro than at Noia (Figure 3; Table 1). The salinity of
Noia presented greater oscillations than Combarro due to its
location closer to a river outfall, that generated salinity drops due
to frequent freshwater inputs. The concentrations (umol L") of
nitrate and nitrite in surface seawater were significantly higher (p <
0.05) at Noia (NO; = 6.30 + 3.43, NO, = 0.26 + 0.10) than at
Combarro (NO;™ = 0.72 + 0.86, NO, = 0.13 *+ 0.09), whereas
phosphate and ammonium concentrations did not differ
significantly between the sites (Figure 3; Table 1). The mean daily
irradiation in the field (W m™) was 258 + 73 at Noia (Lesende
weather station) and 258 + 66 at Combarro (Marin port weather
station) (n=77).

frontiersin.org


https://doi.org/10.3389/fmars.2025.1706079
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Roman et al.

10.3389/fmars.2025.1706079

A) Habitat — Bare sediment — Zostera noltei
Noia
30
25
§20
(]
5 15
© Combarro
[
o
g 30
T 25
20
15 O 1 1 \e] >
-16’0 '\’\'0 16’0 \O’Q 7,6’0
Date

B)

Habitat [] Bare sediment [ll Zostera noltei

Noia

| | Combarro

© 150
5
N 125

o)
-
N OO N O
o O o O

Degree days ab

gl

atd
\. Co\guge

ot e orru9 cUs
RPN pp VTR, eR pn

samp\\’\an'\m

iip!

Species

FIGURE 2

Sediment in baskets. (A) Combarro and Noia sediment temperatures at 3 cm depth during the transplantation period, measured in bare sediment
and calculated for Z. noltei from water temperature, damping depths and bare sediment temperatures. (B) Field degree days above 20°C
experienced by each clam species, calculated based on the different burrowing depths in vegetated and unvegetated sediment (Mean + 95 %

confidence intervals).

3.2 Morphological and biochemical metrics
of Zostera noltei

During retrieval of the baskets, the seagrass patches at the Noia
intertidal flat were found to be covered by continuous and extensive
canopies of Ulva spp., and Ulva fronds were also trapped by the
basket mesh. The above-ground biomass of Z. noltei was sparse and
visibly degraded at this site. At Combarro, the seagrass was in an
overall better condition and was not covered by macroalgae.

At both sites, a significant Habitat x Legacy Degree Hours
(LDH) interaction was observed for above-ground biomass and
number of shoots. In plants subjected to higher heating in the
mesocosm, above-ground biomass and number of shoots decreased
in Z. noltei alone and were constant in Z. noltei with clams
(Figure 4; Table 2). The significant Habitat x Site interaction for
number of shoots and above-ground biomass (g dw) indicated that
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both variables were greater when co-existing with clams than when
growing alone at Combarro (AGB: seagrass + clams = 0.72 £ 0.10 vs.
seagrass alone = 0.51 + 0.09; shoots: seagrass + clams = 91.9 + 12.5
vs. seagrass alone = 38.4 + 11.8), but not at Noia. The below-ground
biomass (g) decreased at both sites as LDH increased. Overall,
seagrass biomass (g dw) was greater at Combarro (1.39 + 0.135)
than at Noia (0.65 + 0.13) (Figure 4; Table 2).

The % N in shoots of clipped plants was greater in the seagrass
growing together with clams than in seagrass growing alone, at both
sites (Figure 5). Independently of habitat, % N in shoots was greater
at Noia (4.03 £ 0.11) than at Combarro (3.16 + 0.09). By contrast,
the % of C in shoots and in rhizomes of clipped plants was greater at
Combarro than at Noia (Figure 5; Table 2). The concentrations of
sucrose or starch in apical rhizomes at the Combarro site were not
affected by the experimental treatments (Supplementary Figure 4;
Table 2; Supplementary Table 4).
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TABLE 1 Environmental variables during the field transplantation period (14/06/2022 — 30/08/2022).

a) Degree days (means with 95 % confidence intervals) in sediment experienced by each clam species

Noia Combarro
Species B'are Zostera noltei Bare sediment Zostera noltei
sediment

Venerupis corrugata 50 (48, 51) 43 (40, 46) 151 (149,156) 139 (135, 143)

Ruditapes decussatus 43 (41, 44) 40 (38, 43) 141 (138, 143) 135 (131, 140)

Ruditapes philippinarum 47 (45, 49) 44 (42, 47) 147 (144, 150) 142 (137, 146)

Zostera noltei - 52 - 153
b) Temperature (°C), salinity (PSU) and nutrients (umol L™) in surface water
Response variable Noia Combarro df t p

90" percentile at 3 cm in bare sediment 2217 +£1.59 25.07 + 2.58 73 15.88 <0.001
90" percentile at 3 cm in Z. noltei 21.68 + 1.33 2424 +2.13 73 17.34 <0.001
Water temperature 18.82 £ 0.70 20.14 + 1.18 73 13.85 <0.001
Salinity 30.28 + 4.66 34.41 + 1.09 836 28.54 < 0.001
Ammonium 1.78 £ 0.77 1.15+£0.77 9 -1.72 0.120
Nitrate 6.30 + 3.43 0.72 £ 0.86 9 -5.35 < 0.001
Nitrite 0.26 + 0.10 0.13 £ 0.09 9 -4.45 0.002
Phosphate 0.34 £ 0.19 0.55 + 0.49 9 1.38 0.206

a) Surface sediment. Degree days above 20°C (DD) in bare sediment and in sediment with Z. noltei experienced by clam species at their burrowing depths in the field (Supplementary Table 1)
(Mean + 95 % confidence intervals) and by seagrass. b) Summarized results of paired t-tests used to test the differences between Combarro and Noia in the 90" percentiles of sediment

temperatures, daily means of water temperatures, hourly salinity and in the weekly nutrient concentrations (Mean + S.E). Significant effects (p < 0.05) are indicated in bold.

3.3 Mortality, growth and ClI of clams

Clam survival was proportional to total number of DD of
exposure in all three species (Figure 6), and mortality was highest
at Combarro. The effects were consistent across different habitats,
with stronger impacts observed in V. corrugata and R. decussatus, as
indicated by the steeper negative slopes.

Shell growth (mm) in all three bivalve species was greater at
Noia than at Combarro (Figure 7).The significant Habitat x Site
interaction indicated that growth was greater in sediment with Z.
noltei than in bare sediment at Combarro (V. corrugata: seagrass =
1.50 £ 0.13 vs. bare sediment = 0.73 + 0.11; R. decussatus: seagrass =
2.57 £ 0.15 vs. bare sediment = 1.91 + 0.11; R. philippinarum:
seagrass = 4.87 + 0.18 vs. bare sediment = 4.34 £ 0.17), and this
pattern was not observed at Noia (Figure 7; Table 3). The effect of
LDH x Site interaction on shell growth of V. corrugata and R.
decussatus indicated that V. corrugata grew less at Noia when
exposed to greater LDH, whereas R. decussatus at Combarro grew
more after exposure to greater LDH (Figure 7; Table 3).

The Condition Index (CI, %o) of V. corrugata was significantly
higher at Noia (138 + 2) than at Combarro (129 + 2). The CI of R.
decussatus was greater in individuals placed in bare sediment than
those placed in sediment with Z. noltei at both sites, whereas the CI
of R. philippinarum only showed this pattern at Combarro
(Figure 8; Table 3).
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4 Discussion

4.1 Effects of clam presence on the
recovery of Zostera noltei after heat stress

The presence of clams was associated with a mitigation of the
negative effects of past low-tide thermal stress on Zostera noltei, as
indicated by the significant Habitat x LDH interaction (Table 2; Figure
4), thereby supporting the first hypothesis of the study. This may be
because clams enhance sediment fertilization and reworking, which
favor irrigation and transport of solutes (Volkenborn et al,, 2012) into
and from the rhizosphere (Kristensen et al., 2012), promoting nutrient
absorption by below-ground biomass (Hemminga, 1998). Moreover,
filter feeding bivalves can reduce the epiphytic load of seagrass
(Peterson and Heck, 2001) and improve light penetration, thereby
promoting seagrass growth (Wall et al., 2008 and references therein).
This clam-derived facilitation of seagrass observed after harsh
environmental conditions is consistent with the stress gradient
hypothesis (Bertness and Callaway, 1994), which states that positive
interactions are enhanced under stressful conditions and aligns with
studies on clam-seagrass interactions that support this theory (Chin
et al,, 2021; Cardini et al.,, 2022; Roman et al., 2024).

Independently of legacy heating, the significant Habitat x Site
interaction in the seagrass models showed that the shoot abundance
and the above-ground biomass of Z. nolfei was greater in plants
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Surface water. Environmental variables during the transplant experiment. (A) Daily night-time average water temperature estimated from
measurements made in the shellfishing bed, (B) Hourly salinity during high tide, retrieved from the MeteoGalicia MOHID model, (C) Weekly nutrient
concentrations (0-5 m depth), retrieved from the Intecmar annual reports, recorded at coastal stations PO (Combarro) and M7 (Noia).

growing together with clams at Combarro, characterized by lower
nutrient availability and higher temperatures, (Table 2; Figure 4).
Similar enhancements of seagrass growth by neighboring bivalves has
been reported, including larger leaves of T. testudinum growing
together with Modiolus americanus (Leach, 1815) (Peterson and
Heck, 2001), increased above-ground biomass of Z. noltei growing
with Loripes orbiculatus (Poli, 1795) (De Fouw et al., 2022) and
greater patch size and plant biomass in seed sowing restoration
(Zhang et al.,, 2021). No such facilitation was observed at the Noia

Frontiers in Marine Science

site, where the seagrass was degraded and covered by Ulva spp. We
suggest that growth of the ephemeral opportunistic macroalgae may
have hampered growth of the seagrass canopy by reducing light
penetration (Brun et al., 2003; Lee et al., 2007 and references therein).
Moreover, the higher nutrient availability at Noia may have made the
seagrass less reliant on clams for input of nutrients for growth.

The significant effect of Habitat indicated that the % N in shoots
of clipped plants was higher in seagrass growing together with
clams. This observed facilitation by clams on seagrass may be
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Zostera noltei. Responses of morphological variables measured in the baskets in each transplant site to increasing cumulative heating (above 20°C),
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the positive effects of clams at Combarro.
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TABLE 2 Zostera noltei.

10.3389/fmars.2025.1706079

Response variable Term df F p Direction of effect

Number of shoots Habitat 1 17.31 <0.001
Site 1 0.30 0.59
LDH 1 15.54 <0.001
LDH x Habitat 1 16.37 <0.001 LDH x Z. noltei alone ()
Habitat x Site 1 13.61 <0.001 Z noltef with C(I?;ns x Combarro
Residuals 61

Above-ground biomass Habitat 1 0.97 0.006
Site 1 0.42 0.07
LDH 1 1.68 <0.001
LDH x Habitat 1 0.92 0.008 LDH x Z. noltei alone (|)
Habitat x Site 1 057 0.036 Z. noltei with clams x Combarro

m

Residuals 60

Below-ground biomass Site 1 11.17 0.001 Combarro (1)
LDH 1 4.00 0.049
Residuals 66

N % in clipped plants (shoots) Habitat 1 4.535 0.033 Z. noltei with clams (1)
Site 1 38.551 <0.001 Noia (1)
Residuals 22

C % in clipped plants (shoots) Site 1 12.160 0.002 Combarro (1)
Residuals 23

E}Z’Z:nce]:;ped plants Site 1 4040 0.044 Combarro (1)
Residuals 23

Starch in apical rhizomes Habitat 1 3.024 0.098
Residuals 19

Summarised results of the final linear models used to test the effects of the fixed factors Habitat (2 levels: Z. noltei and Z. noltei with clams), Site (2 levels: Noia and Combarro), and the covariate
LDH (legacy degree hours above 20°C), on the morphological (number of shoots, above- and below ground biomass) and biochemical (starch in apical rhizomes, C and N% in clipped plants)
metrics of Z. noltei. Significant effects (p < 0.05) are indicatd in bold. Superscript “*” indicates models in which the variance structure was specified.

related to the acquisition of limiting nutrients from bivalve
excretions (Bronstein, 2009). The ammonium excreted by clams
increases N input into sediment and water and can be assimilated
by below-ground biomass (Touchette and Burkholder, 2000;
Peterson and Heck, 2001; Meysick et al., 2020).

4.2 Effects of the presence of Zostera
noltei on clam recovery after heat stress

The absence of LDH effects in the mortality models indicated that
the mesocosm heatwave did not have a strong legacy effect on clam
mortality (Table 3; Supplementary Table 5; Supplementary Figure 5).
The significant effect of Site in the mortality models suggested that the
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increased clam mortality at Combarro may be related to higher field
temperatures, possibly in combination with other site-specific factors
(Figure 6). Additionally, the significant Habitat x Site interaction in
the clam growth models indicated that the presence of seagrass
enhanced growth only at Combarro, the hottest site. Under higher
temperatures, which are more stressful for clams (Rato et al., 2022),
the presence of seagrass had a positive effect on clam growth,
irrespective of legacy heat stress (Table 3; Figure 7). The seagrass
presence did not have a positive effect on clam growth at Noia. We
hypothesize that the degradation of seagrass was partly due to the
small and degraded patches at Noia, which likely hampered the
facilitation of clam growth. Moreover, the milder temperatures at
Noia made the clams less reliant on facilitative interactions to
maintain survival and growth. Thus, the second hypothesis was not
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Zostera noltei. (A) Carbon content and (B) nitrogen content in the shoots and rhizomes of clipped plants (in 10 x 10 cm squares within each basket)
and in transplanted plants in the Noia and Combarro sites after being exposed to increasing cumulative heating (above 20°C) in sediment with and
without clams. Upper x axis indicates legacy heating after mesocosm treatmens and before transplant (legacy degree hours), bottom x axis indicates
total cumulative heating (total degree days). Points: Mean values of the replicates per basket; lines: data fitted by linear models; shaded areas: 95%
confidence intervals. Dashed lines represent non-significant effects of past cumulative heating.
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supported, as the presence of seagrass did not ameliorate negative
effects of legacy low-tide heatwave stress on juvenile clams.

The most plausible mechanism explaining the enhanced growth
of clams in vegetated sediment compared to bare sediment in
Combarro is seagrass facilitation. Specifically, clams likely expended
less energy maintaining homeostasis, primarily through body
temperature regulation, when shaded by Zostera noltei (Garcia-
Souto et al, 2024). The role of seagrass as a thermal buffer was
demonstrated by the lower cumulative DD and mean temperatures in
vegetated sediment than in bare sediment at both sites. The seagrass-
vegetated sediments are frequently finer and have lower porosity than
unvegetated sediments, which enhances water retention (Maxwell
et al, 2017; Miyajima and Hamaguchi, 2019). This slowed heat
diffusion, leading to a shallower damping depth, and made the
vegetated sediment much harder to heat, and thus the sediment
below Z. noltei was cooler than bare sediment after the low tides.

4.3 Effects of local abiotic conditions on
interspecific interactions

There was a significant effect of Site (alone or in interaction with
the factors LDH or Habitat) in all models tested. Thus, the third
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hypothesis was supported, as the environmental context affected
specific responses and interactions differently. At Noia, under
conditions of lower temperatures and higher nutrient availability,
clam survival and growth were favored, but not seagrass growth
(Figures 4, 6, 7). We observed that greater availability of nutrients
hampered seagrass growth, negatively affecting the facilitation effect
on clams.

At Noia, the highest nutrient concentrations in seawater, the
proliferation of ephemeral macroalgae above the seagrass, the lower
biomass and the higher % N in shoots suggested early eutrophic
conditions (Burkholder et al., 2007). The Noia estuary may be
subjected to fluvial inputs of land-derived organic matter enriched
with anthropogenic nitrogen (Roca et al., 2016). High N availability
in the water column promotes growth of phytoplankton, epiphytes
and macroalgae, which reduce light penetration and restrain growth
of phanerogams (Lee et al., 2007; Smetacek and Zingone, 2013).

By contrast, at Combarro C fixation and growth of seagrass could
be favored by the absence of shading by ephemeral macroalgae
canopies (Hemminga, 1998), although there was a greater
cumulative heating effect. High water and sediment temperatures
inhibit photosynthetic performance in Z. noltei (Massa et al., 2009;
Roman et al., 2023), what can reduce the shoot density and length of
Zostera spp (Berger et al., 2024). Thus, harsher environmental
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Shell growth in clams in bare sediment and in sediment with Zostera noltei at (A) Noia and (B) Combarro transplant sites, after being exposed to
cumulative heating during low tide in the mesocosm and in field transplantation (total degree days above 20°C). Points/crosses: mean values per
basket; lines: data fitted by linear models; shaded areas: 95% confidence intervals. Dashed and continuous lines represent non-significant and
significant effects, respectively, of past cumulative heating. Red asterisks in the upper right side of the panels indicate the positive effects of Z. noltei

at Combarro.

conditions at Combarro may have made Z. noltei more reliant on
interactions with clams to sustain shoot biomass and density.
Several studies in both terrestrial and marine ecosystems have
shown that environmental conditions can shift interactions from
mutualism to antagonism (Thompson, 1988; Cheney and Cote
2005) and that mutualistic interactions are more frequent and/or
stronger under adverse environmental conditions (Bertness and
Callaway, 1994). Similar patterns have been observed in clam-
seagrass interactions (Meysick et al., 2020). Nonetheless, the present
findings suggest that facilitation strengthening only occurs when
the growth and survival of the facilitator species are not critically
affected by abiotic stress. This is consistent with a reported
breakdown of clam-seagrass mutualism following seagrass
degradation after a drought event (De Fouw et al., 2016).

4.4 Legacy effects of the experimental
heatwave

Overall, the lack of effect of LDH in the models revealed that the
mesocosm heatwave did not have a legacy effect on clam mortality

Frontiers in Marine Science

or condition index. Clam growth did not respond overall to legacy
heat stress, and the observed trends depended on the species and
habitat. By contrast, elevated temperatures in the field had a greater
impact on clams than the heatwave simulated in the mesocosm. The
significant Site effect indicated that mortality was highest at
Combarro, where cumulative heating (around 150 degree days)
was much higher than at Noia (around 50 degree days), and in the
mesocosm (around 6 degree days).

However, the mesocosm heatwave had a measurable impact on
seagrass, which was buffered by the interaction with clams. After the
mesocosm heatwave, biomass and shoot density was negatively
affected only in plants without clams, suggesting that the clams
exerted a facilitation effect under high temperatures (Clemente and
Thomsen, 2023). The decreased below-ground biomass with
increasing legacy degree hours (LDH) indicated an incomplete
recovery after two and a half months. Accordingly, previous
research has shown legacy impacts of heat stress on intertidal
macrophytes. A decrease in the biomass and growth of Z. marina
was noted 5 weeks after exposure to moderate warming
(Reynolds et al.,, 2016), and the structure of macroalgae

14 frontiersin.org


https://doi.org/10.3389/fmars.2025.1706079
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Roman et al. 10.3389/fmars.2025.1706079

TABLE 3 Venerupis corrugata, Ruditapes decussatus and Ruditapes philippinarum.

Variable and Random effects

Direction of effect

species S.D.

Mortality

Venerupis corrugata Site 1 17.496 <0.001 Combarro (1)
Residuals 701

Ruditapes decussatus Site 1 10.837 <0.001 Combarro (1)
Residuals 699

Ruditapes philippinarum Habitat 1 1.622 0.203
Site 1 6.804 0.009 Combarro (1)
LDH 1 0.316 0.574
LDH x Habitat 1 6.188 0.013 LDH x Z. noltei (1)
Residuals 737

Shell growth

Venerupis corrugata * Habitat 1 20.654 <0.001
Site 1 319.53 <0.001
LDH 1 3.637 0.056
LDH x Site 1 11.125 <0.001 LDH x Noia (])
Habitat x Site 1 20.252 <0.001 Z. noltei x Combarro (1)
Basket 0.419
Residuals 61

Ruditapes decussatus * Habitat 1 14.115 <0.001
Site 1 141.188 <0.001
LDH 1 16.079 <0.001
LDH x Site 1 8.973 0.003 LDH x Combarro (1)
Habitat x Site 1 9.975 0.002 Z. noltei x Combarro (1)
Basket 0.354
Residuals 60

Ruditapes philippinarum Habitat 1 4.654 0.031
Site 1 215.747 <0.001
LDH 1 2.355 0.125
Habitat x Site 1 8.375 0.004 Z. noltei x Combarro (1)
Basket 0.539
Residuals 62

Condition index
Habitat 1 3.692 0.055

Venerupis corrugata Site 1 7.322 0.007 Noia (1)
Basket 10.871
Residuals 64

Ruditapes decussatus Habitat 1 7.168 0.009 Bare sediment (1)
Basket 1 6.682

(Continued)
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TABLE 3 Continued

Variable and Random effects
species S.D.

Direction of effect

Condition index
Residuals 64
Ruditapes philippinarum * | Habitat 1 7.402 0.008 Combarro (1)
Site 1 19.640 <0.001
Habitat x Site 1 7559 0.008 Bare sediment x Combarro
M
Basket 6.624
Residuals 64

Summarized results of the final models used to test the effects of the fixed factors Habitat (2 levels: Bare sediment and Zostera noltei), Site (2 levels: Noia and Combarro), the covariate LDH (legacy
degree hours above 20°C), on the mortality (binomial generalized linear models), and on the shell growth and the condition index (linear mixed effects models, including the random factor
basket) of the three clam species. Significant effects (p < 0.05) are indicated in in bold. Superscript * indicates models in which the variance structure was specified.
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Condition index of clams in bare sediment and in sediment with Zostera noltei at (A) Noia and (B) Combarro transplant sites after being exposed to
cumulative heating during low tide in the mesocosm and in field transplantation (total degree days above 20°C). Points: mean values per basket;
lines: data fitted by linear models; shaded areas: 95% confidence intervals. Dashed lines represent non-significant effects of past cumulative heating.
Red asterisks in the upper right side of the panels indicate the positive effects of bare sediment.
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assemblages changed 6 months after exposure to high temperatures
(Vaz-Pinto et al., 2013).

5 Conclusions

The above-ground biomass and shoot abundance measured in
Z. noltei growing together with clams were less affected by legacy
effects of a low-tide heatwave than those measured in seagrass
without clams. This was consistent with the stress gradient
hypothesis and implied that facilitation not only occurs during
environmental stress, but also after the stress ceases. By contrast, the
interaction between legacy heatwave stress and habitat on the
growth and condition index of clams proved to be species- and
site-specific. Local environmental conditions at transplant sites led
to contrasting responses in the growth and survival of seagrass and
clams and in their interactions. The findings suggest that facultative
mutualism between the temperate seagrass Z. noltei and the three
commercial clam species was strengthened under higher
temperatures and weakened under eutrophic conditions. This
study provides evidence of the complex relationship between local
abiotic factors and biological interactions that shape the structure
and organization of intertidal communities exposed to
climatic stressors.
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