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Abstract Coral ecosystems in the central Mexican Pacific
inhabit environmental conditions considered as suboptimal
for reef development, such as wide ranges in temperature,
low pH, and cyclonic activity. In addition, they are facing
increasing nutrient and sediment inputs as a consequence
of urban growth and tourism. While the global effects of
anthropogenic stressors to coral communities have been
described, the local response and microscale variations
remain unknown. Therefore, the present study evaluates
three physiological markers during 2018 (total lipid con-
tent, symbiont density, and chlorophyll a concentration) in
the main reef-building coral genera (Pocillopora, Porites,
and Pavona) from two coral communities: one coastal site
next to a luxury touristic development with high sedi-
mentation rates and elevated nutrient inputs from golf
courses, and one at an insular MPA 6 km distant from the
coast and where human activities are regulated. At each
coral sampling site, nitrite, nitrate, and phosphate concen-
trations as well as sedimentation rates were measured. The
analyses of the physiological markers showed significant
differences in the lipid content and symbiont density
between sites, with corals at Isla Larga presenting higher
lipid content but lower symbiont density, while pigment
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concentration only differed across months. When assessing
differences among coral genera, Pocillopora colonies
presented the highest lipid content, while Pavona showed
more symbionts and Porites colonies the uppermost pig-
ment concentrations, with significant differences among
genera and across the studied months. Environmental
characterization showed significant differences between
sites in the nitrate concentration and sedimentation rates.
Generalized nonlinear models evidence that lipid concen-
tration is related to sedimentation rates and temperatures,
symbiont density to nitrite and phosphate concentrations,
and pigment concentrations to nitrate and phosphate con-
centrations as well as sedimentation rates.

Keywords Scleractinia - Eutrophication - Sedimentation -
Coral physiology - Eastern tropical pacific

Introduction

Coral reefs are considered as the marine ecosystems with
the highest biological diversity and productivity (Reaka-
Kudla 1997; Burke et al. 2011), which provide ecological
and economical services to society (Spalding et al. 2017).
However, they are among the most threatened ecosystems
(Burke et al. 2011) as abnormal changes in seawater tem-
perature from climate change provoke bleaching and mass
mortality events that lead to their degradation, while ocean
acidification reduces the available carbonate for coral cal-
cification resulting in slower growth rates (Hoegh-Guld-
berg et al. 2007), endangering these systems with the risk
of complete loss within the next 50 yr (Hoegh-Guldberg
2014). In addition, local impacts such as sewage dis-
charges, overfishing, and changes in coastal areas due to
agriculture and urban development are also contributing to

@ Springer


http://orcid.org/0000-0001-6243-7679
https://doi.org/10.1007/s00338-020-01957-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s00338-020-01957-z&amp;domain=pdf
https://doi.org/10.1007/s00338-020-01957-z

626

Coral Reefs (2020) 39:625-637

reef decline worldwide (Carpenter et al. 2008). In partic-
ular, urban coastal development involves changes in land
use that increase erosion and the input of inorganic nutri-
ents from gardens and golf courses, which eventually reach
the ocean and can change the composition of coral reefs by
favoring the outgrowth of macroalgae (Fabricius and
De’ath 2004; Stimson et al. 2001). Also, high inorganic
nutrient concentrations reduce coral calcification, promote
coral diseases, decrease the coral’s heat stress tolerance,
and aggravate the effects of ocean acidification (Fabricius
2011; Prouty et al. 2017). Increasing sedimentation reduces
coral growth, damages the colony’s tissue, and affects the
photosynthesis of the coral’s symbionts since the sus-
pended particles in the water reduce the amount of light
that reaches the coral colonies (Fabricius 2005), promoting
stress and a direct effect in the coral’s physiology that can
cause short-term changes in lipid content, symbiont den-
sities, and chlorophyll concentrations (Fabricius
2005, 2011). When this stress becomes chronic, changes in
the reef metabolism and shifts in the coral community may
take place (Fabricius 2005), and since coastal urban areas
are expected to continue growing at accelerated rates,
increasing sedimentation, high nutrient concentrations, and
their effects on coral reefs are a major concern.

Coastal development has severely impacted coral reefs
in the Eastern Tropical Pacific (Cortés and Reyes-Bonilla
2017). Within this region, the Central Mexican Pacific
(CMP) harbors important coral communities characterized
by a high coral species richness and cover (Carriquiry and
Reyes-Bonilla 1997; Glynn and Ault 2000) that have been
historically impacted by both strong and moderate El Nifio
Southern Oscillation (ENSO) events, some of which have
reduced the coral cover to ~ 2% (Carriquiry et al. 2001).
However, after these severe reductions, the coral commu-
nity has been able to recover, providing evidence that the
ecosystem can persist despite repeated disturbances
(Rodriguez-Troncoso et al. 2014, 2016; pers. observ.).
While corals in this area appear to acclimatize to the effects
of regional stressors and of climate change, their ability to
resist and recover from local anthropogenic stressors has
been overlooked. The present study evaluates the physio-
logical condition of the main reef-building coral genera in
two coral communities from the Central Mexican Pacific
with different levels of perturbation associated with urban
development. Understanding how coral communities
function and cope with local stressors is important, par-
ticularly those in areas already considered marginal for reef
development and where human populations are increasing
at fast rates. Moreover, this is of special importance in
coral ecosystems that continue to recover from global
stressors (e.g., El Nifo events) and whose ability to con-
tinue doing so may be affected by local threats.
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Materials and methods
Study area

The Eastern Tropical Pacific is considered a marginal
region for coral reef development because of its extreme
physicochemical conditions, which include a wide range of
temperature fluctuations, low pH, nutrient pulses, high
sedimentation rates, and cyclonic activity (Glynn 2017). In
addition to these regional conditions, the CMP also pre-
sents seasonal upwellings during spring (Portela et al.
2016) and internal waves that mix the water column and
reduce temperatures throughout the day (Plata and Filonov
2007). In general, temperature ranges annually from 18 to
32 °C, peaking during summer (July to September) and
cooling the most at winter (January to March; Portela et al.
2016), while pH ranges from 7.72 to 8.03 (total scale;
Cupul-Cortés et al. 2018).

Despite these nonoptimal conditions, the coral ecosys-
tems of this eco-region have been characterized as highly
important for the species richness they harbor (Glynn and
Ault 2000) and their resistance to ENSO events (Rodri-
guez-Troncoso et al 2016; Rodriguez-Troncoso and Cupul-
Magafa 2016). The physiological response of the three
main reef-building coral genera in the region (Pocillopora,
Porites, and Pavona) to both high sedimentation and
increment in nutrients was evaluated in two coral com-
munities with contrasting perturbation levels, one at Islas
Marietas National Park (IMNP) and one at Punta de Mita
(Fig. 1). IMNP is an insular Marine Protected Area with a
coral coverage of ~ 17% (Hernandez-Zulueta et al. 2017)
constituted by several islets and two main islands, Isla
Larga (20.699167° N, 105.582111° W) and Isla Redonda
(20.71394° N, 105.565° W; Fig. 1). Corals at this site have
historically been affected by strong ENSO events from
which they have recovered in short times (Tortolero-Lan-
garica et al. 2017), and the protection status contributes to
the regulation of human activities inside the MPA,
decreasing the direct anthropogenic pressure by touristic
activities (Rodriguez-Troncoso and Cupul-Magaiia 2017).

In contrast, Punta de Mita (20.76° N, 105.54° W; Fig. 1)
is a coastal site located next to a luxury touristic complex
and with a distance of 6 km from IMNP. The coral com-
munity is less than 200 m distant from touristic develop-
ment and a golf course with runoffs containing fertilizers
and discharge waters. Punta de Mita harbored 87% of the
total live coral cover in the CMP region, which declined
after the massive bleaching and mortality event caused by
the 1997-1998 ENSO (Carriquiry et al. 2001). In recent
years, a slow but constant recovery has been observed in
this site as live coral cover has increased to ~ 15% (pers.
observ.).
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Coral physiology

At IMNP (Isla Larga and Isla Redonda), a total of 54 adult
colonies were tagged: 18 Pocillopora spp. colonies at Isla
Larga, and 18 Porites panamensis and 18 Pavona gigantea
colonies at Isla Redonda. At Punta de Mita, only adult
Pocillopora spp. (n = 20) colonies were tagged as the
presence of P. panamensis and P. gigantea is restricted to
five adult colonies. Pocillopora colonies are located at
3-6 m depth, while Pavona and Porites are more dis-
tributed at 15-18 m. Each tagged colony was sampled
(2-5 cm fragment) every 2-3 months during 2018 until an
annual cycle was completed. Samples were immediately
fixed using 10% seawater formaldehyde, decalcified with
10% acetic acid for ~ 12 h, and stored at room tempera-
ture until further processing.

Total lipid content was obtained from the coral tissue,
which was dried for 24 h at 60 °C and weighed on an
A&G® GR-200 Gemini Series Analytical Balance (0.1 mg
of precision). Lipid extraction was performed according to
Folch and Sloane-Stanley (1957) by adding 1 ml of a 2:1
chloroform/methanol solution to the dry tissue. To pre-
cipitate the lipids, 0.8% KCI was added to the mixture and
washed with 0.5 ml from a 1:1 methanol/water solution.
Precipitated lipids were centrifuged in a Heraeus Pico 17
centrifuge (Thermo Scientific®) and evaporated in a
Thermo Fisher Scientific® Dry bath. Finally, the samples
were dried overnight at 60 °C and weighed. Results are

expressed as total lipid weight relative to dry tissue (g
lipids g tissue ™).

Symbiont density was calculated using a ~ 1 cm? tis-
sue from each colony. The tissue was homogenized in
1.5 ml of 4% ethanol and stained with lugol. One milliliter
of the resulting solution was sampled, and symbiont cells
were quantified using a Neubauer hemocytometer (n = 8
counts per sample) and observed using a compound
microscope (Olimpus®; Rodriguez-Troncoso et al. 2010).
Photographs from all samples were taken before homoge-
nization using a Canon® Powershot D30 camera to cal-
culate the exact area of each tissue sample using Imagel
software (Abramoff et al. 2004); symbiont density was then
expressed as cells per unit area (x 10° cells cm™?).

Chlorophyll a concentration (also referred along the
manuscript as pigment concentration) was determined as
described in Rodriguez-Troncoso et al. (2014). From each
colony, a ~ 1 cm? tissue sample was preserved in 1.5 ml
of methanol, stored at —40 °C for 24 h, and centrifuged at
1500 g for 5 min at 4 °C using a Heraeus Pico 17 cen-
trifuge (Thermo Scientific®). The resulting solution was
analyzed in an Orion AquaMate 7000 VIS spectropho-
tometer (Thermo Scientific®) using a 10-cm-path-length
cuvette at 750, 664, and 630 nm. Chlorophyll a concen-
tration per cm? was calculated with Parsons et al. (1984)
equation, and exact areas were obtained as described for
symbiont densities. Finally, concentrations were
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standardized to chlorophyll a concentration per symbiont
cell with the densities previously obtained (ng Chla cell ™).

Environmental monitoring

To characterize the conditions under which coral commu-
nities develop at the studied sites, from 2016 to 2018 (in-
cluding months where coral sampling was carried out)
water samples were collected at each sampling site at the
same depth where tagged coral colonies were located
(between 5 and 16 m) to measure nitrite, nitrate, and
phosphate concentrations (mg 1™") according to Strickland
and Parsons (1972). Before laboratory analyses, samples
were properly stored and frozen at — 20 °C. Also, sedi-
mentation rates were estimated from May 2018 to June
2019 by installing three sediment traps at each coral site
next to the tagged coral colonies (less than 1 m from dis-
tance). Collected sediments were washed and filtered with
distilled water to eliminate salts and organic compounds,
dried for 1 week in a Scientific Precision® 25EG Economy
Oven at 60 °C, and weighed on an A&G® GR-200 Gemini
Series Analytical Balance (0.1 mg of precision). Sedi-
mentation rates were calculated using the area of the sed-
iment trap and total sediment dry weight (g cm 2 day ™ ';
Nava and Ramirez-Herrera 2012). Lastly, monthly tem-
perature was recorded in situ at each site by installing
HOBO® thermographs (Pendant) and programed with a
15-min interval at each site; each sensor was replaced
every two months.

Statistical analyses

First, a priori analyses were conducted to determine whe-
ther Pocillopora colonies from different morphotypes
could be grouped; hence, for each physiological marker, a
one-way ANOVA test was performed (Supplementary
Table 1). There were no significant differences among
Pocillopora species in any of the markers; therefore, sub-
sequent analyses were carried out at the genus level. As
overall data were not normal nor homoscedastic, differ-
ences between Pocillopora colonies from Isla Larga and
Punta de Mita (between sites) were analyzed with a two-
way univariate ANOVA with repeated measures based on
permutations with the Site (S) and Month (M) as fixed
factors. This statistical analysis is analogous to the multi-
factorial univariate ANOVA models and does not require
normality and homoscedasticity, allowing the use of raw
data without any transformation (Anderson et al. 2008).
Differences among the main reef-building coral genera in
their physiological condition were also assessed with a
two-way ANOVA with repeated measures based on
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permutations using the physiological traits measured in the
colonies from Isla Larga and Isla Redonda (IMNP) with the
Genus (G) and Month (M) as fixed factors.

As the study aims to evaluate sites with contrasting
perturbation levels, first, differences among sites in the
anthropogenic associated stressors (nutrient concentrations
and sedimentation rates) were evaluated with a two-way
ANOVA based on permutations, with the sites (S) and the
months (M) as fixed factors (Clarke and Gorley 2006;
Anderson et al. 2008). Also, as environmental variables are
not continuous along the year, as intermittent sampling was
imminent due to meteorological events, we included
available nutrient data from previous years (2016 and
2017) which were obtained with the same methods to
secure a most representative environmental characteriza-
tion, obtaining monthly nutrient values. Unfortunately,
there are no previous data about the sedimentation rates in
the area.

All the described ANOVAs were performed with
Euclidean distance matrices, 10,000 permutations, and with
a type III sum of squares. Post hoc pairwise tests were
carried out when terms were significant (p < 0.05). Anal-
yses were calculated using PRIMER ver. 6.1.11 + PER-
MANOVA ver.1.0.1 software (Clarke and Gorley 2006;
Anderson et al. 2008).

Finally, to test the effects of environmental conditions in
the corals’ physiological condition, generalized nonlinear
models (GLZ) were performed with each physiological
trait from each genus with the environmental variables
measured at their site of collection (Green and Silverman
1994). Overall models were constructed by scaling sedi-
mentation rates and temperature to match nutrient con-
centrations using Statistica ver 8.0 software (StatSoft,
2007). Results were considered significant when p < 0.05
(Zar 2010).

Results
Coral physiology

Differences between sites (Punta de Mita and Isla Larga) in
the corals’ physiological traits were evaluated in Pocillo-
pora colonies. Corals at Isla Larga exhibited higher lipid
content but lower symbiont density and pigment concen-
trations than corals at Punta de Mita (Table 1), with sta-
tistical differences found in the site X month interaction in
the lipid content and the symbiont density (Table 2). Dif-
ferences in pigment concentration were only observed
among months (Table 2). Pairwise comparisons between
sites showed differences from March to September with a
reduction in the coral’s lipid content during these months
(Fig. 2a; Supplementary Table 2). Symbiont density
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Table 1 Overall mean values of the physiological markers evaluated between sites (considering only Pocillopora spp. colonies from Punta de
Mita and Isla Larga), and among genera (considering colonies sampled at Islas Marietas National Park)

Site Total lipid content
(g lipids g tissue™")

Pigment concentration
(Chla ng cell™)

Symbiont density
(x 10° cells cm™?)

Isla Larga (IMNP) 0.286 4+ 0.018 0.419 £ 0.047 31.842 £ 4.972
Punta de Mita 0.187 + 0.010 0.775 £ 0.104 44.259 £ 7.885
Genus

Pocillopora 0.286 + 0.018 0.419 £ 0.047 31.842 £ 4.972
Porites 0.199 £ 0.025 0.415 £+ 0.038 33.424 £+ 5.638
Pavona 0.222 £+ 0.015 0.618 £ 0.056 15.601 £ 1.768
IMNP Islas Marietas National Park

Results are expressed as mean &+ SE

Table 2 Two-way univariate Factor Total lipid content Symbiont density Pigment concentration

permutational ANOVA with

repeated measures evaluating Pseudo-F P (perm) Pseudo-F P (perm) Pseudo-F P (perm)

differences in the physiological

markers analyzed between A) (A)

;teﬁlgcoﬂsldeﬂlng only . S 32.0339 0.0001 9.2648 0.001 2.7666 0.1086

ocillopora colonies) and B) M 13.4769 0.0001* 16.172 0.0001 21.673 0.0001%

among genera (considering only

colonies at Islas Marietas S*M 5.9879 0.0003* 3.4434 0.0073* 1.6195 0.173

National Park). S: site, M: (B)

month, G: genus G 5.1909 0.0094* 9.7755 0.0004* 6.351 0.0032%*
M 15.072 0.001* 39.121 0.0001* 25.186 0.0001*
G*M 1.2618 0.2655 1.8866 0.0647 2.0821 0.0334*

*Results with statistical differences (p<0.05)

showed differences (higher values) only during January in
corals from Punta de Mita (Fig. 2b; Supplementary
Table 2). As for pigment concentration, differences were
observed between the cold and warm months (January-
March and September-November, respectively) with the
first presenting the lowest Chlorophyll a content (Fig. 2c¢).
Also, pigment concentrations in June (the transition month
between seasons) differed from the other sampling months
(Supplementary Table 2).

Differences among coral genera were assessed between
colonies tagged at Isla Larga and Isla Redonda (IMNP)
since as described in the Materials and methods section,
Punta de Mita harbors only few Pavona gigantea colonies
and Porites panamensis colonies. Pocillopora colonies
presented the highest lipid content, Pavona corals exhibited
the most elevated symbiont densities, and Porites corals
exhibited the uppermost pigment concentrations (Table I;
Fig. 3). Significant differences among genera at the genus
x month interaction were observed only in the pigment
concentration per symbiont cell (Table 2; Fig. 3), particu-
larly between Pocillopora and Pavona colonies during the
warm months (September—November; Fig. 3c; Supple-
mentary Table 3). Significant differences in the other

physiological markers were

observed separately at the

genus or month level, respectively. Pocillopora colonies
significantly differed in their lipid content from both Por-
ites and Pavona colonies, and at the month level, the lipid
content that colonies presented during the cold months
(January—March) was higher than the rest of the year
(Fig. 3a; Supplementary Table 3). Finally, Pavona colonies
significantly differed from the other genera in their sym-
biont density, and at the month level, the symbiont density
in tagged coral colonies during the cold months (January-
March) was significantly higher than the warm months
(Fig. 3b; Supplementary Table 3).

Environmental monitoring

Nutrient concentrations measured from May 2016 to
August 2018 were the following: nitrite ranged from <
0.007 to 2.17 mg 17", nitrate from < 0.1 to 0.7 mg 17",
and phosphate from < 0.009 to 0.168 mg 1~ (Fig. 4a—c,
respectively), while sedimentation rates ranged between
1.039 and 549.532 mg cm™2 d~' (Fig. 4d). The univariate
permutational ANOVA analysis showed significant
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Fig. 2 Physiological markers analyzed for Pocillopora colonies at
Islas Marietas National Park and Punta de Mita. a Total lipid content,
b symbiont density, and ¢ chlorophyll a concentration. Results are
expressed as mean + SE. The blue squares mark the cold season in
the Central Mexican Pacific

differences in the interaction (site x month) only in the
nitrate concentration, while sedimentation significantly
differed only at the Site level (Table 3). Pairwise com-
parisons in nitrate concentrations evidence differences
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Fig. 3 Physiological markers analyzed for Pocillopora, Pavona, and
Porites colonies at Islas Marietas National Park. a Total lipid content,
b symbiont density, and ¢ chlorophyll a concentration. Results are
expressed as mean = SE. The blue squares mark the cold season in
the Central Mexican Pacific

between Isla Redonda and the other sites (Isla Larga and
Punta de Mita). In particular, Isla Redonda exhibited the
highest nitrite and nitrate recorded values (Fig. 2a, b),
while Punta de Mita presented the highest recorded
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Fig. 4 Monthly mean nutrient concentrations and sedimentation observed in the studied sites: a nitrite, b nitrate, and ¢ phosphate concentrations,

d sedimentation rates. Bars represent the SE

Table 3 Two-way permutational ANOVA that evaluates the differences among sites (Isla Larga, Isla Redonda, and Punta de Mita) in their
nitrite, nitrate, and phosphate concentrations, and their sedimentation rates. S: site, M: month

Factor [NO,] [NOs;] [PO4] Sedimentation

Pseudo-F P (perm) Pseudo-F P (perm) Pseudo-F P (perm) Pseudo-F P (perm)
S 0.26331 0.7578 13.136 0.009* 0.18839 0.8222 19.534 0.0001%*
M 0.24037 0.8607 6.469 0.0526 0.43862 0.8691 0.66905 0.7107
SxM 0.46351 0.645 12.045 0.0247* 0.43424 0.9197 1.1317 0.3549

*Results with statistical differences (p<0.05)

phosphate concentration (Fig. 4c). Finally, while the three
sites present different sedimentation rates (Fig. 4b, d;
Supplementary Table 4), Isla Larga recorded the highest
values (> 100 mg cm ™2 d_l), while Isla Redonda the
lowest (< 19 mg cm™ 2 d™'; Fig. 4d).

Coral physiology and environmental conditions

In general, both the lipid content and the symbiont density
decreased during the warm months in all coral colonies
analyzed (September—November; Figs. 2a, b, 3a, b). In
contrast, pigment concentrations were the highest during
the warm months (Figs. 2c, 3c). At all cases, the most
noteworthy changes were between warm and cold seasons,
with the transition occurring in June which exhibited
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differences with the rest of the sampling months (Figs. 2,
3; Supplementary Tables 2, 3).

The GLZ models of each physiological trait showed
different significant relations between the tagged coral
colonies and the environmental variables measured. Total
lipid content was significantly related to sedimentation
rates and sea temperature (Table 4) and symbiont density
was significantly related to nitrite and phosphate concen-
trations, while pigment concentration was significantly
related to nitrate and phosphate concentrations and sedi-
mentation rates (Table 4).

Discussion

Coral ecosystems typically develop in shallow tropical and
subtropical seas (Veron 2000) with high light availability,
low turbidity, warm temperatures (usually from 18 to
28 °C), and low nutrient concentrations (0.067 mg 17"
NO; and 0.022 mg 17! POs; Kleypass et al. 1999) and
therefore are characterized as oligotrophic conditions.
However, coral ecosystems distributed along the Eastern
Tropical Pacific (ETP) are influenced by conditions con-
sidered as marginal, such as wide temperature fluctuations,
low pH, and seasonal upwellings (Glynn 2017); further-
more, the CMP is located on the Northern limit of the ETP,

Table 4 Generalized non-linear models constructed with each
physiological trait and the environmental conditions analyzed at each
site

Physiological trait ~ Variable w p
Total lipid content
NO, 0.08115 0.775742
NO; 0.00011 0.991817
PO, 1.01735 0.313148
Sedimentation 15.88363 0.0001%*
Temperature 21.59162 < 0.0001*
Symbiont density
NO, 7.70047 0.005521*
NO; 1.72788 0.188682
PO, 22.04534 < 0.0001*
Sedimentation 0.06424 0.799911
Temperature 2.54252 0.110817
Pigment concentration
NO, 1.28523 0.256929
NO; 12.42232 0.000424*
PO, 62.52738 < 0.0001*
Sedimentation 6.23414 0.012531*
Temperature 3.76974 0.052188

*Results with statistical differences (p<0.05)
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and consequently, the studied coral communities are
influenced by the convergence of two coral ecoregions, the
Western Mexico and Revillagigedo islands ecoregion and
the Gulf of California ecoregion (Veron 2015). This con-
vergence characterizes the CMP as an oceanographic
transition zone between subtropical and temperate condi-
tions under the influence of colder and lower in pH water
from the California Current, the more saline water from the
Gulf of California, and the warmer water from the Mexican
coastal current (Portela et al. 2016). At the local scale,
coral communities in the CMP are also under the effects of
seasonal upwellings and internal waves that cause daily
fluctuations in temperature of up to 5 °C (Plata and Filonov
2017). In addition to these environmental variables, our
results showed that in particular, the coral communities
evaluated in this study are exposed to local anthropogenic
stressors such as high phosphate concentrations above the
typical ranges of oligotrophic coral reefs at all sites
(Fig. 4), which is a characteristic of eutrophic marine
ecosystems (Karydis 2009; CONAGUA 2016). Also, ele-
vated phosphate concentrations (Fig. 4c) as the ones
recorded at Punta de Mita confirm an abnormal and con-
stant runoff of nutrients attributed to fertilizers used in the
nearby golf course. Furthermore, oligotrophic reefs also are
characterized by low sedimentation rates between 1 and
10 mg cm? d~' (Todd et al. 2010) and in our study, both
Isla Larga and Punta de Mita exhibited higher values which
have been considered detrimental for reef development
(Fabricius 2005; Fig. 4d). In fact, both eutrophication and
sedimentation have degraded reefs located nearby coastal
areas (Fabricius 2011), and they can aggravate the effects
of ocean acidification through chemical bioerosion of the
coral skeleton, compromising the reef structure (Prouty
et al. 2017). However, this is not a nonoptimal or detri-
mental condition for the coral ecosystems in the Central
Mexican Pacific. At the physiological level, an abnormal
increase in nutrient concentrations and sedimentation cause
a reduction in their lipid content, rupture of symbiosis and
bleaching, and higher susceptibility to diseases (Fabricius
2005, 2011; Gil et al. 2016; Humanes et al. 2017),
decreasing their ability to recover from natural distur-
bances. In addition, sedimentation rates above
100 mg cm™ 2 damage the coral’s exposed tissue leading to
mortality within just a few days (Phillip and Fabricius
2003). However, during our study, no tissue damage or
mortality was recorded in the studied coral colonies,
including the ones at Isla Larga with the highest sedi-
mentation rates. Also, since each site presented at least
high levels of one of the analyzed stressors (Fig. 4), it
would be expected that the organisms present a change in
their physiological response that may be observed as a
decrease on biomarkers such as lipid content and symbiont
density, and while the results show significant differences
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between Punta de Mita and Isla Larga in these two phys-
iological markers (Table 2; Fig. 2), they are attributed to a
seasonal rather than a stress response (Figs. 2, 3 and Sup-
plementary Table 2). Also, pigment concentration
increased during the rainy season, when terrestrial runoff
increases the amount of nutrients that reach the sea
(Fig. 4), with nutrient concentrations higher than the ones
observed during spring months, when upwellings are pre-
sent in the area (Portela et al. 2016).

Specifically, elevated nitrogen concentrations in synergy
with high sedimentation reduce the coral colony’s ener-
getic reserves as the animal invests its energy to mitigate
and recover from the damage caused by these stressors
(Fabricius 2005; Wooldridge 2014). Contrary to this,
Pocillopora corals at Isla Larga exhibited the highest lipid
content (Fig. 2a) even though this site presented the “worst
conditions” such as the highest nitrate concentrations and
monthly sedimentation > 150 mg cm ™~ day~' (Fig. 4b,
d). Healthy coral tissue is typically comprised of 30—40%
of lipids (Ward 1995), and in all the analyzed colonies,
lipid content was approximately 20% of the coral tissue
(Table 1) and during spring months, lipid content was
above the 40% (Figs. 2, 3). Furthermore, the lipid values
observed in this study are higher than the ones previously
recorded for nutrient-enriched conditions where lipids did
not surpass the 600 pg cm > in Pocillopora colonies
(Achituv 1994) and are above the ones previously recorded
in the region (less than 20% of total lipid content; Rodri-
guez-Troncoso et al. 2010). Hence, these conditions may
not be considered as marginal for the coral communities in
the CMP as the organisms are able to accumulate energetic
reserves that may be used in other physiological processes
such as reproduction. In fact, lipid content was significantly
related to temperature but not to nitrite, nitrate, and phos-
phate (Table 4), and a reduction in the energetic reserves
during warm months (Figs. 2a, 3a) is consistent with the
reproductive period reported not only for Pocillopora,
colonies, but also for Porites, and Pavona corals (Santiago-
Valentin et al 2018), and a seasonal reduction in the lipid
content can be attributed to the gamete maturation, which
is a high energy demand process (Harrison 2011).

Differences in symbiont density were only seen at the
genus and month level (Table 2), and this physiological
marker was significantly related to nitrite and phosphate
concentrations (Table 4). Nutrient and sedimentation val-
ues such as the ones observed at Punta de Mita and Isla
Larga are often associated with direct anthropogenic
influence (Rouzé et al. 2015), and anthropogenic inputs
into the ocean can disrupt the availability of nutrients; for
example, an excess in nitrates unbalances de N:P ratio that
the symbionts require for photosynthesis (Parkhill et al.
2001; Fabricius 2005; Rosset et al. 2017), leading to a
phosphate starvation of the coral symbiont decreasing its

photosynthetic efficiency, and eventually resulting in reef
degradation (Parkhill et al. 2001; Wiedenmann et al. 2013).
Elevated phosphate concentrations nontypical of olig-
otrophic reefs (Fig. 4c) suggest Pocillopora symbionts do
not face unbalanced rates of inorganic nutrients, and
therefore, symbiont cell division is not compromised
(Fabricius 2005). On the contrary, coral colonies incre-
mented their pigment concentrations at the end of the
summer (Figs. 2, 3), when nutrient values are the highest
(Fig. 4).

Since differences were found between sites, a difference
in the physiological response of corals at the genus level
can also be expected specially since the analyzed genera
present distinct relative covers (Cupul-Magaia and
Rodriguez-Troncoso 2017). In general, Pocillopora colo-
nies presented a higher lipid content, while Porites colonies
exhibited higher chlorophyll a concentrations per symbiont
cell, and Pavona colonies a higher symbiont density
(Table 2; Fig. 3). However, significant differences were
observed in the genus x month interaction only in the
chlorophyll a content per symbiont cell (Table 2), with
Pavona corals differing from the other genera, even from
Porites colonies, which were collected at the same site and
depth (Isla Redonda; Supplementary Table 3). Also,
monthly differences were present between warm and cold
months in all physiological markers (Supplementary
Table 3). These results suggest that overall differences in
coral physiology are not a consequence from stress but a
seasonal variation in the corals’ physiology and life history.
In particular, differences between Pavona and Porites
colonies also suggest that each genus has different annual
physiological strategies at a microscale level. For example,
coral colonies can develop under different environmental
conditions by modulating their symbiont densities or their
pigment concentrations (Fabricius 2005; Ziegel et al.
2014); hence, Porites colonies may balance their metabolic
requirements by increasing the pigment concentration in
their symbionts, while Pavona colonies allow the prolif-
eration of their symbiont cells and this may be possible
because nutrient enrichment, particularly of dissolved
inorganic nitrogen, promotes both processes and Isla
Redonda presented the highest recorded nitrogen values
during the warm months and was differentiated from the
other two sites (Fig. 4; Supplementary Table 4).

The observed physiological response may be then the
result of increased tolerance to marginal conditions from
the life history of the animal (Morgan et al. 2017; Sully and
van Woesick 2019; Green et al. 2019), as corals are sub-
mitted throughout the year to nutrient concentrations non-
typical of oligotrophic reefs since the region presents
seasonal upwellings during winter (Portela et al. 2016) and
terrestrial runoffs during the warm rainy season, which
may explain why there were few differences among sites in
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the environmental variables analyzed (Supplementary
Table 4). Even though for most environmental conditions
there were no significant differences, the highest nutrient
values and sedimentation rates were observed during the
rainy season (June—August; Fig. 4), and since local con-
ditions may continue to change specially because of urban
growth (Merchand-Rojas 2012), a further increase in the
nutrient loads into the coral communities can be expected
with future changes in the patterns of terrestrial runoff due
to the construction of touristic facilities and increased
water discharges that contain agrochemical compounds
from golf camps. Hence, we suggest that these coral
communities have developed a resistance that will enable
them to survive and persist even in eutrophic environments
with elevated sedimentation and it can be expected that
these coral communities have the ability to resist and
recover from other global stressors like ENSO events.
Indeed, this has been observed in the coral community at
Punta de Mita, which was severely affected by the
1997-1998 EI Nifio event that reduced the live coral cover
from 90 to 3%, and with branching corals being the sole
survivors (Carriquiry et al. 2001). To date, this community
has recovered 50% of its original cover (pers. observ.), and
even more, corals at all the studied sites were able to resist
and recover from the recent 2015-2016 ENSO event
(Tortolero-Langarica et al. 2017) that caused massive
bleaching and mortality in other regions (Hughes et al.
2018), suggesting that coral communities in the CMP have
the capacity to acclimatize to suboptimal conditions as the
limiting environment they inhabit has promoted this
(Figs. 2, 3, 4) and the significant differences observed were
mainly between warm and cold months (Supplementary
Tables 2 and 3).

In addition, corals can also develop in nutrient-enriched
environments where sediments are resuspended continu-
ously by feeding from suspended particles (Anthony and
Fabricius 2000), and this capacity of corals to obtain
nutrients from suspended matter has also been suggested to
favor their survival during thermal stress (Grottoli et al.
2006; Sully and van Woesick 2019). Heterotrophy can be
then another process by which corals can develop in sites
with elevated sedimentation rates such as Punta de Mita
and even with rates > 100 mg cm ™2 day~' as the ones
found at Isla Larga, the site that also presented lower
monthly mean symbiont densities and pigment concentra-
tions (Fig. 2). This extra source of nourishment may also
further explain why these communities present one of the
highest growth rates recorded in the Northeastern Tropical
Pacific (Tortolero-Langarica et al. 2017). In fact, elevated
nutrient concentrations do not always affect negatively the
coral community (Wear and Thurber 2015); an increase
may favor coral growth by enhancing the coral’s sym-
bionts’ photosynthesis through cell proliferation and
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increase in pigment concentrations as well as coral
heterotrophy nourishment as already seen in other regions
(Fabricius et al. 2005; Grottoli et al. 2006; Morgan et al.
2017; Sully and van Woesick 2019). As symbiont density
and pigment concentrations were significantly related to
inorganic nutrients (Table 4), they may provide corals with
the energy necessary to withstand other natural stressors
such as the daily thermal anomalies in the region caused by
internal waves (Plata and Filonov 2007; Green et al. 2019).
While previous studies (Rodriguez-Troncoso et al.
2014, 2016; Tortolero-Langarica et al. 2017) along with
our results suggest that corals in the region are able to cope
with local stressors (including those associated with
anthropogenic impacts), further analyses that incorporate
gene expression, laboratory experiments in corals, and
other ecological processes (such as bioerosion and grazing)
are required to fully understand the mechanisms that enable
corals to inhabit conditions considered as marginal for reef
development and if coral communities are currently sur-
viving close to their tolerance limits, especially when cli-
mate change and coastal development have a synergic
negative effect (Prouty et al. 2017) and corals may not be
able to survive future impacts.

Previous studies suggested that under the current climate
change scenario, coral ecosystems in the Eastern Pacific
may shift from being ecosystems majorly constituted by
branching coral species (e.g., Pocillopora colonies) to
being dominated by massive scleractinians (like Porites
colonies) with the subsequent loss of reef complexity
(Cabral-Tena et al. 2018), especially since branching coral
species belonging to the Pocillopora genus were consid-
ered to be highly susceptible to changes in environmental
conditions (Carriquiry et al. 2001). However, recently a
number of studies suggest that these corals are able to cope
not only with global stressors (Romero-Torres et al. 2020),
but with local conditions which for specific locations could
be considered as detrimental for coral development (Mor-
gan et al. 2017; Green et al. 2019; Sully and van Woesik
2019; present study). This is important because reefs that
develop under variable water conditions may have a wider
resistance threshold due to the history of the coral com-
munity (Romero-Torres et al. 2020), which can make them
future refuges for corals under the current climate change
scenario and increasing anthropogenic pressure. However,
the idea that marginal coral ecosystems have developed a
bigger resistance does not imply that a continuous increase
of these stressors at accelerated rates will not have a neg-
ative effect in their health. According to the Federal
Mexican Ecological Criteria of Water Quality for the
Protection of Marine Life (CONAGUA 2016), nutrient
levels are five times above those considered as adequate for
the development of marine ecosystems (NO, < 002, NO;.

<0.04, and PO, < 0.002mg1™") even at IMNP, a
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Marine Protected Area, and are expected to increase with
further urban growth.

Our results confirm the recent suggestion that coral
ecosystems in marginal conditions may become biodiver-
sity refuges in a changing ocean (Morgan et al. 2017,
Green et al. 2019; Sully and van Woesick 2019), and
therefore, their protection may be essential for the con-
servation of coral ecosystems. There is an urgent need for
adequate management policies that regulate nutrient and
sediment inputs from anthropogenic sources; unfortu-
nately, the CMP is a luxury destination region for tourism
and is expected to grow at a fast rate to fulfill increasing
touristic demands (Merchand-Rojas 2012). How long will
corals withstand a changing environment while facing
anthropogenic threats? The answer is uncertain as so far
evidence suggests that corals can maintain and develop in
this suboptimal region, but surely, their ability to persist
will be affected by the synergic effects of climate change
and nonregulated urban development.
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