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Reproduction of the endangered endemic 
saffron coral to the Gulf of California Porites 
sverdrupi (Anthozoa: Scleractinia): implications 
for its long‑term maintenance
Violeta Martínez‑Castillo1  , Alma Paola Rodríguez‑Troncoso1*  , Héctor Reyes‑Bonilla2  , 
Carlos Augusto Aguilar‑Cruz3 and Carlos Rangel‑Dávalos4

Abstract 

The biology of the scleractinian Porites sverdrupi, endemic to the Gulf of California, is poorly studied. In order to fill that 
gap, the present study documents the reproductive biology of this coral which is to date protected by the IUCN’s as 
“vulnerable” and listed as “in risk of extinction” in the Mexican Federal Law for species protection. Also, potential distri‑
bution models were constructed to evaluate the status of the remaining species’ populations, and the role that repro‑
duction has in their permanence. Porites sverdrupi show a gonochoric brooding reproductive pattern, with asynchro‑
nous gamete development regulated by sea surface temperature and light. The potential distribution models suggest 
that this coral currently covers less than 6% of its original range of distribution. Furthermore, the results suggest that, 
despite the drastic decline of the species, the remaining populations have the ability to persist even under current 
changing ocean conditions as successful sexual reproduction was documented even during the strong 2014–2015 
ENSO event producing sexual recruits to maintain themselves.
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Introduction
Sexual reproduction in corals has been widely studied 
as a fundamental process that contributes to the main-
tenance of populations [1], increases their resilience 
[1], and promotes long distance dispersal [2]. It is con-
sidered a key factor for coral development and survival 
in isolated regions [2], such as the Eastern Tropical 
Pacific (ETP [3]), where corals live under extreme envi-
ronmental conditions such as low pH, high sedimen-
tation, nutrient pulses, and wide ranges of sea surface 
temperature [4]. Furthermore, successful reproduction 

and recruitment of corals is essential for reef recov-
ery in this region after ENSO events [5, 6] which are 
increasing in both frequency and intensity with the 
consequent massive bleaching and mortality events [7, 
8].

Gamete production and maturation of the main reef 
building coral families such as Pocilloporidae, Poriti-
dae, and Agariciidae, in the ETP are associated to the 
warm season, usually from May to September [9, 10], 
and some Porites corals may even produce gametes 
throughout the year [10]. In the area, most scleractin-
ians have been described as spawning corals, both gon-
ochoric or hermaphrodite, and there is only one known 
brooder species, Porites panamensis Verrill, 1866 [9]. The 
Mexican Pacific (MP) represents the northernmost East 
Pacific distribution limit for hermatypic corals, a region 
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influenced by strong annual changes in sea surface tem-
perature caused by the convergence of the cold Califor-
nia Current, the warm Mexican Coastal Current, and the 
warm and high salinity waters from the Gulf of California 
(GC [11]).

Even though the reproductive patterns of the most 
abundant coral species in the MP have been previously 
characterized [9, 12, 13], there is still no information 
about the reproductive biology of several taxa, includ-
ing endemic species such as the saffron coral Porites 
sverdrupi Durham, 1947, a free living scleractinian (i.e. 
that does not attach to the substratum) usually associ-
ated to rhodolith beds [14] at depths from 1 to 40  m 
(Fig.  1, [15]). The historical geographic distribution of 
the species in Mexico ranges from Islas Marias (20° N) 
to Isla Angel de la Guarda (29° N, Fig.  2a, [16]), how-
ever, a rapid and constant decrease in populations has 
been recorded since the early 1990’s as a consequence 
of bleaching events and hurricanes [17, 18]. Currently, 
only three extant healthy populations can be found 
along the GC: one at San Lorenzo Channel, La Paz Bay 
(24° N), and others at Isla Catalana, Loreto Bay (25° N), 
and El Requeson Beach, Concepcion Bay (26° N; Fig. 2b, 
[16]). 

It is well known that a low population density and a 
reduced geographic range may increase the susceptibil-
ity and vulnerability of any species [19]. Because of its 
currently reduced distribution, susceptibility to disease, 
habitat degradation, and high sea water temperatures 
in the area associated to ENSO events, Porites sver-
drupi is categorized as “vulnerable” by the IUCN Red 
List of Threatened Species [15] and listed as “in risk of 

extinction” in the NOM-059-SEMARNAT-2010, the 
official Mexican regulation for endangered species. 
Therefore, it is highly relevant to understand life his-
tory processes, such as reproduction and its relation 
to environmental conditions, since this is a key process 

Fig. 1  Porites sverdrupi coral colony at the rhodolith bed in Isla 
Catalana. Photography courtesy of Sara M. Melo-Merino

Fig. 2  Porites sverdrupi distribution in the Gulf of California: a 
historical occurrences of the species, b sites with extant populations 
of P. sverdrupi: 1-San Lorenzo Channel, La Paz Bay; 2-Isla Catalana, 
Loreto Bay; 3-El Requeson, Concepcion Bay
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that needs to be considered by stakeholders for man-
agement and conservation strategies.

Materials and methods
A total of 355 Porites sverdrupi adult colonies of ~ 5–10 
of maximum diameter cm were collected across the 
20  months of sampling, from May 2014 to December 
2015, from a rhodolith bed at a depth of 20  m at Isla 
Catalana, Mexico (25.66366° N, 110.80469° W; Fig.  2), 
25 km east off the Baja California peninsula, in the cen-
tral region of the GC.

The site of collection presents a higher density of 
coral colonies (> 70 colonies per m2, [20]) compared to 
other extant populations in the GC [16]. Between 16 
and 26 free-living colonies (i.e. they are unattached to 
the substratum) were collected by SCUBA diving, fix-
ated in 5% formaldehyde and transported to the labo-
ratory where they were stored at room temperature 
until further processing. Corals were decalcified using 
a solution of 10% HCl, 0.7 g EDTA, 0.14 g sodium tar-
trate, and 0.008 g sodium potassium tartrate [21]. The 
decalcified tissues were rinsed in tap water for 24  h 
and preserved in 70% ethanol [21]. Following preser-
vation, tissues from each sample were processed in a 
Tissue Processor (Tissue-Tek II®) and embedded in 
paraplast [22]. Histo-slides of 5  µm in thickness were 
produced using a rotation microtome (Leica® RM 
2125RT) and stained with Harris’ hematoxylin and 
eosin [23]. Resulting histo-slides were analyzed using a 
compound microscope (Nikon 21 Optiphot-II®) iden-
tifying the sex of each colony and gametocyte devel-
opment status according to Glynn et al. [21]. Gametes 
were photo documented and the mean ± standard error 
of observed oocytes and nuclei were measured using 
the software AxioVision® v.4.8. Sex ratio was evaluated 
using a Chi square test for equality of proportions with 
the total number of female and male colonies sampled 
[24].

During the study, four environmental variables were 
selected to evaluate their influence in the reproduction 
of P. sverdrupi: mean monthly sea surface temperature 
(SST), photosynthetically active radiation (PAR), light 
attenuation coefficient (kd at 490 nm), and chlorophyll a 
concentration (chl a) values. For all environmental vari-
ables, data were obtained from images of the MODIS-
Aqua satellite at a resolution of 4 km taken in the general 
area of presence of the coral population at Isla Catalana 
from the GIOVANNI database of the National Aeronaut-
ics and Space Administration of the United States [25]. 
Each reproductive stage was cross-correlated according 
to Davies [26] with the environmental data using Past 
v3 software [27] to observe if gamete production and 

maturation in P. sverdrupi is linked to these variables. 
In these analyses, a positive lag means that as the envi-
ronmental conditions change (e.g. as temperature rises), 
gamete production begins, and hence reproduction is 
linked to the variable analyzed. Historical satellite data 
was used for the construction of potential distribution 
models as well.

Finally, to determine the vulnerability of this threat-
ened species [15, CITES id 9120], the ecological niche 
and potential distribution of the species P. sverdrupi was 
modeled in MaxEnt software v3.3.3  k [28] under three 
different scenarios: (1) the representation of the histori-
cal distribution; (2) the constraints after the first extinc-
tion events in the southern GC, and; (3) the consequent 
distribution of the species to date. To build such models, 
historical occurrences were obtained from local records 
[29], the Ocean Biogeographical Information System 
[30], the Global Biogeographical Information Facility 
[31], and from field excursions (this study).

Repeated occurrences were discarded before the analy-
ses to avoid overparameterization of the models [32] and 
were built using the annual values of minimum, maxi-
mum, mean, and range of environmental variables as 
follows: oxygen, salinity, silicate, phosphate, and nitrate 
concentrations from 1990 to 2010 were gathered from 
the World Ocean Atlas 2013 [33], while sea surface tem-
perature, chlorophyll a concentration, the coefficient of 
light extinction (kd at 490  nm), and depth of euphotic 
zone were obtained from satellite information (2002 
to 2015) through the National Aeronautics and Space 
Administration of the United States [25]. Alkalinity was 
estimated using temperature and salinity values [34], 
while pH and the aragonite concentration were calcu-
lated with CO2SYS software using temperature, salin-
ity, silicate, nitrate, and atmospheric concentration of 
carbon dioxide [35]. Last, the type of coast was included 
as an environmental variable to characterize the habitat 
as either rocky or sandy bottoms using satellite imagery 
(Google Earth©) with a spatial grid to assign a binary 
character with the Geographic Information System Arc-
Map 10.1 [36], where 1 represents rocky bottoms and 0 
stands for sand. The same approach was used to include 
the presence of rhodolith beds. The MaxEnt models 
were run at a resolution of 9 km of pixel using 75% of the 
occurrences as training data to build the predictions, and 
the other 25% to assess the accuracy of the final models. 
Validation of the models was performed using the area 
under the receiver operating characteristic curve (AUC), 
where AUC values equal or above 0.8 indicated reliable 
predictive models. The presence of the studied coral in 
each model was defined using the 10-percentile training 
presence logistic threshold [37].
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Results
Reproductive biology
Porites sverdrupi is a gonochoric coral, as a single colony 
produces only one type of gamete and hence can be con-
sidered as either female or male. Gametes developed dur-
ing the summer and were located within the mesenteries 
and, when mature, they were placed near the gastrovas-
cular cavity. Only 120 colonies (33.8%) out of the 355 col-
lected presented gametes and were assigned to a specific 
sex (Fig.  3), suggesting seasonality in the coral’s game-
togenesis. Of the reproductively active colonies, 16.3% 
were females and 17.5% males, and the sex ratio did not 
significantly differ from 1:1 throughout the two years of 
study (Chi square test, Χ2 = 0.1333, g.l. = 1, p = 0.7150). 
No gametes were observed in the remaining 235 colonies 
(66.2%), so they were considered as reproductively inac-
tive throughout the 20 months of sampling.

Gamete development was asynchronous for both 
female and male colonies (Fig.  4). Female gametes were 
first observed in January and February 2015, although 
rarely (less than 2% of the analyzed colonies), while sper-
maries were first observed in March 2015. Mature ova 
and spermaries as well as planulae were observed from 
June to August in both studied years.

Oogenesis
Four maturity stages were observed in P. sverdrupi 
(Table  1, Additional file  1: Fig. S1). Most female colo-
nies produced only one oocyte per polyp, and when 
two oocytes were observed in one single polyp, both 
were immature (stages I or II). Stage I oocytes were 
characterized as round cells with a mean diam-
eter of 17.51 ± 1.45  µm, big nuclei and a thin layer 
of cytoplasm. Stage II cells had a cell diameter of 
62.01 ± 3.85 µm, and cells were oval with larger nuclei 
located in the center of the cell. Stage III oocytes 
had an average diameter of 173.15 ± 13.53  µm, big-
ger nuclei and had symbiotic dinoflagellates located 

in the cell’s periphery. In late stage III oocytes, some 
lipid vacuoles could be distinguished. In these cells, 
there was an evident increase in their size (mean diam-
eter = 214.61 ± 25.67 µm) and symbiotic dinoflagellates 
were observed around the gamete. Only two ova in dif-
ferent coral colonies were observed (stage IV) near the 
polyp’s gastric cavity and had a size < 300 µm. They pre-
sented vacuolated cytoplasms, symbiotic dinoflagellates 
both surrounding them and within their cytoplasms, 
and the nucleus was observed in the periphery of the 
cell.

Spermatogenesis
Spermatozoa in stages II, III and IV were observed, and 
these differed in the number, size, and shape of cells 
within the tubes (Additional file 2: Fig. S2). Stage II sper-
matozoa had big round cells inside a tube or sac. Stage III 
spermatozoa had more rounded cells with smaller sizes 
than those found in stage II cells. Male gamete matura-
tion was observed when the cells started congregating 
along the tube’s periphery, leaving an empty space called 
lumen in the center. In late III spermaries, this lumen 
began to be occupied with the tails of maturing cells. 

Fig. 3  Sex proportion of the coral Porites sverdrupi evaluated from 
May 2014 to December 2015. Missing bars represent unavailable data

Fig. 4  Monthly proportion of colonies with evidence of gametes 
per maturation stages. a Monthly proportion of oocytes (OI: oocyte 
I, OII: oocyte II, OIII: oocyte III, OIV: oocyte IV) and planulae (P); b 
monthly proportion of spermaries (SII: spermary II, SIII: spermary III, 
SIV: spermary IV)
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Mature spermatozoa were distinguished by the presence 
of flagellated cells disposed in a “bouquet” form, where 
the tails from the spermatozoa were arranged to one side 
of the tube.

Planulae
Brooded larvae were recorded from June to August 
in both studied years, and their average diameter 
was 297.87 ± 21.38  μm (n = 10). The largest meas-
ured embryo was seen in August 2014 and measured 
415.08 ± 21.38  μm, while the smallest one was seen in 
June 2014 and measured 180.5 ± 21.38  μm. Endosymbi-
otic cells were observed in the endoderm of all measured 
larvae (Additional file 3: Fig. S3).

Reproduction and environmental conditions
During the two years of study sea surface temperature 
at Isla Catalana ranged from 21 to 33 °C. Photosyntheti-
cally active radiation values varied between 28.58 and 
62.21 Einstein m−2 day−1, while water transparency (kd) 
monthly mean was from 0.03 to 0.21 m−1, and chlorophyll 
a concentration fluctuated from 0.17 to 2.82  mg  m−3 
(Fig. 5). The highest temperatures, irradiances, and water 
transparency values, as well as the lowest chlorophyll-a 
concentrations occurred during the warm season from 
June to August and extended to November in both years, 
with SST ranging from 26 to 33 °C.

Reproduction in Porites sverdrupi is statistically signifi-
cantly correlated to SST and PAR and there was a positive 
lag between these variables and maturation of gametes 
(Table 2). Notably, immature oocytes (stages I, II, and III) 
were observed in March, when SST and PAR values were 
around 24  °C and 50 Einstein m−2 day−1 respectively, 
three months before the highest temperatures (Fig. 5). As 
temperature and irradiance increased (within 2 months, 
Table  2), gametes matured and both stage IV oocytes 
and planulae were observed during the warmest months 
from June to August (lag = 0, Table 2), with SST ranging 
from 29 to 33 °C, and irradiances from 55 to 62 Einstein 
m−2 day−1. Mature male gametes (spermatozoa) were 

observed one month (May) before the highest STT and 
irradiances (Table 2).

Female gamete maturation was statistically significantly 
correlated to water transparency (Table  2), at kd values 
from 0.05 to 0.15  m−1. Planulae were observed at a kd 
below 0.06, during summer months (June to August).

Lastly, immature gametes (stages I and II) were mainly 
observed after the months with the highest chlorophyll 
a concentrations and lowest temperatures (Fig. 5). Even 
though correlations were significant with chlorophyll a, 
there was no evident temporal pattern with any of the 
gametes’ maturity stages as lags did not exhibit a chrono-
logical order (Table 2).

Status of the coral Porites sverdrupi
Validation of the statistical models showed that they were 
precise when predicting the presence of the species, with 
areas under the receiver operating characteristic curve 
(AUC) of 0.993. The ecological niche analysis suggested 
that in the years before extinction events (before the 
1990’s, Table  3), P. sverdrupi was distributed in shallow 
waters next to rocky coasts on rhodolith beds.

The resulting predictive models suggest that P. sver-
drupi pre 1990’s populations inhabited from Islas Marias 
(21° N) to Isla Angel de la Guarda (29° N), with an area of 
15,552 km2 (Fig. 6a). After the first reported local extinc-
tions (1990’s), the area of presence of the species was 
reduced to 3 159  km2 in the central GC, from Isla San 
Diego (25° N, Fig. 6b) to El Barril (27° N). The last model 
constructed with extant populations limits the coral pres-
ence mostly to a few insular areas, from Isla Cerralvo (24° 
N) to Concepcion Bay (26° N). The current area occupied 
by P. sverdrupi is 891 km2, less than 6% of its original dis-
tribution (Fig. 6c).

Discussion
Reproductive biology of Porites sverdrupi
Porites sverdrupi is a gonochoric brooding coral, one of 
the least common combinations between reproductive 
mode and sexual pattern among Scleractinia [2, 3, 38, 

Table 1  Mean, maximum, and minimum cell and nucleus diameters recorded in Porites sverdrupi oocytes from May 2014 
to December 2015

Data is expressed as mean values ± standard error

Oocyte stage N Mean cell diameter (µm) Min cell 
diameter (µm)

Max cell 
diameter (µm)

Mean nucleus 
diameter (µm)

Min nucleus 
diameter (µm)

Max nucleus 
diameter (µm)

I 11 17.51 ± 1.45 10.64 24.65 5.16 ± 0.35 3 7

II 54 62.01 ± 3.85 19.49 130.36 21.36 ± 1.09 9 45

III 16 173.15 ± 13.53 112.13 285.53 36 ± 3 22.44 64.5

Late III 2 214.61 ± 25.67 188.94 240.28 61.59 ± 15.27 46.32 76.87

IV 2 335 ± 33.5 301.45 368.56 69.58 ± 1.90 71.49 67.68
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39]. As gamete development is asynchronous, it is pos-
sible that reproductively inactive colonies during the 
2014 and 2015 reproductive period may be immature or 
may have not started yet this process and hence gametes 
could not be observed, while in other months, reproduc-
tion does not take place. These reproductive characteris-
tics are congruent with the recognized bio geographical 
traits of the genus in which most Porites species from 

the Indo-Pacific are primarily gonochoric [40]. Also, one 
or two larvae may be produced per polyp each one con-
taining their own symbiotic dinoflagellates, suggesting a 
vertical transmission from the mother colony, coincid-
ing with previous observations that the ETP scleractin-
ians predominantly vertically inherit their symbiotic 
dinoflagellates [3]. It is also congruent with the observa-
tion of Szmant [41] that species of this genus with small 
adult sizes (< 30 cm of diameter) are usually brooders in 
the Caribbean. Porites sverdrupi is a coral whose colonies 
are small (usually less than 10 cm in maximum diameter 
[14, 42]; pers. observ.), and in our study collected colo-
nies had at least 5  cm in their maximum diameter. The 
species is also closely related to P. panamensis and to the 
Caribbean Porites furcata and Porites divaricata [43, 44], 
all of which are gonochoric brooders. This strengthens 
the idea that the reproductive pattern in Porites species 
is not only a bio geographical trait, but also an evolutive 
and prevalent one [39] that reinforces its evolutive rela-
tionship with the Caribbean Porites species [44]. It also 
coincides with previous studies that suggest that Porites 
species [9, 13, 37] share similar reproductive traits within 
the region, like consistent gonochorism [39].

In several coral species, reproduction depends on col-
ony size rather than age, and mature coral colonies usu-
ally stop reproducing when fragmented, although they 
become active again upon reaching a certain size [2, 45]. 
Unlike other Porites species where reproduction has 
been observed only in bigger colonies (e.g. P. lobata mean 
reproductive colony size is of 0.036  m2 for males and 
0.508  m2 for females [21]), P. sverdrupi is a small coral 
and thus may reach sexual maturity at smaller sizes (less 
than 10  cm diameter), resulting in an early reproduc-
tive age. As currently there are no reports characterizing 
the growth parameters of the species, and, considering 
that its close congener P. panamensis (endemic to the 
ETP) has a mean linear extension (e.g. growth in cm) of 
0.91 ± 0.29 cm year−1 [46], it can be inferred that P. sver-
drupi colonies in this study must be at least 5 years old, 
thus, sexual maturity is reached with a size of at least 
5 cm of maximum diameter. However, it is important to 
mention that further research about the species growth 
parameters are required to confirm this suggestion.

Also, P. sverdrupi exhibited a sex ratio of 1:1 through-
out the study. Martínez-Castillo et  al. [47] found that 
the species has high genetic variability despite being an 
endemic scleractinian undergoing extinction, suggesting 
that this coral’s unexpected genetic variation is due to a 
high rate of effective sexual reproduction. A sexual ratio 
of 1:1 is considered an optimal ratio as it enhances the 
possibility of effective sexual reproduction as colonies 
have a bigger probability of achieving fertilization [2], 
unlike coral communities where colony fragmentation 

Fig. 5  Study site’s monthly percentages of colonies with and without 
reproductive activity along with mean monthly values of: a sea 
surface temperature, b photosynthetically active radiation, c water 
transparency, and d chlorophyll a concentration
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promotes a higher proportion of clones (and hence of a 
single sex) with the consequent decrease in the genetic 
variation [9].

Brooding corals limit their production of eggs as larvae 
develop within the polyp, thus, having a limited internal 
space for their maturation [13] which may explain the 
limited number of larvae produced per polyp in P. sver-
drupi. Gamete production is a metabolically expensive 

process where female gamete maturation requires high 
amounts of energy, therefore, production of a single 
oocyte per polyp in P. sverdrupi may ensure the energy 
supply for gamete development and further larvae main-
tenance [48]. Furthermore, larvae released by brooding 
corals may recruit in the same population (self-recruit-
ment), as they metamorphose into primary polyps within 
minutes to hours of planulation [49], which may as well 

Table 2  Cross-correlations between  each gamete stage and  mean monthly values of  sea surface temperature (SST), 
photosynthetically active radiation (PAR), light attenuation coefficient (kd) and chlorophyll-a concentration (Chla)

Lags represent months
*  Asterisks show significant correlations

Gamete SST PAR kd Chla

Lag r P Lag r P Lag r P Lag r P

Oocyte I 3 − 0.67 0.0482* 3 − 0.83 0.0056* 3 0.76 0.0166* 3 0.74 0.0225*

Oocyte II 3 − 0.71 0.0333* 3 − 0.63 0.0680 3 0.67 0.0498* 3 0.64 0.0650

Oocyte III 3 − 0.73 0.0254* 0 0.75 0.0048* 3 0.73 0.052 4 0.90 0.0022*

Oocyte IV 1 0.44 0.1795 0 0.63 0.0280* 0 − 0.48 0.1175 3 − 0.15 0.7071

Planuale 0 0.70 0.0118* 0 0.67 0.0182* 0 − 0.38 0.0227* 5 0.90 0.0022*

Spermary II 0 0.68 0.0155* 2 0.67 0.0282* 3 − 0.30 0.4373 5 0.87 0.0050*

Spermary III 0 0.56 0.0605 1 0.57 0.0687 0 − 0.51 0.0881 4 0.89 0.0034*

Spermary IV 0 0.63 0.0281* 1 0.71 0.0152* 0 − 0.48 0.1160 3 − 0.15 0.7071

Table 3  Oceanographic variables that explain 90% of the potential distribution Maxent models built for P. sverdrupi 

Variable Contribution to the model (%) Cumulative 
contribution 
to the model (%)

First model: historical distribution (pre-1990’s)

 Depth 44 44

 Presence of rocky coast 18.9 62.9

 Presence of rhodolith beds 15 77.9

 Primary productivity (max) 4.1 82

 Salinity (min) 3.4 85.4

 Nitrate concentration (min) 3.2 88.6

 Salinity range 2 90.6

Second model: distribution after the first local extinctions

 Presence of rocky coast 30.1 30.1

 Depth 25.4 55.5

 Presence of rhodolith beds 15.1 70.6

 Salinity range 4.9 75.5

 Dissolved oxygen (max) 4.8 80.3

 Mean PAR 3.8 84.1

 Primary productivity (max) 3.4 87.5

 Alkalinity range 3.4 90.9

Third model: distribution up to date

 Presence of rhodolith beds 70.2 70.2

 Presence of rocky coast 13.1 83.3

 Depth 7.1 90.4
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limit their dispersion and ability to recruit into new sites 
[3]. In the present study, P. sverdrupi planulae exhib-
ited sizes (297.87 ± 21.38  μm) similar to those observed 
in P. panamensis from Panamá and the Southern Mexi-
can Pacific (322 ± 11.25; > 300  µm respectively [13, 21]), 
hence, as suggested by Martínez-Castillo et al. [47], they 
behave in the same way which causes a limited genetic 
exchange among its populations. Therefore, local recruit-
ment along with coral fragmentation are processes con-
tributing to the survival and persistence of the species in 
the area, underscoring the importance of sexual repro-
duction in this endemic species.

Reproduction and environmental conditions
Reproduction in corals is driven by a combination of 
environmental signals that control timing in physiologi-
cal processes that lead to gamete maturation [39], there-
fore, reproductive activity is triggered with “optimal 
environmental conditions”, constraining this process to 
just a few months as seen in other coral species [45]. In 
this study, we report significant correlations with posi-
tive lags (meaning that gamete maturation occurs one or 
a few months after environmental conditions changed) 
among gamete maturity stages and both temperature 
and light. Temperature has been reported as the most 
important environmental control on coral reproduction 
since it regulates metabolic procedures of the organisms 
[50]. An abnormal increase in temperature may reduce 
coral fecundity, quality of oocytes, successful fertilization 
and larvae survival [51]. During the two years of study 
(2014–2015), a strong ENSO event influenced the region 
[7, 8], with temperatures reaching +3  °C of the annual 
maximum from June to September [52], which possibly 
altered the reproductive activity of P. sverdrupi as strong 
ENSO events, depending on their severity, may diminish 
or inhibit the reproductive activity [53]. However, even 
during this abnormal increase in sea surface tempera-
ture (the so called El Niño "Godzilla"), gametes and lar-
vae were observed in both years during the months when 
peak temperatures (June to August) reached the 32.8  °C 
(+3 °C from the mean annual maximum SST [52]), rein-
forcing the idea that brooding is a key trait to ensure 
reproduction even during adverse environmental condi-
tions as maintenance of larvae within the mother colony 
ensures their survival until they are released. 

Light is also an important environmental factor for 
coral development as it determines the amount of energy 
that the organism has for its physiological processes 
such as reproduction [54]. In our study, gamete maturity 
(female and male) correlated to PAR with positive lags, 
while water transparency (kd) correlated to early female 
gamete stages and planulae only with positive lags as 
well. Mature gametes and planulae were observed in the 

Fig. 6  Changes in the distribution of Porites sverdrupi according 
to the potential distribution models. a Historical distribution, 
b distribution of the species after the first extinction events, c 
distribution of extant populations where marks represent confirmed 
living populations: 1-San Lorenzo Channel, La Paz Bay; 2-Isla Catalana 
(study site), Loreto Bay; 3-El Requeson, Concepcion Bay. Red squares 
are areas where the potential distribution models indicate the 
presence of the species
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months with the highest irradiances and most transpar-
ent waters (low values of kd). At depths ≥ 15 m, less than 
20% of the incident light is photosynthetically available 
for the symbiotic dinoflagellates [42], and given that P. 
sverdrupi higher abundances are located at 20  m depth 
and their distribution continues up to 40 m with conse-
quent low-light conditions [14, 15], reproduction was 
then linked to the months when irradiances and water 
transparency allowed a bigger amount of light reach-
ing the coral colonies and when the warm temperature 
enhanced the photosynthetic activity of the coral’s sym-
biotic dinoflagellates [2, 10, 54, 55], resulting in more 
energy available for gamete production, maturation, and 
further larvae maintenance.

Corals obtain energy through nutrient translocation 
of their symbiotic dinoflagellates’ photosynthesis, from 
dissolved inorganic nutrients, particulate organic and 
inorganic matter, suspended detritus, and from plankton 
[56–58], hence, chlorophyll concentrations are consid-
ered as an indirect parameter of heterotrophic feeding 
from phytoplankton [57, 58]. P. sverdrupi has been pre-
viously found in waters with high chlorophyll a concen-
tration [59], and in our study, gamete production started 
3 months after the increase of this pigment (cold season). 
Therefore, prior to gamete production, corals may accu-
mulate energy through plankton consumption.

Current distribution status and conservation of Porites 
sverdrupi
Local extinctions of northern and southern populations of 
Porites sverdrupi in the GC have been recorded since the 
1990’s [17]. Potential distribution models evidenced that the 
species is currently distributed along less than 6% of its orig-
inal range. The presence of planulae observed even during a 
strong ENSO event [7, 8] implies that sexual reproduction is 
a fundamental process by which extant populations are pre-
vailing. Studies with other scleractinian species inhabiting 
the MP show that corals can acclimatize, live, and develop 
in sub-optimal conditions [53, 60]. Thus, the fact that repro-
duction in P. sverdrupi wasn’t compromised during a strong 
thermal anomaly suggests that the remaining populations 
are acclimatizing to adverse conditions.

In order to avoid total extinction, conservation strategies 
must consider all the available information of the species’ 
biology. The observed active sexual reproduction of P. sver-
drupi in the present study, together with the specie’s high 
genetic variability [47], supports the persistence of extant 
populations. Even though this scleractinian appears to be 
coping with current changing ocean conditions as repro-
duction, a physiological process sensitive to changes in the 
environment, was not compromised, that does not mean 
it will resist the more frequent and more severe thermal 

anomalies or ocean acidification. Under the current cli-
mate change scenario [7, 8], conservation of endemic spe-
cies with high genetic variability [47] and with active sexual 
reproduction like P. sverdrupi is of great importance, and 
efforts must be directed towards preventing negative effects 
from both climate change and local threats [15].

Conclusions
The saffron coral, P. sverdrupi, is a gonochoric brooder 
with asynchronous gamete development, whose repro-
ductive cycle is correlated to sea surface temperature and 
light. Our potential distribution models show that this 
scleractinian inhabits in less than 6% of its original dis-
tribution range. Despite the local extinction events that 
have led to this reduction, the saffron coral seems to be 
able to cope with current adverse oceanographic condi-
tions, and sexual reproduction is a key process by which 
extant populations prevail. Finally, conservation of this 
endemic species relies not only on its official interna-
tional and federal protection status, but also on further 
research on its biology that enables the development of 
strategies that prevent the negative effects of both cli-
mate change and local threats.
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