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1.  INTRODUCTION 

Climate change has altered environmental condi-
tions on a global scale and prompted changes in lati-
tudinal distribution, depth range, and phenology of 
fish species in marine environments (Beaugrand et 

al. 2003, Edwards & Richardson 2004, Poloczanska et 
al. 2013). In marine systems, climate change has 
affected the abundance, spatial distribution, and 
phenology of species from the base of the food web 
up to higher trophic level predators (Beaugrand et al. 
2011). Impacts on tropical fish species are of particu-
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lar concern because warming temperatures may 
result in unprecedented conditions for fishes not 
experienced anywhere in the world over recent geo-
logical conditions (Asch et al. 2018, Reygondeau et 
al. 2020). 

Fish spawning aggregations (FSAs) are temporary 
gatherings of large numbers of conspecific fish that 
form, often at predictable times and locations, for the 
sole purpose of reproduction (Erisman et al. 2017). 
Transient FSAs are a life history phenomenon in 
which individual fish migrate from within a large 
catchment area to congregate and spawn in high 
densities at very specific locations for relatively short 
periods (i.e. days to weeks; Heyman & Kjerfve 2008, 
Biggs et al. 2021). In the Greater Caribbean, at least 
37 species from 10 fish families are known to form 
transient FSAs (Kobara et al. 2013). Fish populations 
that spawn in large aggregations are highly vulnera-
ble to heavy fishing pressure due to the ability of 
fisheries to predict and intensively target seasonal 
spawning locations (Sadovy de Mitcheson & Erisman 
2012, Pittman & Heyman 2020). 

Climate change adds an additional challenge for 
transient spawning species, which have adapted 
spawning times to correspond with specific seasonal 
climatic patterns (Hare et al. 2016). Impacts of cli-
mate change are predicted to affect reproductive 
function of marine fish, with previous studies having 
identified spawners and embryos as the most tem-
perature-sensitive stages in the life cycle of fishes 
(Pörtner & Peck 2010, Asch & Erisman 2018, Dahlke 
et al. 2020). Warmer than optimal temperatures can 
affect every stage of reproductive development, 
including spawning, potentially altering the physio -
logy of spawning populations (Alix et al. 2020). 
Spawning habitat represents a subset of a species’ 
distribution range (see Fig. 1). The timing of migra-
tions and spawning events, or the thermal habitat 
suitability at the FSA site, may additionally be 
altered by warming conditions (Asch & Erisman 
2018). 

Many snapper and groupers (families Lutjanidae 
and Epinephelidae, respectively) are important spe-
cies in the Greater Caribbean in terms of both their 
ecosystem role and as fishery resources (Polovina & 
Ralston 1987, Arreguin-Sanchez et al. 1996, Amorim 
et al. 2018). They are managed and harvested as a 
multi-species complex in the USA, because these 
families share similarities in life history and ecologi-
cal characteristics (Farmer et al. 2016, Stevens et al. 
2019). Large-bodied species in the snapper−grouper 
complex are typically long-lived, have late reproduc-
tive maturity, and spawn together in transient aggre-

gations (Coleman et al. 2000, de la Guardia et al. 
2018). These common characteristics make many 
snapper and grouper species highly vulnerable to 
heavy fishing pressure and slow to recover if aggre-
gation sites are overfished or extirpated (Heyman et 
al. 2013, Sadovy de Mitcheson et al. 2020). There 
have been substantial fishing impacts to snapper and 
grouper aggregations documented in the northern 
Caribbean, including Puerto Rico, the US Virgin 
Islands, Mexico, Belize, and the Florida Keys, with 
overall population declines (Claro & Lindeman 2003, 
Sadovy de Mitcheson & Erisman 2012). The size and 
structure of aggregations varies among snapper and 
grouper species, and the characteristics of these ag -
gregations directly influences vulnerability to fishing 
pressures (Robinson et al. 2015, Biggs et al. 2021). For 
example, those species or populations that form a 
few large aggregations during brief periods tend to 
be more susceptible to rapid fishery declines than 
those that form many small aggregations over pro-
tracted periods (Erisman et al. 2011, Sadovy de Mitch-
eson & Erisman 2012). While empirical research focus-
ing on climate change influence on fish reproduction 
is limited, studies on Caribbean fishes have sug-
gested impacts to habitat availability, increased fish-
ing vulnerability, and range shifts correlated with 
temperature sensitivity and climate change (Fodrie 
et al. 2010, Maharaj et al. 2018). 

The goal of this study was to model potential shifts 
in spawning aggregation distribution as a result of 
climate change, examining 8 Caribbean reef fish spe-
cies from the families Lutjanidae and Epinephelidae. 
Since temperature is a driving factor in species distri-
bution and is directly affected by climate change, we 
explored how habitat preferences and spawning 
locations may change with species that spawn across 
varying temperature ranges. Temperature has been 
shown to be the predominant effect driving projected 
distribution changes in Nassau grouper (Asch & Eris-
man 2018), so we investigated whether this was the 
case for other reef fishes that form spawning aggre-
gations in the Greater Caribbean. Species with lower 
thermal habitat preferences during spawning are 
hypothesized to be more sensitive to climate change 
and should exhibit larger changes in their distribu-
tion, ocean habitat suitability, and spawning phenol-
ogy. Species with narrow thermal requirements for 
spawning may need to adjust their seasonality of 
spawning to a greater extent to stay within the pre-
ferred temperature range. With spring spawners, 
warming temperatures may cause species to spawn 
earlier in the year. Species spawning in the winter or 
fall may experience phenological shifts to spawning 
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later in the year as a result of waiting for seasonal 
temperatures to cool (Pankhurst & Porter 2003). 

In the Caribbean, groupers tend to spawn during 
cooler, winter months, while snappers typically spawn 
during the warmer spring and summer (Heyman & 
Kjerfve 2008, Kobara et al. 2013, SCRFA 2014). We 
hypothesized that the differences in spawning sea-
sonality and their thermal spawning preferences may 
result in grouper species experiencing greater changes 
to their distribution and timing of spawning as a result 
of climate change, compared to snappers. A multi-
variate approach was also taken to determine the in-
fluences of additional environmental factors on FSAs 
beyond temperature. Over a centennial scale, we ap-
plied an ecological niche modeling approach to com-
pare FSAs of multiple species to assess distributional 
and phenological shifts, as well as changes in overall 
ocean habitat suitability, under climate change. 

2.  MATERIALS AND METHODS 

2.1.  Study area and species 

To obtain records of spawning aggregation sites for 
all of our study species, we used a database devel-
oped through collaboration with specialists and con-

taining a comprehensive list of known FSA sites 
(Kobara et al. 2013, Asch & Erisman 2018). The data-
base included observations and records of FSAs that 
were verified by direct observation or pubcount (our 
Fig. 1; see also Heyman et al. 2013, Kobara et al. 
2013). The data aggregate multiple studies done 
throughout time periods ranging from 1992 to 2011 
(Table 1). This database, along with a literature re -
view and consultation from experts on the target spe-
cies, was used as a reference for this research to 
identify spawning aggregation sites for each of the 
study species in the Greater Caribbean within 11.7° 
to 32.2°N and 61.6° to 92.4°W (Table 1). Geographic 
descriptions of spawning locations from the database 
were used to make minor adjustments to coordinates 
of FSA sites, since data on spawning aggregation 
locations were frequently rounded for security pur-
poses to prevent exploitation of spawning aggrega-
tions by fishers. These adjustments included moving 
coordinates off land to the nearest stretch of the 
coastline and inspecting location de scriptions in both 
the database and the original literature referenced. 
Latitudinal and longitudinal coordinates were fine-
tuned to match these descriptions from the literature. 
Any gaps in the data and missing information on 
spawning months from the database were filled and 
cross-checked with the scientific literature to confirm 
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Scientific name     Common name          Spawning months                    Spawning     Spawning     FSA type      IUCN status 
                                                                                                                   duration (d)    depth (m)                            
 
Lutjanus                Cubera snapper         March−Septembera−f                      15                9−30          Transient      Vulnerable 
 cyanopterus 

L. analis                 Mutton snapper         March−Septembera−c,e−g              8−10              0−40          Transient      Near  
                                                                                                                                                                                       Threatened 

L. synagris             Lane snapper             May−Octoberb,c                            8−10              0−50          Resident       Near  
                                                                                                                                                                                       Threatened 

L. griseus               Gray snapper             June−Septemberb,c                  Unknown         10−85         Transient      Least  
                                                                                                                                                                                       Concern 

Epinephelus          Nassau grouper         December−April,                         1−12             0−120         Transient      Critically  
 striatus                                                     June−July (Bermuda)c−e,h−j                                                                                                           Endangered 

Mycteroperca       Yellowfin grouper     January−Mayc−e,g−j                       3−10             0−120         Transient      Near  
 venenosa                                                                                                                                                                      Threatened 

M. bonaci               Black grouper            December−March,                      8−10              0−90          Transient      Near  
                                                                   May−August (Bermuda)c,e,g,k−n                                                                                                 Threatened 

E. guttatus             Red hind                     December−February,                   5−7               0−45          Transient      Least  
                                                                   May−August (Bermuda)a,i,j,o−t                                                                                                    Concern 

 
Sources: aDomeier & Colin (1997); bLindeman et al. (2000); cClaro & Lindeman (2003); dNemeth et al. (2004); eHeyman  
& Kjerfve (2008); fBoomhower et al. (2010); gD. M. Rielinger (Reefkeeper International, pers. comm.); hColin (1992); iSala et 
al. (2001); jCushion et al. (2008); kLuckhurst (2010); lCarter & Perrine (1994); mEklund et al. (2000); nPaz & Sedberry (2008); 
oLuckhurst (2011); pKadison et al. (2010); qEristhee et al. (2006); rNemeth (2005); sNemeth et al. (2006); tNemeth et al. (2007) 

Table 1. Study species with fish spawning aggregation (FSA) characteristics and conservation status
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the final list of spawning sites. The families Lut-
janidae and Epinephelidae were among the most 
commonly listed species in existing FSA databases 
and our literature review, making these 2 groups 
ideal study species for this project. The study species 
in Lutjanidae included cubera snapper Lutjanus 
cyanopterus, mutton snapper L. analis, lane snapper 
L. synagris, and gray snapper L. griseus, while Epi-
nephelidae included yellowfin grouper Mycterop-
erca venenosa, black grouper M. bonaci, Nassau 
grouper Epinephelus striatus, and red hind E. gutta-
tus. The ecology of lane snapper differed from the 
other target species in that lane snapper is a resident 
spawner that does not travel long distances to reach 
FSA sites. Their spawning migration is to the closest 
reef edge adjacent to their primary habitat (Donahue 
et al. 2015). Species were selected based on data 
availability and number of observations within the 
Kobara et al. (2013) database. Sample size varied 
between species and among grouper and snapper 
FSAs. Sample size was defined based on the com-
bined number of FSA sites and months when spawn-
ing occurred. Grouper sample size overall had an 
average of 113.5 (±117.4 SD) observations, while 
snappers had 58.75 (±31.6 SD) (see Tables 2 & 3). 
Lane and gray snapper had fewer recorded FSA 
observations compared to other species, but they 
were included in the list of study species so there 
could be a balanced comparison between the num-
ber of species in both families. Nassau grouper FSAs 
were previously examined by Asch & Erisman (2018) 
to develop a prototype species distribution model to 
examine climate change impacts. Data on this spe-
cies were included herein for comparative purposes 
to assess more completely how thermal spawning 
preferences compared across these families of fishes. 

2.2.  Environmental variables 

Satellite data on 7 environmental variables were 
used to assess their effect on the probability of occur-
rence of spawning aggregations. These variables in-
cluded sea surface temperature (SST), seasonal SST 
gradients, geostrophic currents in the east−west and 
north−south directions, eddy kinetic energy (EKE), 
chlorophyll a concentration, and vertical velocity of 
seawater (i.e. upwelling and downwelling). SST was 
examined because it influences the distribution of 
many fish species (Pörtner & Peck 2010, Pinsky et al. 
2013). Previous research showed SST to be a driving 
factor for the timing and distribution of spawning 
 aggregations of Nassau grouper (Asch & Erisman 

2018). Seasonal SST gradients were examined to de -
termine temperature differences between subsequent 
months since some species may be triggered to spawn 
by directional increases or decreases in temperature 
rather than by an absolute temperature (Wooton & 
Smith 2014, Asch & Erisman 2018). Chlorophyll a 
concentration was used as a proxy for biological 
productivity at spawning aggregation sites, while 
EKE, vertical velocity, and geostrophic currents are 
connected to currents that can influence larval fish 
retention and dispersal, which can in turn influence 
the suitability of a potential spawning site (Kar-
nauskas et al. 2011, Donahue et al. 2015). 

The monthly climatology of SST sensed remotely 
throughout the Caribbean was obtained through 
the Advanced Very High Resolution Radiometer 
(AVHRR) Pathfinder, version 5.0 (NODC 2021). Infra -
red radiometers, such AVHRR, only sense the upper 
10−20 μm of the ocean (Nardelli et al. 2005). How-
ever, we used both day and nighttime measurements 
to minimize the effect of thermal stratification that 
may occur at the ocean surface during the day. 
Chlorophyll data were taken from the Hermes Glob-
Colour dataset version 3.2 (ACRI-ST 2021), which 
was used to produce a monthly chlorophyll climatol-
ogy. Vertical velocities were calculated based on data 
from the QuikScat SeaWinds scatterometer. This 
data set was downloaded from the National Oceanic 
and Atmospheric Administration’s Environmental Re -
search Division’s Data Access Program (NOAA 2021). 
Geostrophic current anomalies and EKE data were 
calculated from mean sea-level anomalies (MSLA) 
from the AVISO satellite altimetry data repository 
(AVISO 2021). We used a physical oceanographic 
naming convention where geostrophic flows in the 
north−south direction are labeled v, while currents 
flowing in the east−west direction are labeled with u. 
Chlorophyll concentration and EKE were log10-trans-
formed prior to inclusion in modeling due to their log 
normal distribution. The Reefs at Risk database was 
used to obtain information on coral reef distribution 
to constrain projections of spawning occurrence 
to areas containing reefs (Burke et al. 2011). While 
the species distribution analysis did not include 
potential changes in spawning depth, shallow-water 
coral reef ecosystems are typically limited to a depth 
of 30 m or less. 

2.3.  Modeling and data analysis 

The modeling and data analysis were conducted 
using Matlab software version R2018a. The Non-
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Parametric Probabilistic Ecological Niche (NPPEN) 
model was used to model relationship data on FSA 
location and timing and information on environmen-
tal conditions from satellite data. The NPPEN model 
was designed to work with presence-only data and is 
based on a modified version of the Multiple Response 
Permutation Procedure (Beaugrand et al. 2011). Us-
ing a model that handles presence-only data was 
necessary for this study because there are no con-
firmed absences of spawning aggregations. A previ-
ous study comparing modeling methods of species 
distribution with presence-only data showed that a 
technique based on the Mahalanobis distance had 
one of the best performances when predicting species 
distribution based on an independent dataset (Tsoar 
et al. 2007). Since NPPEN is also based on Maha-
lanobis distance, NPPEN was expected to produce 
high model skill compared to alternative methods. 

NPPEN was used to evaluate ocean habitat suit-
ability for each species and assess what conditions 
were preferred for reproduction. All possible combi-
nations of environmental variables were used in the 
NPPEN model initially, and the model with the set of 
environmental variables that minimized the corrected 
Akaike information criterion (AICc) was selected to 
use for developing future projections under climate 
change (Hurvich & Tsai 1989, Asch & Erisman 2018). 
Running all combinations of the model with the 7 en-
vironmental variables produced 128 possible models, 
including the null model. For species that had an 
AICc with the top models separated by values <2, 
NPPEN results from each model were used to make 
future projections, and then the multi-model mean 
was used in subsequent statistical analysis (Burnham 
& Anderson 2002). Akaike weights were calculated 
for each variable for all species to determine the 
weighted influence of environmental covariates on 
distribution of FSAs (Burnham & Anderson 2002). 
Residual deviance explained (D) was used to assess 
model skill for each species. Deviance was calculated 
based on the following formula: 

                 Deviance = AICc – 2 · df · φ                    (1) 

where df is degrees of freedom, and φ is the disper-
sion parameter (Quinn & Keough 2002). A φ of 1 was 
used, since counts of FSAs should follow a Poisson 
distribution. D was then calculated as the difference 
between the null model deviance and the deviance 
of the selected model. 

Future climate projections were based on the Inter-
governmental Panel on Climate Change (IPCC) sce-
narios using Representative Concentration Pathways 
(RCPs). We made projections with RCP8.5, which is 

considered a high-emissions climate scenario with an 
8.5 W m−2 change in radiative forcing by 2100 result-
ing from anthropogenic impacts on climate (IPCC 
2013). This RCP was used for analysis since it is the 
emissions scenario that recent greenhouse gas emis-
sions have most closely tracked (Peters et al. 2013), 
although there has been a divergence of current 
emissions from this pathway in the last few years 
(Hausfather & Peters 2020). An earth system model 
(ESM) was used to examine how spawning aggrega-
tion sites for each species shift under the RCP8.5 cli-
mate scenario from 2081 to 2100 and compared 
against a historical scenario from 1981 to 2000. This 
analysis considered 20 yr climatologies and condi-
tions were analyzed under both the RCP8.5 and the 
historical simulation. The principal model used for 
this study was developed by the NOAA Geophysical 
Fluid Dynamics Laboratory Earth System Model 
(GFDL ESM2M) (Dunne et al. 2012, 2013). The GFDL 
ESM2M model was selected due to the moderate 
equilibrium climate sensitivity compared to the other 
atmosphere−ocean circulation models included in the 
5th Coupled Model Intercomparison Project (CMIP5) 
ensemble (Cheung et al. 2016). 

The GFDL ESM2M model had a resolution of 1° at 
high latitudes, gradually becoming finer scale with a 
1/3° latitudinal resolution near the equator (Dunne et 
al. 2013, Cheung et al. 2016). The physical oceanogra-
phy component of the GFDL ESM2M model utilized 
the Modular Ocean Model version 4.1 (Dunne et al. 
2012, 2013). The marine biogeochemical model used 
in GFDL ESM2M was Tracers of Ocean Phytoplank-
ton with Allometric Zooplankton, version 2.0, which 
included a nutrient−phytoplankton−zooplankton−
detritus model with 3 phytoplankton functional groups 
(diazotrophs, small phytoplankton [pico- and nano-
plankton], and large phytoplankton [e.g. diatoms]) 
(Dunne et al. 2013). 

To assess projection uncertainty due to the use of 
different ESMs, we also examined how NPPEN pro-
jections differed among 3 different ESMs. These 
additional analyses were performed only on cubera 
snapper, which was used as a demonstration species 
to assess how inter-model differences might affect 
spawning habitat projections. Cubera snapper was 
selected as the representative snapper species due to 
its high number of observations of spawning aggre-
gation sites. 

In addition to GFDL ESM2M, we examined the 
Max Planck Institute MPI-ESM-MR model (Ilyina  
et al. 2013) and the Institut Pierre Simon Laplace  
IPSL-CM5A-MR model (Dufresne et al. 2013). These 
 models were selected since, together with GFDL 
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ESM2M, they span the full range of equilibrium cli-
mate sensitivity from across the full CMIP5 ensem-
ble. This combination of models has also been used 
frequently when developing climate projections for 
other living marine resources and, therefore,lows 
comparability of our results with those studies (Che-
ung et al. 2016, Muhling et al. 2017, Asch et al. 2018, 
Smith et al. 2021). While all 3 models had a 1° latitude/
longitude resolution, each used a separate climate 
model grid. Environmental data from each model 
were re-gridded to a common 0.5° grid to allow for 
greater comparability (Cheung et al. 2016). Average 
annual NPPEN output from each model was then 
averaged across grid cells for model comparison. We 
also assessed the direction of changes in spawning 
habitat suitability in each grid cell to visualize the 
degree of agreement among the 3 ESMs. This analy-
sis was completed for both the RCP8.5 and RCP4.5 
scenarios to provide an initial assessment of how 
results might vary depending on the extent of cli-
mate mitigation. By the year 2100, RCP4.5 entails a 
47% reduction in changes in radiative forcing com-
pared to the high-emissions RCP8.5 scenario. 

Model bias correction was used to optimize the 
comparability between the climate models and satel-
lite observations. This bias correction was based on 
the monthly mean value of each individual environ-
mental variable throughout the study area. Bias cor-
rections have been shown to be useful in studying 
climate change impacts on several tropical marine 
systems (Logan et al. 2014, Matear et al. 2015). This 
allows for comparisons with observational data and 
increased model accuracy as bias corrections create 
a statistical relationship between the original data 
and modeled values for each covariate and then 
apply the resulting correction function to the mod-
eled data (McHenry et al. 2019). Monthly mean cor-
rection factors were developed for the historical 
baseline period by comparing climatological values 
from ESMs and satellite observations, with these cor-
rection factors then applied to future periods when 
making climate change projections. 

2.4.  Statistics 

To further analyze the results from future projec-
tions of FSA ocean habitat suitability, statistical met-
rics were calculated for each species and compared 
across species. Mean latitudinal shift was calculated 
as the change in weighted average distribution of 
FSA projections in kilometers per decade for each 
species. Weights were based on the area of each 

ESM grid cell. Phenological shifts in month of spawn-
ing from historical and future projections indicated 
the extent to which spawning seasonality could be 
affected under the impacts of climate change. Cen-
tral tendency (CT) of the spawning season was calcu-
lated as an indicator of phenological change that cor-
responded to the near center of a species’ seasonal 
distribution. CT can be used to compare skewed sea-
sonal distributions of spawning habitat (Edwards & 
Richardson 2004). CT was defined based on the fol-
lowing formula: 

 
                                            

(2)
 

where i is the month, and Si is the probability of suit-
able ocean spawning habitat in month i. These 
results were expressed as a phenological shift with 
units of days per decade. An integrated habitat suit-
ability (IHS) score was calculated as a metric of 
future habitat loss, defined by the loss or gain of 
habitat based on an array of environmental factors 
included in the future projections under the RCP8.5 
climate scenario. This integral was calculated as a 
sum across months and locations for probability of 
spawning habitat to obtain the total ocean habitat 
suitability across a species range. IHS was defined by 
the following formula: 

 
                                            

(3)
 

where h(i,j) is the habitat suitability score in model 
grid cell i and month j, and imax is the total number of 
grid cells where coral reef habitat occurs. 

This was compared between the historical and 
future scenarios. Change in IHS was measured as a 
percent change between the 2 scenarios and then 
converted to an odds ratio to perform a statistical test 
to assess the hypothesis that there were differences 
in IHS change across taxonomic groups. For the 
other 2 metrics measuring climate change impacts 
(i.e. CT and mean latitudinal shift), an independent, 
2-sample t-test was used to examine if differences in 
sensitivity to climate change occurred between 
groupers and snappers. The 95% confidence inter-
vals for changes in central tendency, weighted mean 
latitude, and IHS were calculated using a bootstrap 
method (Efron & Tibshirani 1998). All sites with 
NPPEN projections of spawning habitat suitability 
were resampled with replacement using a uniform 
distribution. Sample size for each bootstrap iteration 
was kept the same as in the original analysis. Central 
tendency, mean latitude, and IHS were calculated for 
the future and historical periods from this resampled 
dataset. Spawning habitat suitability probabilities 
from all months were used for calculating central 
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tendency and IHS, whereas weighted mean latitude 
was calculated based only on months with docu-
mented spawning during the historical period. This 
process was repeated 500 times with different boot-
strap samples. Based on this distribution of samples, 
we identified the 2.5% and 97.5% quantiles to calcu-
late 95% confidence intervals for each metric. 

3.  RESULTS 

3.1.  Comparison between grouper and snapper FSAs 

Data presented herein showed that groupers tended 
to prefer cooler winter months and historically spawned 
between December and April throughout most of 

their range, with the exception of Bermuda (Fig. 2). 
The selected snappers typically spawned later in the 
spring and summer between March and September, 
preferring warmer temperatures (Fig. 3, Fig. S1 in 
the Supplement at www.int-res.com/articles/suppl/
m699p091_supp.pdf). Modeled spawning probability 
was maximized for groupers between 24 and 28°C 
(Fig. S1). For seasonal SST gradients, the maxima 
modeled probability of encountering FSAs fell be -
tween −1.5 and 1°C for groupers, with the exception 
of red hind, for which the model of best fit did not 
include seasonal SST gradients (Fig. S2). The mod-
eled probability of spawning habitat for the snapper 
group was maximized at SSTs of 26.5−31°C and 
between −1 and 2°C for seasonal SST gradients 
(Figs. S1 & S2). 
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Fig. 2. Changes in spawning phenology and the probability of spawning across seasons for grouper species from the Geophys-
ical Fluid Dynamics Laboratory Earth System Model (GFDL ESM2M) between historical and future periods. (a) Nassau  

grouper, (b) black grouper, (c) yellowfin grouper, (d) red hind

https://www.int-res.com/articles/suppl/m699p091_supp.pdf
https://www.int-res.com/articles/suppl/m699p091_supp.pdf
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Significant differences between taxonomic groups 
were seen in CT of phenological shifts and IHS, 
while the differences between taxonomic groups for 
mean latitudinal shift were not significant (Table 2). 
Groupers had a mean spawning phenology shift of 
2.8 d decade−1 between historical and future scenar-
ios, while snappers had a shift of −4.7 d decade−1 
(Table 2). Changes in CT were significantly different 
across taxonomic groups at p < 0.05 (t = 4.6, df = 6). 
The positive mean phenology change for groupers 
suggests that these fishes will shift to spawn later in 
the season, while the negative value for snappers 
signifies that the spawning season for snappers will 
move to earlier in the year. The results of the statisti-
cal analysis also indicate a difference between snap-
pers and groupers in terms of changes in the proba-

bility of suitable ocean spawning habitat (p < 0.05, t = 
3.8, df = 6). Groupers appeared more affected by a 
greater loss of suitable ocean habitat in comparison 
to snappers. On average, groupers had a poleward 
shift in distribution of 15.6 km decade−1 compared to 
a −3.7 km decade−1 equatorward shift among the snap-
pers (Table 3), but the difference between families was 
not statistically significant (p > 0.05, t = 1.9, df = 6). 

3.2.  Groupers (Family Epinephelidae) 

3.2.1.  Yellowfin grouper Mycteroperca venenosa 

NPPEN selected a model of best fit for yellowfin 
grouper with 3 environmental variables including 
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Fig. 3. Changes in spawning phenology and the probability of spawning across seasons for snapper species from the GFDL 
ESM2M between historical and future periods. (a) Cubera snapper, (b) lane snapper, (c) mutton snapper, (d) gray snapper
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SST, seasonal SST gradients, and u-geostrophic cur-
rent anomalies (D = 63.5, df = 36, Figs. S1−S3, 
Table 4). Those 3 variables had high Akaike 
weights, between 0.99 and 1.00, suggesting high 
influence on FSA distribution and a high AIC 
weight of the se lected model (Table S1). Spawning 
occurred primarily between January and April each 
year based on empirical observations, which was 
consistent with model predictions. Future projec-
tions indicated an overall decrease in spawning 
probability, with a peak during January through 
April (Figs. 4 & 2c). CT displayed changes of 4.9 d 

decade−1 between the historical and future time 
periods, with the positive change in CT indicating a 
trend towards later spawning (Table 5, Fig. 5). This 
was the largest shift in phenology among the 
grouper species. There was a 71.1% projected loss in 
suitable ocean habitat for spawning based on the 
IHS score (Table 6, Fig. 6). Mean latitude of FSA 
sites was projected to shift by 22.5 km decade−1 in 
the poleward direction (Table 3, Fig. 7). 

3.2.2.  Black grouper M. bonaci 

Four variables had a substantial influence on 
black grouper FSA projections (Akaike weights 
between 0.98 and 1.0) and were selected by NPPEN 
in the best fit model: SST, seasonal SST gradients, 
and u- and v-geostrophic current anomalies (D = 
139.7, df = 99) (Table S1). Both empirical observa-
tions and modeled results illustrate that black 
grouper spawned be tween December through 
March at all sites, ex cept Bermuda, where spawning 
occurred between May and November. Future pro-
jections indicate that spawning seasonality will con-
tinue to peak in De cember through March but will 
be less seasonally variable (Fig. 2b). Black grouper 
was projected to shift spawning to later in the sea-
son at a rate of 1.8 d decade−1 as a result of its flat-
tened distribution curve for seasonal spawning 
(Table 5, Fig. 5). Based on the IHS scores from the 
model, black grouper is projected to lose 69.2% of 
its potential spawning habitat and have lower prob-
ability of  suitable ocean spawning habitat overall 
(Table 6, Figs. 4c & 6). FSA sites were projected to 
shift slightly northward by 0.2 km decade−1 
(Table 3, Figs. 4 & 7). 

3.2.3.  Red hind Epinephelus guttatus 

The environmental variables sel -
ected in the model of best fit for red 
hind were SST, v- and u-geostrophic 
current anomalies, and log10 EKE (D = 
50.0, df = 26). Red hind was the only 
species in NPPEN to have EKE se -
lected as a variable influencing FSA 
distribution (Fig. S4). Akaike weights 
were above 0.99 for SST and v- and u-
geostrophic current anomalies, with 
the Akaike weight for log10 EKE at 
0.79 (Table S1). Spawning occurred in 
Bermuda during May through August, 
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                                                    Groupers          Snappers 
 
Central tendency shift 
Mean                                                2.77                  −4.66 
df                                                         6                          
Test statistic (t)                                7.27                        
p                                                     0.0003                      

IHS odds ratio 
Mean                                                1.32                   0.12 
df                                                         6                          
Test statistic (t)                                3.76                        
p                                                     0.0197                      

Mean latitudinal shift 
Mean                                               15.61                 −3.72 
df                                                         6                          
Test statistic (t)                                1.89                        
p                                                     0.1322                      

Table 2. Independent 2-sample t-tests and odds-ratio tests 
comparing grouper and snapper metrics from historical to 
future periods under the RCP8.5 climate scenario. Central 
tendency results show shifts in spawning seasonality by 
month. Integrated habitat suitability (IHS) was measured 
using an odds ratio comparing change in suitable ocean 
spawning habitat. Analysis of mean latitudinal shift of fish 
spawning aggregation sites was compared in days per decade

                              Historical MLS     Future MLS       Latitudinal change  
                                  1981−2000         2081−2100             (km decade−1) 
 
Nassau grouper            17.42                   21.02           39.82 (31.56 to 44.87) 
Yellowfin grouper         17.09                   19.13           22.49 (15.08 to 27.48) 
Black grouper               20.26                   20.31             0.15 (−10.33 to 3.77) 
Red hind                        20.37                   20.22           −0.01 (−7.17 to 8.01) 
Cubera snapper            16.62                   16.74             1.33 (−6.57 to 4.57) 
Mutton snapper            18.84                   19.11             3.00 (−13.62 to 5.32) 
Lane snapper                18.32                   17.36         −10.65 (−27.22 to −2.56) 
Gray snapper                18.66                   17.89           −8.54 (−20.34 to −3.22) 

Table 3. Mean latitudinal shift (MLS) for each species for historical and future 
scenarios in degrees of latitude; differences between periods measured in km 
decade−1 (95% CIs in parentheses). Positive values: poleward shift; negative  

values: equatorward shift
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while all other FSA sites were characterized by 
spawning between December and February. The 
historical model varied slightly from these observa-
tions for red hind, with a low probability of spawning 
habitat (<0.2) during September, October, March, 
and April. Future projections indicated seasonality 
may remain relatively consistent, but with a reduced 
probability of spawning habitat each month (Figs. 2d 
& 4d). CT indicated a phenological change of 1.3 d 
decade−1 later in the season (Table 5, Fig. 5). Shifts to 
spawn later in the season were consistent with 
results from other grouper species. IHS scores from 

the model projected a 66.8% loss in suitable ocean 
habitat between historical and future periods (Table 
6, Fig. 7). Red hind had the smallest mean latitudinal 
change of all species, with a shift of −0.01 km de -
cade−1 equatorward (Table 3, Fig. 7). 

3.2.4.  Nassau grouper E. striatus 

Primary oceanographic factors affecting Nassau 
grouper spawning distribution across large spatial 
scales included SST, seasonal SST gradients, and v-

geostrophic current anomalies in the 
north−south direction (D = 330.3, df = 
280). Akaike weights indicated these 
top 3 variables exerted high influence 
on FSA distribution (Table S1). Spawn-
ing for Nassau grouper typically oc-
curred between De cember and April, 
apart from Ber muda, where they 
spawned during June and July. CT of 
spawning phenology shifted at a rate of 
3.1 d decade−1 later in the season be -
 tween historical and future scenarios 
(Table 5, Fig. 5). The 2081−2100 pro-
jections showed spawning will prima-
rily occur between January to March 
(Fig. 2a). The IHS score indicated Nas-
sau grouper may experience an 82% 
loss in suitable ocean spawning habitat 
(Table 6, Fig. 6). Mean latitude of FSA 
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                                 Sample          Null             Selected              ΔAICc      Akaike      SST    SSTG    v        u      w    EKE   Chl 
                                    size        model AICc       model AICc                       weights                                                             
 
Nassau grouper          283           4368.80           4038.51            0.00          1.00            1          1        1        0       0       0        0 
                                                                             4053.08           14.57         0.00            1          1        1        0       0       1        0 
                                                                             4053.48           14.97         0.00            1          0        1        0       0       0        0 
 
Yellowfin grouper       39             593.10             529.65             0.00          0.98            1          1        0        1       0       0        0 
                                                                              538.93             9.27          0.01            1          1        0        1       0       0        1 
                                                                              540.49           10.84          0.00            1          0        0        1       0       0        1 
 
Black grouper             103           1557.50           1417.80            0.00          0.93            1          1        1        1       0       0        0 
                                                                             1423.76            5.96          0.05            1          1        0        1       0       1        1 
                                                                             1426.59            8.79          0.01            1          0        0        0       0       1        1 
 
Red hind                      30             445.90             395.27             0.00          0.29            1          0        1        1       0       1        0 
                                                                              397.85             2.58          0.08            1          1        1        0       0       1        1 
                                                                              398.18             2.91          0.07            1          0        1        1       0       1        1 

Table 4. Top 3 models for each grouper species with the environmental variables selected from the Non-Parametric Probabilis-
tic Ecological Niche (NPPEN) model. Results based on minimization of corrected Akaike information criterion (AICc). SST: sea 
surface temperature; SSTG: seasonal SST gradients; v: east−west geostrophic current anomalies; u: north−south geostrophic 
current anomalies; w: vertical velocity; EKE: eddy kinetic energy; Chl: chlorophyll. For environmental variables, 1 = inclusion  

of the variable in a NPPEN model; 0 = exclusion from the model

                                Historical  CT      Future  CT         Phenology change  
                                   1981−2000         2081−2100              (d decade−1) 
 
Nassau grouper      0.82 (Dec 25)     1.84 (Jan 25)       3.10 (2.54 to 3.77) 
Yellowfin grouper   0.53 (Dec 16)      2.15 (Feb 5)        4.92 (4.75 to 5.32) 
Black grouper         0.57 (Dec 17)      1.16 (Jan 5)        1.80 (1.73 to 2.76) 
Red hind                  0.46 (Dec 14)     0.87 (Dec 26)       1.25 (0.48 to 2.43) 
Cubera snapper      6.85 (Jun 26)      5.15 (May 5)     −5.16 (−5.42 to −4.92) 
Mutton snapper       7.37 (Jul 11)     5.80 (May 24)    −4.77 (−5.56 to −3.95) 
Lane snapper            7.16 (Jul 5)       5.26 (May 8)     −5.78 (−6.98 to −4.61) 
Gray snapper           7.76 (Jul 23)      6.80 (Jun 24)     −2.92 (−3.77 to 1.96) 

Table 5. Central tendency (CT) of seasonal spawning time for each species 
from the model for historical and future scenarios. CT corresponds to the 
weighted average month of spawning (1 = spawning in January; 2 = spawning 
in February; etc.). Interpolation is used to translate fractional CT values into 
calendar dates, with values <1 indicating spawning between December 1st 
and January 1st. Differences between climate scenarios expressed as changes 
in d decade−1 (95% CIs in parentheses). Positive values: shift to later in the  

season; negative values: shift to earlier in the spawning season
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Fig. 4. Historical and future 
projections based on an -
nual averages of prob -
ability of spawning habi-
tat for grouper spawning 
ag gregations using the 
GFDL ESM2M model 
under the RCP8.5 climate 
scenario. Red points repre-
sent ob served spawning 
ag gre gation sites. (a) Nas -
sau grouper, (b) yellow fin 
grouper, (c) black grouper,  

(d) red hind
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occurrence projected a poleward shift 
at a rate of 39.8 km decade−1 (Table 3, 
Fig. 7). Of the 8 study species exam-
ined, Nassau grouper experienced the 
greatest loss in suitable ocean spawn-
ing habitat and the largest mean latitu-
dinal shift (Fig. 4a). 

3.3.  Snappers (Family Lutjanidae) 

3.3.1.  Cubera snapper Lutjanus 
cyanopterus 

The primary oceanographic factors 
affecting spawning for cubera snapper 

across a distribution-wide spatial scale 
were SST, seasonal SST gradients, and geo-
strophic current anomalies in the north−
south direction (D = 34.4, df = 64, Table 7). 
These 3 environmental variables had 
Akaike weights above 0.9 (Table S2). Cu-
bera snapper tended to use warm tempera-
tures to spawn, with an average of 29°C 
(Fig. S1e). With respect to geostrophic ve-
locity, cubera snapper spawn in areas with 
little-to-no current velocity present (Fig. S5). 

Historical models and observations are 
consistent in indicating that spawning 
occurred primarily during April through 
October. Under RCP8.5, future projections 
indicate spawning will shift earlier in the 
year to peak between February and June 
by 2081−2100 (Fig. 3a). CT displayed an 
earlier shift of spawning season by −5.2 d 
decade−1 (Table 5, Fig. 5). This reflects 
approximately a 6 wk change between the 
historical and future time periods. Cubera 
snapper experienced the greatest shift in 
spawning seasonality compared to other 
species that were modeled. Its IHS score 
showed an 18.1% decline in spawning 
habitat, which was the smallest absolute 
change compared to other species (Table 6, 
Fig. 6). However, projections still showed a 
declining probability of spawning habitat 
occurrence between historical and future 
periods (Fig. 8). Of all the snapper species, 
cubera snapper also had the lowest mean 
latitudinal shift, 1.3 km decade−1 in the 
poleward direction (Table 3, Fig. 7). 
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                                Historical  IHS    Future  IHS             Change (%) 
                                   1981−2000        2081−2100                         
 
Nassau grouper            516.08                92.82       −82.01 (−85.16 to −78.35) 
Yellowfin grouper         501.20               145.07      −71.06 (−74.59 to −67.93) 
Black grouper               599.25               184.80      −69.16 (−71.91 to −66.20) 
Red hind                        676.82               211.32      −68.78 (−64.22 to 69.34) 
Cubera snapper            564.22               461.98      −18.12 (−23.40 to −11.88) 
Mutton snapper            462.44               301.98      −34.70 (−42.60 to −25.15) 
Lane snapper                264.02               147.30      −44.21 (−52.09 to −36.60) 
Gray snapper                147.27               301.50      104.73 (85.41 to 184.68) 

Table 6. Integrated habitat suitability (IHS) scores expressed in percent 
change for each species (95% CIs in parentheses). Positive values: gain of 
suitable ocean spawning habitat; negative values: loss of habitat. Note that 
IHS scores are unitless and dependent on area of integration, but they are 
comparable across species and periods since the same model grid was used for  

integration

Fig. 5. Phenological shift among species from historical to future periods 
measured as central tendency. Negative numbers: shift towards earlier 
spawning; positive numbers: delay in spawning; orange: snappers;  

blue: groupers

Fig. 6. Integrated habitat suitability (IHS) for species measured as loss of 
suitable ocean habitat and expressed in percentage of suitable habitat 
change from historical to future models. Positive numbers: gain in IHS;  

negative numbers: loss in IHS; orange: snappers; blue: groupers
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3.3.2.  Mutton snapper L. analis 

The 4 environmental variables selected in the 
model for mutton snapper spawning habitat included 
SST, seasonal SST gradients, and v- and u-geostro-
phic current anomalies (D = 190.9, df = 88). Akaike 
weights for all selected variables exerted a high 
influence on FSA distribution, with values around 1.0 
(Table S2). Based on the NPPEN model, historical 
spawning patterns during the baseline period showed 
increases in suitable ocean spawning habitat during 
May through October, although FSA observations 
did not include October for mutton snapper spawn-
ing aggregation formation. Future projections indi-

cate a decrease in spawning particularly 
during June through October, with the 
maximal amount of spawning projected to 
occur during December through March by 
the end of the 21st century (Fig. 3c). This is 
supported by the CT results, which 
showed a shift to earlier spawning by 
−4.8 d decade−1 (Table 5, Fig. 5). Overall 
seasonality for mutton snapper spawning 
still encompassed a wide number of 
months (Fig. 3c). IHS scores from the 
model indicate a 34.7% decline in ocean 
habitat suitability under RCP8.5 (Table 6, 
Figs. 6 & 8). A poleward change in FSA 
distribution was projected to occur at a 
rate of 3.0 km decade−1 (Table 3, Fig. 7). 

3.3.3.  Lane snapper L. synagris 

The model of best fit for this species had 3 vari-
ables, including SST, seasonal SST gradients, and u-
geostrophic current anomalies (D = 184.7, df = 57, 
Table S1). SST, u-, and seasonal SST gradients had 
high Akaike weights of around 1.0 (Table S2). Com-
parison of spawning phenology between historical 
and future periods showed a shift in historical peak 
spawning from May through September to January 
through March, as well as a lowered probability of 
occurrence of suitable ocean spawning habitat 
(Fig. 3b). Observations of spawning from April to 
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Fig. 7. Distributional shifts of study species from historical to future peri-
ods measured as mean latitudinal shifts. Positive numbers: poleward 
shifts; negative numbers: equatorward shifts; orange: snappers; blue:  

groupers

                             Sample size       Null                   Selected              ΔAICc      Akaike      SST    SSTG    v        u      w    EKE   Chl 
                                                  model AICc     model AICc                       weights                                 
 
Cubera snapper           67            1020.80            986.42             0.00          0.84            1          1        1        0       0       0        0 
                                                                              992.08             5.67          0.05            1          1        0        1       0       0        0 
                                                                              992.21             5.79          0.05            1          1        1        0       0       0        1 
                                                                                                                                                                                                        
Mutton snapper           92            1403.90           1212.97            0.00          1.00            1          1        1        1       0       0        0 
                                                                             1236.46           23.49         0.00            1          1        1        1       0       1        0 
                                                                             1236.94           23.97         0.00            1          1        1        1       1       0        0 
                                                                                                                                                                                                        
Lane snapper               60             923.92             739.25             0.00          0.87            1          1        0        1       0       0        0 
                                                                              743.45             4.20          0.11            1          1        0        1       0       1        0 
                                                                              747.25             8.01          0.02            1          1        0        1       0       0        1 
                                                                                                                                                                                                        
Gray snapper               16             242.90             203.42             0.00          0.14            1          0        0        0       1       0        0 
                                                                              203.92             0.50          0.11            1          1        1        0       1       0        0 
                                                                              203.97             0.55          0.10            1          0        1        0       1       0        0 
                                                                              204.23             0.82          0.10            1          1        1        1       0       0        0 
                                                                              204.31             0.82          0.10            1          0        1        0       0       0        0 
                                                                              204.39             0.89          0.10            1          0        0        1       0       0        0 

Table 7. Top models for each snapper species with the environmental variables selected from the NPPEN model. Results based 
on minimization of AICc. Top 3 models listed for all species, except for gray snapper, where 6 models were all within 2 units  

of the AICc from each other. See Table 4 for abbreviations and inclusion of environmental variables in models
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Fig. 8. Historical and 
future projections of an -
nual averages of the 
probability of spawning 
habitat for snapper spe-
cies using the GFDL 
ESM2M model under 
the RCP8.5 climate sce-
nario. Red points repre-
sent observed spawning 
aggregation sites. (a) Cu -
bera snapper, (b) mutton 
snapper, (c) lane snapper,  

(d) gray snapper
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October were consistent with the historical spawning 
period from the model. CT showed a phenological 
shift to earlier in the season at −5.8 d decade−1 
(Table 5, Fig. 5). The NPPEN model calculated a 
44.2% loss in suitable ocean spawning habitat from 
the IHS scores between the historical and future peri-
ods (Fig. 6). Lane snapper had the greatest equator-
ward change in mean latitude across all species at a 
rate of 10.7 km decade−1 (Table 3, Fig. 7). 

3.3.4.  Gray snapper L. griseus 

Gray snapper was the only study species to have a 
ΔAIC of <2 across the first 6 models of best fit, so steps 
were taken to average the NPPEN results of those top 
models. The first model included SST and vertical 
 velocity (w) as the 2 variables influencing distribution 
(D = 39.5, df = 14). Results from vertical velocity data 
indicate gray snapper occurred in areas with slight 
downwelling (Fig. S6). The remaining models with a 
ΔAIC < 2 included a combination of 5 variables. The 
variables included were not only SST and w, but also 
seasonal SST gradients and u- and v-geostrophic cur-
rent anomalies (Table 3). Akaike weights for environ-
mental covariates were more variable for gray snap-
per compared to other species. SST was the primary 
influence, with an Akaike weight of 1.0, while the re-
maining selected variables had weights that ranged 
from approximately 0.4 to 0.6 (Table S2). 

Consistent with the historical model, gray snapper 
was observed to spawn primarily between June 
through September. The future scenario from the 
model suggests spawning will become more variable, 
decreasing during summer and spiking during 
 November−December and April−May (Fig. 3d). This 
species is projected to develop a bimodal spawning 
season under the RCP8.5 scenario. Spawning season-
ality is projected to shift by −2.9 d decade−1 earlier 
based on CT scores (Table 5, Fig. 5). IHS for gray 
snapper changed differently compared to other spe-
cies. While other species experienced 18−82% loss of 
spawning habitat, gray snapper showed a 104.7% 
 increase of suitable ocean habitat (Table 6, Fig. 6). An 
equatorward shift in spawning habitat distribution is 
projected at a rate of 8.5 km decade−1 (Table 3, Fig. 7). 

3.4.  Comparison of models for cubera snapper 

Three ESMs were used to assess how choice of 
model and climate scenario might impact our results. 
This analysis was performed solely on cubera snap-

per to demonstrate the degree of inter-model and 
scenario variability. Models agreed in the direction of 
change in spawning probability by the end of the 
century for a majority of grid cells under both RCP4.5 
(71.2% of grid cells) and RCP8.5 (54.6%) (Fig. 9). Ad -
ditionally, most grid cells with disagreement amongst 
models in terms of the direction of change were for 
smaller changes close to zero. For the RCP4.5 sce-
nario, 53.6% of grid cells with disagreements in pro-
jected changes had changes less than 0.2 probability. 
For RCP8.5, 86.3% of disagreements in projected 
changes occurred in areas with a probability of 
spawning habitat of 0.2 or less. Overall, the IPSL-
CM5A-MR model projected the largest changes in 
integrated habitat suitability across the study area, 
while the MPI-ESM-MR model projected the least 
amount of change in spawning habitat (Fig. S7). 

4.  DISCUSSION 

4.1.  Variables influencing FSAs 

For all species studied, spawning habitat was mod-
eled by a combination of SST and a hydrographic 
variable, including u- or v-geostrophic current anom-
alies, EKE, and vertical velocity. A previous study 
analyzing spawning aggregation distribution shifts 
for Nassau grouper under climate change was repli-
cated for comparison with other species (Asch & Eris-
man 2018). Our results were consistent with Asch & 
Erisman (2018), with SST as the most frequent metric 
selected in the models as influencing species distri-
bution, indicating the importance of temperature in 
ocean habitat selection and its influence on FSA dis-
tribution changes. Our findings were also consistent 
with previous work showing that seasonal deviations 
in monthly SST were among the most important 
influences on the distribution on large-bodied fish 
species (Mellin et al. 2016). We found that grouper 
species spawned at similar temperatures (24−28°C). 
However, Nassau grouper were the most selective in 
their range with regards to spawning temperature, 
while red hind was the most variable (Fig. S1). Snap-
pers spawned within similar geographic ranges, but 
at warmer temperatures (26.5−31°C) compared to 
groupers (Fig. 2). 

Seasonal SST gradients were included in best-fit 
models for all species, except for red hind, indicating 
that the change in temperature across seasons was a 
factor influencing spawning habitat in addition to the 
effect of absolute temperature. Certain reef fish spe-
cies spawn during either warming or cooling periods 
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rather than at a specific temperature (Wooton & 
Smith 2014). Snappers tended to favor warming tem-
peratures with seasonal SST gradients of −1 to 2°C 
compared to groupers, which most frequently uti-
lized gradients of −1.5 to 1°C, but with high variabil-
ity between species (Fig. 3). 

Four snapper and 3 grouper species had v-geostro-
phic current anomalies as a metric selected in their 
best fit model, while 3 grouper and 2 snapper species 
had u-geostrophic current anomalies selected. For 
both variables, the probability of suitable ocean 
spawning habitat was maximized at current anom-
alies centered around zero, suggesting spawning 
occurs in areas with slow currents that may result 
in a greater probability of self-recruitment. Based 
on genetic evidence and biophysical models, self-
recruitment has been documented to be common 
among grouper and snapper populations (Paris et al. 
2005, Almany et al. 2013, Kough et al. 2016). Alterna-
tively, this may be due to the fact that this study 
looked at climatologies of geostrophic currents ano -
malies averaged over a 20 yr period, which resulted 
in the majority of values for geostrophic current 
anomalies being close to zero. Due to the use of cli-
matologies, another interpretation of the results is 
that deviations from typical conditions in currents 
were not conducive to spawning. 

EKE was selected as a metric in the model of best 
fit for both red hind and gray snapper (Fig. S1), while 
vertical velocity was only detected as an important 
metric for gray snapper (Fig. S2). EKE and vertical 
velocity may affect FSA distribution through creation 
of conditions that influence larval fish feeding, as 
well as the advection and dispersal of eggs and lar-
vae. In a previous study, drifters released during fish 
spawning periods were retained in eddies, indicating 
eddies may act to retain larvae closer to suitable 
coastal habitat (Heppell et al. 2008). In another study, 
drifters released at FSA sites moved more quickly 
offshore than those released at adjacent sites, which 
suggested that rapid offshore movement lowered 
predation risk on fish eggs and larvae (Gladstone 
2007). However, red hind and gray snapper, the only 
species to include EKE and vertical velocity in their 
selected models, had low Akaike weights of 0.29 and 
0.14 in their top models, respectively (Tables 4 & 7). 
This indicates lower confidence for model selection. 
Compared to other species, gray snapper had a low 
number of spawning observations, with a sample 
size of 16, while the sample size for red hind was 30. 
This may have impacted results. Alternatively, the 
reduced influence of EKE and vertical velocity on 
FSA habitat may reflect the spatial scale of our analy-
sis, which focused on changes at the scale of species 
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distribution. Since EKE and vertical velocity exhibit 
heightened variability at the scale of kilometers to 
tens of kilometers, finer-scale spatial data may be 
needed to detect their influence on FSAs. 

We initially hypothesized that results may be char-
acterized by greater uncertainty for lane snapper due 
to the fact that lane snapper is classified as a resident 
spawner rather than a transient spawner. This could 
cause its distribution to be less tightly influenced by 
environmental conditions in the model. Rather than 
migrating to specific sites with certain environmental 
conditions, this species stays within its home range 
for spawning. Resident spawning sites may serve to 
minimize costs of migration and time exposed to 
increased predation risk (Donahue et al. 2015). Also, 
smaller-bodied reef fish may not have the physical 
and physiological capacity to migrate over long dis-
tances, so they may have evolved to adapt to spawn 
in more variable conditions close to their home range 
rather than seeking out specific conditions. Despite 
the expectation that lane snapper FSAs would be less 
tied to environmental variables due to resident 
spawning, the percentage of residual deviance ex -
plained by the environmentally driven NPPEN 
model was higher for lane snapper than for any other 
species. This surprising observation is a subject wor-
thy of future investigation to better understand the 
underlying mechanisms. 

Chlorophyll was not selected in models of best fit 
for any species, indicating that spawning habitat may 
not be influenced by biological productivity. This 
measure alone may not be enough to capture the in-
fluence of productivity in the system, or variability in 
chlorophyll may be too low to impact model results. 
Biological productivity is potentially important to 
FSA locations, but it may not be adequately captured 
by chlorophyll at the spatial scale of this analysis. 
 Different measures of productivity, such as primary 
production, zooplankton productivity, or export of 
 energy to the benthos, may be more appropriate to 
include as a variable in future modeling efforts (Stock 
et al. 2017). Friedland et al. (2012) found that metrics 
such as particle-export ratio and the ratio of second-
ary-to-primary production provided greater explana-
tory power as factors controlling fisheries production 
than chlorophyll concentration. Additional research 
could include examining the influence of the chloro-
phyll maxima at the thermocline on spawning aggre-
gations, in addition to surface chlorophyll. 

Overall, spawning habitat suitability for every 
snapper and grouper species examined herein could 
be modeled as a function of oceanographic variables. 
Deviance explained by environmental variables 

ranged between 39.5 and 330.3 compared to a null 
model where equal spawning habitat suitability was 
assigned to all areas with coral reefs. However, the 
percentage deviance explained by these variables 
relative to the null model was low to moderate 
(3.4−20.0%). Also, in Figs. 4 & 8, modeled peak habi-
tat use during the historical period was not always 
equal to areas with observed aggregations, which 
implies a level of uncertainty in the projected distri-
bution among certain species. Looking at the magni-
tude of mismatch of the FSA observations, 1 observa-
tion was not predicted well by the models for 
snapper, while approximately 3 observations were 
not predicted well for grouper (Figs. 4 & 8). 

These factors suggest that additional variables may 
need to be considered to fully understand spawning 
dynamics. For example, geomorphology, coral reef 
condition, lunar phase, and tidal dynamics have been 
previously shown to affect FSA occurrence among 
these species (Kobara et al. 2013, SCRFA 2014). 
Moreover, since our research focused on large-scale, 
climatological conditions, it is possible that addi-
tional variation in FSA occurrence could be ex -
plained if we were able to incorporate in situ data 
collected synchronously with spawning (Mannocci et 
al. 2017). However, due to the patchy nature of FSA 
monitoring programs across Caribbean countries, 
such environmental data were not uniformly avail-
able across the full distribution range of these spe-
cies. Also, a number of biotic factors likely influence 
spawning habitat suitability. Population size will 
determine what percentage of suitable ocean spawn-
ing habitat is used (Planque et al. 2007). Since many 
FSA forming species are currently depleted com-
pared to their carrying capacity, this may have influ-
enced our ability to model the fullest extent of 
 suitable ocean spawning habitat. Interspecific inter-
actions, such as predation risk and availability of 
suitable prey, may also influence FSA selection (Fer-
nandes et al. 2013, de Araújo et al. 2014). Lastly, 
some reef fishes exhibit behavioral dynamics where 
the return to FSA sites might be influenced by the 
presence of older fish who guide first-time spawners 
on their migration (NOAA 2013, MacCall et al. 2019). 

4.2.  Phenological shifts in FSA occurrence 

When modeling phenology (Figs. 2 & 3), the maxi-
mum probability of spawning habitat generally cor-
responded well with observed spawning phenology 
(Gokturk 2021). However, low, but non-zero, proba-
bilities of spawning habitat occurred in model output 
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during months when no spawning has historically 
been observed. This is indicative that there is a  
non-zero probability of occurrence of the physical 
oceanographic conditions associated with spawning, 
but that spawning may be constrained during these 
months by other physiological, ecological, or evolu-
tionary factors, such as the time needed for oocyte 
development and vitellogenesis. 

There was a clear pattern in phenological shifts 
between groupers and snappers that fell in line with 
the original hypotheses that there would be differ-
ences in phenological change between taxonomic 
groups. Groupers shifted phenology slightly later in 
the season. Groupers spawn during colder months 
and consequently cannot shift the timing of spawn-
ing by very much to track seasonal climate velocity 
since they are spawning already in the coldest 
months of the year. This is consistent with previous 
research suggesting that climate change will cause 
marine organisms to track the velocity of climate 
change and shifts in seasonal timing of tempera-
tures (Burrows et al. 2011, Poloczanska et al. 2013). 
Since marine biodiversity is greater in the tropics, 
this is of particular conservation concern, as these 
areas tend to have greater phenological velocities 
of climate change (Burrows et al. 2011). In contrast 
to the groupers, snappers were projected to shift 
spawning earlier in the year, with peak spawning 
months moving from summer to spring and even 
late winter, with some variability between species. 
Gray snapper was the only species to exhibit a 
bimodal response in phenology, with climate veloci-
ties pointing in both directions, meaning shifts in 
spawning occurred both earlier and later in the 
year. This difference between how groupers and 
snappers react to climatic forcing has been observed 
in other settings. For example, in the Gulf of Cali-
fornia, yellow snapper Lutjanus argentiventris and 
leopard grouper Mycteroperca rosacea exhibited 
different reactions to El Niño events, with recruit-
ment and landings of grouper augmented during 
cool La Niña years and snapper recruitment and 
landings peaking during warm and wet El Niño 
years (Aburto-Oropeza et al. 2010). 

Several snapper species were projected to undergo 
extremely large changes in reproductive phenology. 
This includes cubera snapper and lane snapper, 
which both experienced a 5 mo advancement in their 
projected peak spawning (Fig. 3). Similarly, pro-
jected seasonality of mutton snapper spawning was 
nearly reversed between historical and future peri-
ods (i.e. months with the lowest probability of spawn-
ing became months with the highest probability). 

However, when viewing these patterns in terms of 
CT rather peak spawning month, rates of change 
were more modest (i.e. −4.8 to −5.8 d decade−1 for 
these 3 species; Table 5), which is just slightly higher 
than the mean rate of observed change among mar-
ine species (Poloczanska et al. 2013). In contrast, the 
5 mo change in peak spawning over a centennial 
scale corresponded to a rate of −15 d decade−1. These 
differences reflect the fact that CT is a conservative 
phenological metric since it accounts for data from all 
months of the year (Ji et al. 2010). Generally, changes 
in seasonal extremes (i.e. peak, first, or last occur-
rence of a species) are subject to quicker phenologi-
cal change than measures of mean occurrence (Lan-
gan et al. 2021). 

A key question is whether the rapid shifts in month 
of peak spawning among snappers is biologically 
realistic or simply a function of NPPEN assuming that 
seasonal distributions will track a species’ thermal 
niche. While the gonadosomatic index (i.e. an indica-
tor of preparation for spawning) has been shown to 
closely track cumulative temperature exposure in 
many fishes (Ware & Tanasichuk 1989, Lange & 
Greve 1997, Gillet & Quétin 2006, Neuheimer & 
MacKenzie 2014), there are likely thermal limits 
beyond which this relationship would break down. 
The realism of rapid changes in spawning phenology 
might also depend upon the source of energy for 
spawning. Among fish that use recent food intake to 
provide energy for spawning (i.e. income spawners), 
there might be a greater capacity and need to rapidly 
adapt reproductive phenology to environmental 
changes compared to fishes that utilize stored energy 
reserves (i.e. capital spawners; Varpe et al. 2009). 
However, capital spawning may also allow fish with 
greater flexibility to use stored energy to react to 
unexpected conditions. Resident spawners, such as 
lane snapper (Table 1), who do not need to travel 
long distances to spawning sites, are more likely to 
be income spawners, whereas species that form tran-
sient spawning aggregations are more likely to be 
capital spawners. 

Nonetheless, phenological changes as large as 
those projected for cubera, lane, and mutton snapper 
seem feasible, since observed changes of a similar 
magnitude have been seen among marine species  
as diverse as copepods, ctenophores, nudibranchs, 
shrimp, fish, and seabirds (Mackas et al. 1998, 
Bertram et al. 2001, Philippart et al. 2003, Juanes et 
al. 2004, Schlüter et al. 2010, Lambert 2013, Langan 
et al. 2021). Examples in these papers show observed 
rates of phenological change exceeding a magnitude 
of 15 d decade−1 (i.e. the modeled rate of change in 
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peak snapper spawning). These examples of extreme 
phenological change were frequently linked to 
increases in temperature, with several of case studies 
coming from climate change hot spots (Lambert 
2013, Langan et al. 2021). However, in several cases, 
additional factors influenced these extreme rates of 
phenological change (e.g. introduction of invasive 
species, changes in fisheries management, alteration 
of predator−prey dynamics; Juanes et al. 2004, 
Schlüter et al. 2010, Lambert 2013). Among these 
examples of large phenological changes, several of 
them negatively affected the survival, abundance, or 
recruitment of protected or commercially valuable 
species that interacted with the organism undergo-
ing the sizable phenological change (Bertram et al. 
2001, Philippart et al. 2003, Mackas et al. 2007). 

4.3.  Latitudinal shifts in FSA sites 

Compared to phenological changes where there 
were distinct differences among fish families, the 
results of this study are less clear-cut when looking at 
projected latitudinal shifts in groupers and snappers. 
Results for latitudinal shifts differed among species 
and ranged from −11 to 40 km decade−1 (Table 3). 
Groupers tended to have larger poleward shifts in 
distribution, but this also varied from species to spe-
cies. Similar to the pattern seen with phenological 
shifts, Nassau and yellowfin grouper had the greatest 
latitudinal distribution shifts within the groupers. 
Equatorward shifts were observed with lane and 
gray snapper, whereas red hind was projected to 
have an extremely small shift in distribution (0.01 km 
decade−1) (Table 3). Models from 5 of the 8 study spe-
cies that all had high confidence based on Akaike 
weights showed a poleward shift in distribution. This 
is consistent with the global trend towards poleward 
distribution shifts observed for many fish species 
(Cheung et al. 2009, Morley et al. 2018). 

Local extinctions and invasions can be caused by 
shifts in latitudinal ranges (Parmesan 2006, Cheung 
et al. 2009). These shifts in distribution have gener-
ally extended in the poleward direction with increas-
ing temperatures, resulting in greater potential for 
climate-induced invasions and higher invasion inten-
sity at higher latitudes (Hiddink & Hofstede 2008, 
Cheung et al. 2009, Fodrie et al. 2010). Conditions 
that exceed the temperature range of fish species 
may make reproduction at preferred FSA sites and 
seasons no longer possible, forcing them to adapt or 
shift spawning to cooler regions and seasons to avoid 
extinction (Dahlke et al. 2020). 

While this was the first study to examine climate 
change impacts on multi-species spawning aggrega-
tion locations of Greater Caribbean groupers and 
snappers, several previous studies have investigated 
distribution shifts among these species outside of 
their spawning season. Morley et al. (2018) showed 
less agreement in distribution shift direction of spe-
cies with low certainty in some models, which was 
the case for gray snapper, lane snapper, and red 
hind. The southward shift for gray snapper identified 
in this study contrasts with previous research indica-
ting a poleward distribution shift (Hare et al. 2012). 
However, the magnitude of distribution shifts for 
FSAs in general and gray snapper in particular are 
dependent on the climate change scenarios exam-
ined in each study. Also, the smaller sample size for 
gray snapper FSA sites and low certainty in model 
selection may have influenced results. Additionally, 
this study limited spawning observations to sites with 
presence of current-day coral reefs and only exam-
ined the spawning life history stage, which differed 
from Hare et al. (2012). Since our study modeled gray 
snapper and other species as obligate reef spawners 
and did not make projections of future changes in 
coral reef distribution, this likely limited the extent of 
poleward distribution shifts. However, gray snapper 
can use coral reefs facultatively during spawning 
and may alternatively use other structured, hard-
 bottom substrate (SEDAR 2018). Future work should 
explore how this affects projected FSA distribution 
by parameterizing NPPEN to make projections of 
spawning in areas with coral reefs, other natural 
hard substrates (e.g. rock reefs), and artificial sub-
strates, such as oil rigs and pipelines, that can serve 
as artificial reefs (Paxton et al. 2020). 

4.4.  Loss in suitable FSA ocean habitat 

Our integrated habitat suitability metric explained 
gains and losses in marine spawning habitat inde-
pendent of shifts in fish distribution and changes in 
phenology. Overall loss of suitable FSA habitat be -
tween historical and future periods under the RCP8.5 
scenario ranged between 68 and 82% for groupers 
(Table 6). This contrasts with the smaller 18−44% loss 
of habitat among lane snapper, mutton snapper, and 
cubera snapper, producing significant differences be-
tween these 2 groups of fishes (Table 2). Gr ay snapper 
differed from all other study species and showed a 
gain of suitable ocean spawning habitat of nearly 
105% by 2100 (Table 6). Previous work on gray snap-
per has also found that this species is projected to ex-
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pand its range under the impacts of climate change as 
temperatures increase (Hare et al. 2012, Morley et al. 
2018). For example, a study conducted on gray snap-
per in the Gulf of Mexico found a 71% increase in 
thermal habitat (Morley et al. 2018). Range expansions 
may increase local biodiversity on short-term time scales 
as poleward-retreating species are outpaced by pole-
ward-advancing species. However, in the long term, 
these climate range expansions may act similarly to 
nonnative species invasions, modifying local dynamics 
related to competition, predation, herbivory, and par-
asitism (Fodrie et al. 2010). Populations shifting to fa-
vorable environmental conditions may still experience 
novel selection pressures from altered biotic interac-
tions and unprecedented combinations of photoperiod 
cues and climatic effects (Moran & Alexander 2014). 

Some research has suggested that rather than 
range shifts, it may be possible for fishes to respond to 
climate change by adjusting thermal range through in-
dividual acclimatization or evolutionary adaptation 
across generations (Angilletta 2009, Dahlke et al. 
2020). This could be applicable to the study species in 
their ability to adapt to changing temperatures and 
spawn in warmer conditions rather than shifting their 
spawning habitat and range. The changes in suitable 
ocean habitat for FSAs may also be tied to other eco-
logical needs for spawning habitat in addition to tem-
perature requirements. Spawning sites may provide 
necessary substrates for egg deposition or hydro-
graphic features that assist with egg and larval dis-
persal, including current speeds and flow direction 
(Heyman & Kjerfve 2008, Wooton & Smith 2014, 
Dahlke et al. 2020). As a result, even if a range shift 
would provide more suitable temperature conditions 
for species forming FSAs, additional requirements 
needed for reproduction may be missing, including 
factors related to hydrographic conditions, reef geo-
morphology, and biotic conditions like predator ab-
sence and food availability. Habitat fragmentation as 
a result of range expansion could result in decreased 
larval connectivity (Moran & Alexander 2014). Studies 
using coupled physical−biological models suggest 
larval transport could influence the range of marine 
species irrespective of local environmental conditions 
like temperature (Gaylord & Gaines 2000, Thompson 
et al. 2018). Changes and shifts in spawning habitat 
have further ecological implications, since predation, 
competition, and prey availability can change in re-
sponse to co-occurrence of temperate, subtropical, 
and tropical species (Sax et al. 2007, Fodrie et al. 
2010). These ecological interactions may influence 
whether it is possible to establish new FSAs in loca-
tions with suitable climatic conditions. 

4.5.  Future research 

Further research on transient FSAs is needed, as 
there may be sites that are unmanaged or undiscov-
ered currently (Kobara et al. 2013). Knowledge gaps 
on FSAs limit the effectiveness of management 
strategies meant to protect FSA habitat and produc-
tive fisheries, consequently limiting the performance 
or design of marine protected areas (MPAs) (Sale 
et al. 2005, Crowder & Norse 2008, Kobara et al. 
2013). Fish populations can be sustained effectively 
through no-take reserves if spawning occurs within 
the boundaries or there is connectivity between FSA 
sites and marine reserves (Sale et al. 2010). 

As establishment of MPAs and implementation of 
fishing restrictions can be depth-dependent, change 
in depth of spawning should be considered for future 
research. Similar research conducted has projected 
species to become restricted to deeper habitats based 
on historic observations (Pinsky et al. 2013, Kleisner 
et al. 2016, Morley et al. 2018). This could be an im -
portant metric to consider for species that may adjust 
depth in response to warming temperatures rather 
than adjusting their phenology or latitudinal distri-
bution as was the focus of this study. 

4.6.  Conclusions 

Researchers should continue to identify and moni-
tor transient FSA sites following standardized proto-
cols and sharing results via a cooperative FSA moni-
toring network (Heyman et al. 2019, Pittman & 
Heyman 2020). Future work exploring the life history 
characteristics of different species may provide key 
insights into responses under the impacts of climate 
change, and consequently managers may need to 
adjust current management strategies. Different life 
stages of fish species are not equally sensitive to 
 temperature and the effects of climate change. These 
 differences make it critical to develop modeling 
approaches that consider the interactions between 
multiple life history stages under the same frame-
work. 

Overall, there was evidence from this study sup-
porting that climate change will impact the phenol-
ogy, distribution, and ocean habitat suitability of 
reef-fish transient FSAs. Among these effects, strong 
differences were seen between the grouper and 
snapper families, with varying life history character-
istics and thermal preferences for spawning. For 
each species, SST coupled with a hydrographic vari-
able was found to influence distribution and proba-
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bility of spawning habitat. With cooler preferences 
for spawning habitat, groupers were found to be 
more impacted by climate change under the RCP8.5 
scenario compared to snapper species, which was 
consistent with our hypotheses. While the direction-
ality and average latitudinal shift varied across spe-
cies with no significant differences between families, 
there were differences between families in terms of 
changes in suitable ocean habitat and phenological 
shifts. Snappers are expected to shift spawning ear-
lier in the season, while groupers’ spawning season 
was projected to shift slightly later in the year and 
have a greater loss of suitable ocean spawning habi-
tat. Differences in our results between shifts in mean 
latitudinal shift, habitat suitability, and phenology 
highlight the importance of looking at multiple met-
rics when studying fisheries under climate change. 
While there are many studies exploring distribu-
tional changes, other metrics, such as phenological 
shifts or overall habitat availability, may provide ad -
ditional insight into climate change responses. This is 
especially important since our results suggest that 
there may be trade-offs between whether  species 
respond to climate change by altering their phenol-
ogy, mean latitudinal distribution, or by experiencing 
declines in habitat suitability. The information ob -
tained from this study could be a useful tool in future 
management of both marine reserves and other types 
of protected areas, as the timing and locations of 
spawning events could be altered as a result of cli-
mate change. This has implications for harvest and 
fishing restrictions, as well as seasonal sales bans 
and site closures during spawning events. 
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