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1.  INTRODUCTION 

Natural climate changes regularly occur in space 
and over time (Pinsky et al. 2020). However, due to in-
creasing anthropogenic pressures involving carbon 
emis sions and excessive resource use, human- induced 
changes have become more severe and frequent, 
threatening the health and integrity of our ecosystems 
(Rockström et al. 2009, IPCC 2018, Holbrook et al. 
2020). Negative impacts in marine environments in-

clude a rapid increase in sea surface temperatures 
(SST), causing mass coral bleaching events (Sully et 
al. 2019) and reorganization of community structure 
(Stuart-Smith et al. 2017). Other negative impacts in-
clude increased metabolic stress, variation in growth 
and reproductive rates, and a decrease in calcification 
capacity in marine organisms (Harley et al. 2006, 
Brierley & Kingsford 2009, Barneche et al. 2018). 

Reef fishes are key constituents of rocky and coral 
reefs, given their contribution in several ecosystem 
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functions (e.g. nutrient cycling and biomass produc-
tion), and are an important source of food and liveli-
hood for human societies worldwide (Moberg & 
Folke 1999, Villéger et al. 2017, Hicks et al. 2019). 
Ecology and conservation studies have focused pri-
marily on describing patterns and changes in reef 
fish species richness, abundance, and biomass (Con-
nolly et al. 2005, Floeter et al. 2007, Villéger et al. 
2010). However, the use of trait-based approaches as 
proxies for functional structure to answer long-term 
and pressing ecological questions, such as how bio-
diversity varies along environmental gradients, or 
what the consequences of species loss are for ecolog-
ical processes, has increased exponentially only in 
the last 2 decades (Mouillot et al. 2014). 

Species traits can provide an essential tool to 
uncover and generalize biodiversity organization, 
allowing predictions of species and community ef -
fects on ecosystem functions and services (Mouil-
lot et al. 2014). Moreover, trait-based ecology 
allows understanding of how aspects of history, 
ecology, and environment influence marine organ-
isms at dif ferent spatiotemporal scales (Yeager et 
al. 2017). For instance, warmer seasons influence 
the functional composition of fish by selecting spe-
cies with traits adapted for these conditions 
(Mouillot et al. 2013). Traits such as low generation 
time, rapid sexual maturity, and wide dispersal 
ability are correlated with warmer temperatures 
and tend to be more dominant under these cir-
cumstances (Pecuchet et al. 2017, McLean et al. 
2018, Beukhof et al. 2019b). In this sense, temporal 
trait-based ap proaches may accurately detect how 
assemblages respond to environmental changes, 
considering that variations in species abundance 
promote trait turnover over time (Beukhof et al. 
2019a, Pe cuchet et al. 2020). 

Trait-based reorganizations in communities over 
time have implications for the functioning of ecosys-
tems (Pecuchet et al. 2020). For instance, studies in 
the Indo-Pacific showed that warmer temperatures 
increase macroalgae consumption by abundant her-
bivorous fish, affecting local productivity and nurs-
ery habitats (Bates et al. 2014, Hyndes et al. 2016, 
Vergés et al. 2016). However, despite the relevance 
of understanding how fish community traits vary 
over time, few studies have shown temporal varia-
tions (Anderson et al. 2020). Further, few studies 
have explored climate change projections and their 
effects on reef fish of the Atlantic Ocean (Inagaki et 
al. 2020). Therefore, considering the progressive 
increase in frequency and intensity of marine heat-
waves in the Southwestern Atlantic in the last 

decade (Brauko et al. 2020), there is a need for char-
acterizing community composition not only in terms 
of species richness and abundances, but also trait 
composition in response to these events. 

Here, we used long-term survey data of reef fish 
assemblages sampled at 7 islands along an environ-
mental transition zone in the Southwestern Atlantic 
to evaluate potential changes and variability in spe-
cies trait composition over time using community 
weighted means (CWMs) and multivariate statistics. 
This area has been particularly impacted by global 
warming during the past decades and the intensifica-
tion of the subtropical anticyclonic gyre, whereby the 
Brazil Current brings warm waters southwards 
(Franco et al. 2020). We also investigated potential 
changes in the thermal affinity dynamic using the 
community thermal index (CTI) and modeled the 
patterns and changes to assess whether they can be 
explained by recent warming. Since studies in the 
North Atlantic have shown that climatic oscillations 
drive modifications in functional structure (McLean 
et al. 2018, 2019a), we assessed whether variations in 
species abundance over the years can influence the 
trait composition in our study area. Thus, based on 
previous regional and global assessments of fish 
community responses to warming (Antão et al. 2020, 
McLean et al. 2021, Galvan et al. 2022), we hypothe-
sized that tropical species are expanding their distri-
bution range due to an increase in SST, whereas 
ranges of temperate species are contracting. This 
response was expected to occur in the present study 
area due to its location inside a transition zone, 
revealing a different pattern compared to other 
regions where temperate communities demonstrate 
wide distributional shifts (Fossheim et al. 2015). We 
also expected that warm-affinity traits would in -
crease in their relative dominance in response to 
higher temperatures, while cold-affinity traits would 
decrease in dominance in the assemblages. In sum-
mary, our work aimed to investigate the temporal 
effects of warming on fish communities using CWM 
and CTI values as proxies for species range shifts in 
order to detect possible expansions and/or contrac-
tions in their distributions. 

2.  MATERIALS AND METHODS 

2.1.  Study area 

The temporal variation in trait composition of reef 
fish assemblages was assessed at 7 islands located in 
the subtropical−warm-temperate transition zone of 
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the Southwestern Atlantic (Fig. 1). By applying Ward 
clustering to species composition and abundance 
(for more detail, see Fig. S1 in the Supplement at 
www.int-res.com/articles/suppl/m710p107_supp.pdf), 
the islands were divided into northern (Galé, Arvo -
redo, and Deserta) and southern regions (Aranhas, 
Xavier, Campeche, and Moleques do Sul). Three of 
these islands are located inside of a marine protected 
area (MPA), the Arvoredo Marine Biological Reserve 
(i.e. Arvoredo: 27° 29’ S, 48° 36’ W; De serta: 27° 27’ S, 

48° 33’ W; Galé: 27° 18’ S, 48° 41’ W), and 4 are lo -
cated outside the MPA: Aranhas Islands (27° 48’ S, 
48° 36’ W), Moleques do Sul (27° 51’ S, 48° 26’ W), 
Campeche (27° 42’ S, 48° 27’ W), and Xavier Island 
(27° 36’ S, 48° 23’ W). Fur thermore, the northern is -
lands showed generally higher temperatures, vary-
ing from 17.3 to 28.9°C (mean summer SST), whereas 
the southernmost is lands experienced cool er condi-
tions, varying from 15.6 to 26.8°C (mean summer 
SST) (Faria-Junior & Lindner 2019). The rocky reefs 
in all islands were mainly covered by algal turfs, 
erect macroalgae, and zoanthids without clear sepa-
ration of benthic habitats along the depth range gra-
dient (Aued et al. 2018). Due to their position be -
tween subtropical and temperate biogeographical 
zones, all islands were exposed to the same regional 
variation in temperature dynamics, which plays an 
important role in communities due to its change in 
short  temporal scales (Beger et al. 2014). This temper-
ature variation supports the over lap of tropical and 
subtropical reef fish fauna observed in the area (Ebe -
ling & Hixon 1991, Anderson et al. 2015). 

2.2.  Fish sampling 

Reef fish assemblages were sampled during the 
summer seasons through 1306 underwater visual 
censuses (UVCs) made while scuba diving between 
2008 and 2020. In each UVC, the diver began the 
process at the first encounter using a tape measure 
and visually identified, counted, and size-estimated 
(total length to the nearest centimeter) all acti nop -
tery gian fish species along belt transects (2 × 20 m, 
95% of them at 1.5−18 m depth interval). While 
unwinding the tape, the diver collected data of non-
cryptic species (>10 cm) in the water column and 
while retracting the tape, followed the same pro -
cedure for bottom-associated and cryptic species 
(<10 cm) (Morais et al. 2017). All the census data 
considered in this study are available in Quimbayo 
et al (2023). 

2.3.  Fish traits 

In order to represent the general ecology of spe-
cies, all species observed in the UVCs were classified 
according to 16 traits representing their morphologi-
cal, physiological, or behavioral adaptations and char-
acteristics involved in the key processes of feeding/
resource acquisition, reproduction/growth, and sur-
vival/predator-avoidance aspects (Table 1). The clas-
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Fig. 1. Sampled islands. Numbers indicate Galé Island (1), 
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sification and selection of traits builds on previous 
trait-based descriptions of marine organisms (Litch-
man & Klausmeier 2008, Litchman et al. 2013) 
adopted in recent studies on marine fish community 
structure and changes (e.g. Dencker et al. 2017, 
Pecuchet et al. 2017, Beukhof et al. 2019a,b). These 
traits were obtained from Quimbayo et al. (2021). 

2.4.  Environmental data 

To test relationships and the effects of warming on 
trait composition across years, we included 2 abiotic 
variables representing local- and global-scale driv-
ers. As a local driver, we used SST of each island 
sampled, while El Niño/Southern Oscillation (ENSO) 
was used as a global driver. SST, which has the 
potential to impact the dynamics of communities due 
to direct influence on fish distribution, metabolism, 
and/or growth (Morais & Bellwood 2018), was com-
piled for winter and summer seasons. Mean SST val-
ues per summer and winter season per year were 
extracted from multi-scale ultra-high-resolution SST 
analysis (Chin et al. 2017), which presents daily SST 
estimated on a global 0.01° × 0.01° grid available in 
the NOAA repository (https://coastwatch.pfeg.noaa.
gov/erddap/index.html). We obtained the Monthly 
Multivariate ENSO index from NOAA’s Earth Sys-
tem Research Labo ratory (esrl.noaa.gov/psd/enso/
mei) and calculated mean values per summer and 
winter seasons to include in the analysis. ENSO val-
ues are a com bination of different variables related 
to sea level pressure, temperature, wind, and radia-
tion over the Tropical Pacific basin calculated for 
12 over lapping bi-monthly seasons (Wolter & Timlin 
1993, Kobayashi et al. 2015). 

2.5.  Data analysis 

Given that sampling effort was not uniform across 
years and in each island (Fig. S2), sample size was 
standardized using a rarefaction technique (Magur-
ran & McGill 2011). We first identified the smallest 
sampled area (120 m2) for each island and year, and 
then fixed this number for all other years as the min-
imal sampled area, and randomly sub-sampled indi-
vidual transects until the minimal sampled area was 
reached. This method has been used to compare fish 
assemblages from oceanic islands (Quimbayo et al. 
2019). As multiple combinations of transects could be 
used to compose the minimal sampled area, samples 
for any given combination of year and island were 
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bootstrapped 1000 times to produce distributions of 
species composition and abundance along the study 
area (Figs. S3−S9). In each permutation, we conducted 
the analysis to explore community trait variation and 
at the end of the bootstrap, where the mean values 
were used as input for the subsequent analysis. 

Following bootstrapping, we conducted a multiple 
factor analysis (MFA) (Abdi & Valentin 2007) to iden-
tify temporal trait dynamics in the 7 islands of the 
transition zone. This multivariate analysis takes into 
account the structure of data in groups (Abdi & 
Valentin 2007), which in our study corresponds to 
3  classes of traits (feeding/resource acquisition, 
reproduction/growth, and survival/predator avoid-
ance). The data division balances the contribution of 
each group of traits to the total variation and allows 
quantifying the contribution of the most important 
ones. For each year, temporal trait dynamics were 
evaluated through CWMs (Lavorel et al. 2008), as 
trait values weighted by loge (x + 1) abundance of 
species to meet the assumption of equal variances 
in  statistical analysis. Since samples were boot-
strapped, we used the mean CWM values of all traits 
within classes obtained from reef fish composition in 
each island and year as input for the MFA analysis. 
This serves to illustrate community trait variation 
through time along the transitional zone but may not 
reflect the full range of variation in traits within indi-
vidual islands. The results displaying temporal trait 
changes per year were summarized by assessing the 
loadings on the first and second dimension of the 
MFA. For modeling, we used only values of the first 
dimension since they account for the most part of the 
total variability. To test the sensitivity of results to the 
inclusion or exclusion of species targeted by local 
fishermen, we repeated the analysis while excluding 
all species classified as being under heavy fishing 
pressure (e.g. species targeted by multiple gear 
types or fishing methods across a wide range of 
coastline) according to Floeter et al. (2006). One 
mean value per region per year was used in the 
analysis to address potential fishing effects in large 
and high trophic level species over time. 

To quantify warming signals, we estimated the CTI 
for each year based on the average thermal affinity 
of the community. A thermal distribution was con-
structed for all 147 fish species recorded, using oc -
currence records from available checklists of distri-
bution (Quimbayo et al. 2021) combined with mean 
SST from the Bio-ORACLE data set (Assis et al. 
2018). Based on the corresponding temperature 
reported in each locality where species were present, 
a temperature distribution was obtained for each 

species. We used the midpoint of distribution as a 
measure of the central thermal tendency for each 
species, or thermal affinity. The midpoint was chosen 
to be less sensitive to the distribution across the tem-
perature range of species (Stuart-Smith et al. 2015). 
The CTI was calculated from the average of thermal 
midpoint values for species recorded by year in each 
island, weighted by their log (x + 1) abundance. This 
measure is considered a useful proxy for detecting 
responses to climate change, since it reflects immedi-
ate turnover under extreme temperatures (Burrows 
et al. 2019). To better visualize trajectories in CTI, we 
compared these values with SST in both inside and 
outside MPA which can be grouped, respectively, 
into northern and southern islands. Moreover, this 
separation also corresponds to warmest and coldest 
regions and allows us to compare different commu-
nity responses to temperature. 

To examine potential collinearity among the pre-
dictors used in the models, we used Pearson’s corre-
lation, considering a correlation coefficient r < ±0.7 
as a cut-off value (Fig. S10), since values below this 
threshold are unlikely to involve multicollinearity in 
models (Dormann et al. 2013). We tested for the 
effect of SST and ENSO in summer and winter sea-
sons, locality (i.e. the 7 islands), and survey (i.e. 
inside/outside MPA) on the CWM trait and CTI val-
ues per year using generalized additive models 
(GAMs) with Gaussian distribution. This distribution 
was chosen considering the nature of the data (con-
tinuous values from negative to positive sign) and 
that the residuals are normally distributed (Zuur 
et al. 2009). The degrees of freedom of the spline 
smoother function (s) were further constrained to 
3 knots (k = 3) to allow for potential non-linearities, 
but also restrict flexibility and risk of overfitting. We 
performed a set of models testing for survey (inside 
or outside MPA) as specific slopes of SST and ENSO 
in summer and winter separately, and using islands 
as fixed factors to account for any geographical (i.e. 
latitudinal) differences between sites, not repre-
sented by variation in temperature. We then per-
formed a model selection approach using Akaike’s 
information criterion (AIC) (Burnham & Anderson 
2002). The significance of predictors in the final 
model was evaluated using p ≤ 0.05, and to ensure 
model assumptions were satisfied, we verified the 
normal distribution of residuals (Figs. S11−S14). All 
statistical analysis were done in R 4.0.2 (R Core Team 
2020), using the libraries ‘FactoMineR’ (Lê et al. 
2008, Husson et al. 2013), ‘mgcv’ (Wood 2017), ‘FD’ 
(Laliberté et al. 2015), and ‘car’ (Fox & Weisberg 
2019). 
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3.  RESULTS 

3.1.  Temporal patterns of trait composition 

Our results showed that 30.1% of the total variabil-
ity in CWM traits for the whole community weighted 
by abundance was explained by the first dimension 
(Dim 1, Fig. S15). This dimension displays a gradual 
temporal change in trait composition from positive to 
negative values from 2008 to 2020, with rather low 
inter-annual variability (Fig. 2a). The feeding, repro-
duction, and survival traits each contribute to around 
30% of the explained variance, indicating that all 
broad trait groups have the same importance on 
Dim 1 (Fig. 2a). At the start of the time period, the fish 
assemblages are characterized by high weighted 
abundance of large and mobile species, as reflected 
by the positive loadings of these traits on Dim 1 
(Fig. 2b). In the first years, the traits fusiform, mobile, 
pelagic spawners, large body size, forked caudal 
fin,  and low-level water habitat dominated, hence 
highlighting the presence of predator species at the 
beginning of the time series. For instance, species 
belonging to highest trophic levels such as the 
grouper Epinephelus marginatus were frequent at 
the beginning of the time series, but were not repre-
sented in the last few years (Fig. S16). In contrast, the 
community trait composition in the latest years was 
primarily composed of species with traits such as 
elongated body, sedentary, demersal spawners, and 
bottom-associated, as indicated by the negative load-
ings. This reflects an increase in the abundance of 
small and cryptic species, such as Parablennius pil-
icornis and P. marmoreus, which have become rela-
tively more abundant in recent years (Fig. S16). The 
average body size in the first years ranged from 5 to 
32 cm, whereas throughout the remaining years it 
ranged from 1 to 26 cm. Dim 1 also shows fluctua-
tions in the abundance of the tropical-affinity species 
Priacanthus arenatus and the exotic cooler-water 
species Chromis limbata. 

The second dimension (Dim 2) accounts for 19.7% 
of the total variability in CWM traits weighted by 
abundance but does not display a clear and consis-
tent decreasing trend across islands (Fig. 2c). Growth 
traits explain a large part of the CWM trait variability 
(37.1%), followed by survival (35.2%) and feeding 
traits (27.7%). This dimension mainly captures the 
variation in the proportion of individuals with the 
traits box-shaped, large body size, and rounded cau-
dal fin in the early years (Fig. 2d). These traits refer to 
species such as Stephanolepis hispidus, which was 
more prevalent in early years (Fig. S16). On the other 

hand, species forming large groups, having low ther-
mal affinity (i.e. low values of CTI) and with terminal 
mouths were most abundant in recent years. These 
traits correspond to cryptic species, such as Malacoc -
tenus delalandii and Coryphopterus glaucofrae num, 
which became more abundant in recent years, as 
well as Chaetodipterus faber, a species often found 
to form schools (Fig. S16). 

The temporal trends for reef fish traits when 
excluding fishing target species were similar to those 
found when considering the entire community. The 
dimensions of MFA revealed a negative trend as -
sociated with the predominance of large and high 
trophic level traits at the beginning of the time series, 
while cryptobenthic traits were most abundant in the 
later years (Fig. S17). 

3.2.  Temporal patterns of the CTI 

We observed an increase in abundance of warm-
affinity species over time reflected by the higher CTI 
values (Fig. 3), whilst some tropical species also 
showed increasing trends in abundance (Fig. S18). 
The trend is even more pronounced for southern 
islands, revealing a spatial response of fish assem-
blages in terms of thermal affinity. This trend was 
related to the corresponding shifts in environmental 
temperature for both outside the MPA (southern) and 
inside the MPA (northern) islands and broadly fol-
lowed patterns in SSTs of the Southwestern Atlantic 
transition zone. Particularly for islands outside the 
MPA, the observed CTI values were slightly below 
the SST, compared to islands inside the MPA. The 
CTI trends of the community without the fishing tar-
get species were also similar to the trends observed 
for the whole fish community (Fig. S19). 

3.3.  Environmental effects on CWM and  
CTI dynamics 

The overall trait dynamic represented by Dim 1 of 
the MFA for the whole community was negatively 
related to summer SST without specific slopes (in -
side/outside MPA) in the model (p = 0.012, Fig. 4). 
The final GAM selected by AIC explained 35% of the 
total variance (Table 2). Furthermore, the islands (i.e. 
fixed factor) inside the MPA (Arvoredo, Deserta, and 
Galé; Table 3) had significantly higher intercepts. 
This result indicates differences between regions not 
only in terms of taxonomic composition, as previously 
mentioned, but also in terms of trait composition. In 
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Fig. 2. Temporal variation in the reef fish traits (community weighted mean, CWM) weighted by abundances in several islands of 
Santa Catarina, Brazil, arranged by latitudinal gradient (Galé, Deserta, Arvoredo, Aranhas, Xavier, Campeche, and Moleques) ob-
tained from multiple factor analysis (MFA). After bootstrapping, mean CWM values were used as input to conduct the MFA resulting 
in a single value per island per year. Time-series of (a) Dimension (Dim) 1 and (c) Dim 2 of CWM trait variability and the contribution 
of each group of traits to the overall dynamic. CWM trait loadings displayed for (b) Dim 1 and (d) Dim 2. The classes of traits on the 
top right of panels a and c are represented by colors: gray (feeding), violet (growth), and green (survival) and show the contribution 
of each group to the total variation. Horizontal red dashed line highlights 30%. The vertical black dotted line separates loading val-
ues higher and lower than 0.5. Trait loadings >0.5 were considered as the most important for the temporal trends. The circled num-
bers in the key correspond to the island numbers in Fig. 1. PLD: pelagic larval duration; CTI: community thermal index; HM: macro-
algal feeder; HD: herbivore-detritivore; IS: sessile invertebrate; IM: mobile benthic invertebrate; FC: planktivore; OM: omnivore
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terms of CTI, the final GAM explained 68% of the 
variability (Table 2), where the increasing trend in 
CTI over time was positively related to winter SST 
(Fig. 5a) but showed a significant slope only inside 
the MPA (northern islands, p < 0.01). Furthermore, 
the model demonstrated a significant effect of island, 
where those inside the MPA (Arvoredo, Deserta, and 
Galé) showed higher intercepts, indicating a higher 
mean CTI compared to islands outside the MPA 
(southern islands; Table 3). These results were not 
obtained while analyzing islands separately in re -
gressions (Table S1). 

The trait dynamic for the community after remov-
ing fisheries target species was also negatively 
related to summer SST (p < 0.01, Table 3). How -
ever, the CTI model showed a positive relation to 
summer SST only on islands outside the MPA (p = 
0.01 for Aranhas, Xavier, Campeche, and Moleques 
do Sul, Fig. 5b). We did not observe any effect of 
ENSO for any model. 

4.  DISCUSSION 

Our study is the first assessment in the Southwest-
ern Atlantic transition zone that investigated the tem-
poral variation in trait composition of reef fish assem-
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blages. Our results showed that all islands broadly 
followed the same general pattern of change over 
time. The trait composition changed substantially, re-
flecting variations in species abundances. Additionally, 
we found signs of warmer thermal affinity in re-
sponse to rising temperatures, supporting our hypo -
thesis that tropical species are expanding their 
range distribution in response to an increase in SST. 
These patterns reveal a new perspective for temporal 

changes in the Southwestern Atlantic 
transition zone, since previous studies 
did not find any relationship between 
global predictors (e.g. El Niño and La 
Niña) and species-specific data (An-
derson et al. 2020). 

The trait changes observed during 
the 13 yr period indicate recent, large-
scale reorganizations of fish assem-
blages in this area in response to 
ocean warming. The traits showing 
the largest changes were the same for 
all islands and reflect a general de -
crease in larger-sized predator spe-
cies (e.g. groupers) and an increase 
in smaller, bottom-dwelling species 
(i.e. cryptobenthic fish), even after re -
moving the fishing target species from 
the data set. Changes in the trait com-
position can be related to a shift 
in the dominance of different life-
 history stra tegies (Pecuchet et al. 2017, 
Beuk hof et al. 2019b), notably a gen-
eral increase in species with rapid 
growth and short generation time, 
which favor a faster population in -
crease in re sponse to temperature 
variations (McLean et al. 2018, Brandl 
et al. 2020). The increase in smaller 
and opportunistic species in the com-
munities over time would lead to faster 
turnover by introducing novel trophic 
interactions and modifying mortality 
and competition rates (Cantor et al. 
2018). Body size is considered one of 
the most influential traits in behavior 
and demographic characteristics (such 
as diet, dispersal, metabolic rate, and 
mortality rates; Luiz et al. 2013, Bar -
neche et al. 2019), consequently influ-
encing nutrient transport, trophic reg-
ulation, and community composition 
(Tavares et al. 2019). In this sense, 
food webs can be affected by species 

variations reducing their stability and robustness due 
to the depletion of large and highly connected spe-
cies (Navia et al. 2016). In healthy and protected eco-
systems, the high energy transfer efficiency is main-
tained in part by a high production of lower trophic 
levels which is converted into production at the 
upper trophic levels reflected by their higher abun-
dance and biomass (Seguin et al. 2023). Conversely, 
fish communities in the Southwestern At lantic could 
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Response variable                                                           AIC         df       r2 adj 
           Model 
 
CWM traits (whole community) 
           s(summer SST) + Survey + Island                     132.59        9       0.35 
           s(summer SST, by = Survey) + Island               134.37       10       0.33 
           s(summer ENSO) + Survey + Island                 138.31        9       0.24 
           s(winter ENSO) + Survey + Island                    139.88       10       0.21 
           s(winter SST) + Survey + Island                        140.38        9       0.19 
           s(summer ENSO, by = Survey) + Island           140.75        9       0.23 
           s(winter ENSO, by = Survey) + Island              141.82       10       0.18 
           s(winter SST, by = Survey) + Island                  142.35       10       0.17 

CWM traits (without fishing target species)  
           s(summer SST) + Survey + Island                     129.73        9       0.41 
           s(summer SST, by = Survey) + Island               130.99       10       0.40 
           s(summer ENSO) + Survey + Island                 136.93        9       0.28 
           s(winter ENSO) + Survey + Island                    137.98       10       0.24 
           s(winter SST) + Survey + Island                        138.89        9       0.23 
           s(summer ENSO, by = Survey) + Island           139.45        9       0.28 
           s(winter ENSO, by = Survey) + Island              140.15       10       0.23 
           s(winter SST, by = Survey) + Island                  141.32       10       0.21 

CTI (whole community) 
           s(winter SST, by = Survey) + Island                    6.19       10       0.68 
           s(summer SST) + Survey + Island                       7.29       11       0.67 
           s(summer SST, by = Survey) + Island                 7.72       10       0.68 
           s(winter SST) + Survey + Island                         11.77        9       0.62 
           s(summer ENSO) + Survey + Island                  12.30       10       0.61 
           s(summer ENSO, by = Survey) + Island            13.27        9       0.63 
           s(winter ENSO) + Survey + Island                     14.98        9       0.59 
           s(winter ENSO, by = Survey) + Island               15.45       11       0.60 

CTI (without fishing target species) 
           s(summer SST, by = Survey) + Island                 2.10       11       0.74 
           s(summer SST) + Survey + Island                       2.27       10       0.74 
           s(winter SST, by = Survey) + Island                    2.85       10       0.73 
           s(summer ENSO, by = Survey) + Island             6.65       10       0.71 
           s(winter SST) + Survey + Island                          7.04        9       0.70 
           s(summer ENSO) + Survey + Island                   8.95        9       0.68 
           s(winter ENSO, by = Survey) + Island                9.26       11       0.69 
           s(winter ENSO) + Survey + Island                      9.31        9       0.68

Table 2. Model selection using Akaike’s information criterion (AIC) of gener-
alized additive models for community weighted mean (CWM) traits and com-
munity thermal index (CTI) values considering the whole community data set 
and when excluding fishing target species. The islands were considered as a 
fixed factor and the survey (inside/outside marine protected area) as specific 
slopes (smooth term in the model) for sea surface temperature (SST) and El Niño/
Southern Oscillation (ENSO) values for winter and summer seasons. Results 
are presented for the best models in Table 3. All combinations tested with their 
corresponding  degrees of freedom (df) and adjusted coefficient of determination  

(r2 adj) are shown
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be experiencing a higher turnover 
associated with the positive temper-
ature response of small and lower 
trophic level species with fast growth, 
suggesting disruption of the ideal 
trophic structure. Thus, it is im -
portant to recognize the implications 
of trait reorganization on the struc-
ture and functioning of ecosystems, 
since these temporal changes could 
result in higher community variabil-
ity and vulnerability to environmen-
tal changes. 

A pronounced decline in the values 
of CWM was revealed for all islands. 
Although our results demonstrated 
changes in reef fish abundances, 
with an overall increase in cryptic 
species, this does not necessarily re -
flect a decrease in the abundance of 
large-sized species (Fig. S18). Fur-
thermore, many large-sized and high 
trophic level species could be grow-
ing and increasing in total length 
over years, especially in the northern 
islands (Arvoredo, Galé, and Deserta 
located within the Arvoredo MPA). 
Effective MPAs promote larger spe-
cies and optimize marine biodiver-
sity conservation (Edgar et al. 2014). 
Therefore, the large individuals 
pre sent in early 2008 could still 
be pre sent and growing in size and 
biomass in later years, even if the 
actual abundances are unchanged, 
as shown in another study at the 
same MPA (Anderson et al. 2020). 
Taken together, our results indicate 
that the temporal trait changes ob -
served across the transition zone are 
primarily due to numerical re sponses 
of species abundance to warming, 
while potential changes in fishing 
pressure may have played a minor, 
or  more local, role on the overall 
trait dynamic. This can be supported 
by the same trends found in the 
analysis excluding fishing target spe-
cies from the data set. Never theless, 
we stress the need for further stud-
ies investigating the unique and 
cumulative impact of fishing and other 
anthropogenic stressors, including 
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climate change and habitat loss on the trait composi-
tion of reef fish communities worldwide (Pecuchet et 
al. 2020, Pinsky et al. 2020). 

The abundance-driven changes in traits observed 
in our study underpin community reorganization 
with increasing temperatures. This change was also 
evident in trends of CTI weighted by abundances 
using the whole data set and filtering fishing target 

species, which showed reef fish assemblages to be 
responsive to temperature. For islands located in 
both the northern and southern part of this transition 
zone, CTI followed the increasing trends of SST, sug-
gesting CTI to be a good indicator of community 
changes associated with temperature variations (Day 
et al. 2018). Underlying the changes in CTI is an 
increase in abundance of tropical species over time, 
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while temperate species were becoming less abun-
dant (Fig. S11). This is in line with findings from pre-
vious studies in transition zones (Vergés et al. 2014, 
Horta e Costa et al. 2014), albeit to a lesser extent. 
For instance, in the tropical−temperate reefs of Aus-
tralia, the range extension of tropical herbivorous 
fishes (tropicalization) shifts the community to an 
alternate kelp-free state, threatening the stability of 
these ecosystems (Vergés et al. 2016). We could not 
assume the same response for the Southwestern 
Atlantic reefs, since the benthic structure is mainly 
composed of turf algae (Aued et al. 2018), which does 
not support the same functional richness as other 
marine regions where corals are dominant (Mouillot 
et al. 2014). On the other hand, we may foresee a 
potential increase in the demographic connectivity of 
tropical species in future years due to their ability to 
acclimate to ocean warming (Lima et al. 2021). As an 
example, observations of tropical parrotfishes such 
as Sparisoma spp. and Scarus trispinosus have be -
come more frequent in Santa Catarina over the last 
3 yr (S. R. Floeter pers. obs.). In the future, this in -
crease in abundance may trigger a gradual process 
of tropicalization. Interestingly, our results indicate 
that the fish communities have more tropical affinity 
than expected, because the maximum values of CTI 
are close to the maximum SST values, especially in 
the northern islands. Therefore, the species composi-
tion in this area is mostly constituted of species with 
tropical affinity. However, species inhabiting transi-
tion zones are less tropical and more temperate due 
to the wider thermal tolerance allowing them to with-
stand temperatures higher than their optimal (Rum-
mer & Munday 2017). This may imply that the com-
munities in our study area have lower thermal 
vulnerability and are potentially more resilient to cli-
mate disturbances because of their wide thermal tol-
erance. Considering that the CTI values were below 
SST outside the MPA (southern islands), we could 
expect a negative impact of extreme minimum tem-
peratures, due to the inability of the fish to maintain 
homeostasis during colder periods (Feary et al. 2014). 

Our results suggest that warmer temperatures can 
profoundly alter trait composition in reef fish commu-
nities. Warmer SSTs in the summers were related 
to  an increase in cryptobenthic fish traits, such as 
elongated body, demersal spawning, and a bottom-
dwelling habitat association. These findings agree 
with previous studies showing fish trait changes with 
increasing temperatures (McLean et al. 2018, 2019b, 
Beukhof et al. 2019a). Temperature-driven changes 
in fish populations may occur through a range of 
physiological and/or behavioral responses (avoiding 

unsuitable habitats), changes in the balance between 
mortality, growth, and reproduction during thermal 
stress, and changes in productivity and/or trophic 
interactions (Rijnsdorp et al. 2009). During summer, 
the SST in the Southwestern Atlantic shelf is gener-
ally warmer near the coast due to seasonal stratifica-
tion, averaging 25.5°C, while the winter average SST 
is lower (18.2°C; this study, see Section 2.1) and ver-
tically more homogeneous as a consequence of weak 
currents (Matano et al. 2010). Thus, the mechanism 
behind our observed pattern could be explained by 
the metabolic theory, which states that warm waters 
accelerate growth and reproduction of short-lived 
small species, whereas cold waters favor the domi-
nance of large and slow-growing species (Pecuchet 
et al. 2017, Beukhof et al. 2019b). 

The increase in the thermal average of communi-
ties driven by warming, as illustrated by higher CTIs, 
suggests a strong indication of the sensitivity of 
ocean communities in response to climate changes 
(Burrows et al. 2019). CTI for the whole community 
inside the MPA shows a positive response to winter 
SST, reflecting the tolerance and maintenance of 
species to higher temperatures reached in winter 
(±20°C). In other words, maximum winter tempera-
tures are within the range of temperatures encoun-
tered in summer, which are tolerated by the commu-
nity. When fishing target species are removed from 
the data set, summer SST becomes the driver of CTI, 
and the trend remains positive. This highlights that 
species other than fishing targets are responding to 
the increase in temperature. However, our sampled 
area is located in a transition zone and is affected by 
southern winds during winter, which transport nutri-
ents and contribute to decrease sea temperatures 
(Lopes et al. 2006, Bordin et al. 2019). This suggests 
that in the southern hemisphere, the impact of warm-
ing in fish communities could be less intense due to 
the buffering action of cold-water currents (Inagaki 
et al. 2020). Studies using mark−recapture tech-
niques could be helpful to verify whether tropical 
species can tolerate winter conditions and remain in 
the region over consecutive summer seasons, which 
would confirm a tropicalization trend. Additionally, 
temperature also plays an important role in the verti-
cal structure and distribution of marine organisms 
through stratification (Rijnsdorp et al. 2009). Com-
paring aspects of physiology such as the optimum 
temperature for aerobic performance among fish 
populations also provides a tool to test whether spe-
cies are adapting to their thermal environment (Rum-
mer & Munday 2017). In this sense, further studies 
examining temporal trends of ecological traits could 

119
A

ut
ho

r c
op

y



Mar Ecol Prog Ser 710: 107–123, 2023

be improved by taking into account the effects of 
water column stratification on the depth distribution 
of fish species, in addition to horizontal changes in 
distributions (range expansion) and physiological tol-
erance to warming. Considering the unknown effects 
of the increased frequency of marine heatwaves in 
the Southwestern Atlantic (Rodrigues et al. 2019, 
Brauko et al. 2020), more integrative studies are 
needed to identify reorganizing patterns in fish com-
munity structure and their links to environmental 
changes. 

Overall, out results have important implications, 
demonstrating that communities respond to environ-
mental changes altering species abundances and 
reorganizing trait composition according to external 
factors. This study presents new evidence about the 
increase in frequency of warm-affinity species in 
response to temperature, although less intense than 
the tropicalization processes observed in other mar-
ine provinces located at the same latitude and in the 
northern hemisphere (Vergés et al. 2014, 2019). 
Therefore, tropicalization should be evaluated not 
only considering shifts in abundance of species, but 
also variations in terms of species traits, which can 
present a different response to the environmental 
temperature. 

5.  CAVEATS 

Although Aranhas and Moleques islands have few 
years of data, the inclusion of these southernmost 
islands increases sample size and variability and 
highlights the differences between regions. Further-
more, our standardization method based on resam-
pling the minimal sampled area, which is equivalent 
to a sample-based rarefaction procedure for species 
richness (Gotelli & Colwell 2001), was fully devel-
oped to cope with such limitations while incorporat-
ing most of the data set rather than excluding UVCs 
and/or islands. Although we did not specifically 
account for the potential effects of MPA performance 
in our study, it has been shown to play a role in deter-
mining species and trait composition (Hackradt et al. 
2014, Karlovic et al. 2021). However, since we ob -
tained similar results for both inside and outside 
MPAs when repeating all analyses while excluding 
fishing target species, we deem these effects to be of 
less direct importance. This implies that the observed 
trait responses likely result primarily from variations 
in SST rather than other factors, including fishing. 
Nevertheless, we stress the need for information and 
data regarding MPA enforcement and performance 

to assess potential fishing impacts on fish community 
composition in the area. Lastly, habitat quality/com-
position would also play an important role filtering 
species and trait dominance in the system (Aued et 
al. 2018). Regardless of lack of data, we acknowledge 
that species pool metrics may be influenced by habi-
tat, and further studies including this variable would 
certainly be useful in understanding trait dynamics 
over time. Thus, despite the limitations due to the 
lack of fishing effort data, MPA performance, and 
quality composition to include in the present analy-
sis, we have provided interesting results and insights 
for the ecology of reef fish in the Southwestern 
Atlantic. Our findings open an avenue for further 
studies to investigate potential impacts of these 
aspects on trait composition of reef fish communities. 

6.  CONCLUSIONS 

The gradual trait reorganization observed in the 
Southwestern Atlantic subtropical−warm-temperate 
transition zone has potential implications for reef eco-
system functioning. Trophic dynamics, for in stance, 
could be affected if the abundance of smaller and 
 r-selected species (see definition in McLean et al. 2018) 
changes over time, leading to variations in prey con-
sumption of large piscivorous species (McLean et al. 
2019a). The assemblage, which was composed of large 
fish at the beginning of the time series, became domi-
nated by small cryptobenthic species in recent years. 
These can produce large amounts of consumable bio-
mass and larvae that dominate the near-reef ichthyo-
plankton (Brandl et al. 2019). This shift may directly im-
pact the energy transfer in reef habitats and can 
provide insights for future studies on the underlying 
mechanisms of reef ecosystem functioning and its 
changes in space and time. Overall, the trait reorgani-
zation can lead to changes in the food web structure, 
ecosystem functioning, and community vulnerability. 
Notably, the increase in smaller, opportunistic species 
may lead to faster turnover, lower food-chain complex-
ity, and higher vulnerability to change. 

Our study shows the influence of warming on com-
munity trait structure, indicating possible responses 
of reef fish assemblages to ongoing climate changes. 
Considering the progressive increase in SST (Frö -
licher et al. 2018) and marine heatwaves (Brauko et 
al. 2020), and that some responses to disturbances 
are only detected by a functional-trait view (Mouillot 
et al. 2013), our approach could help to reach a holis-
tic understanding of reef fish dynamics under envi-
ronmental variations in the Southwestern Atlantic. 
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