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ABSTRACT

Oceanic islands are among the most remote and understudied regions of the planet, yet they harbour unique reef fish commu-
nities that are increasingly vulnerable to global environmental change. Because these islands are geographically isolated, their
populations are often assumed to respond mainly to local environmental conditions. However, by analysing temporal patterns
in oceanographic variables across two distant systems (3204 km apart) in the South Mid-Atlantic Ridge (both encompassed by
marine protected areas—MPAs), we found that temporal alignment in environmental conditions was associated with coordi-
nated shifts in counts of nine reef fish populations in each study area. Among the evaluated variables, pH emerged as the most
influential factor. Despite the divergent responses among reef fishes, possibly reflecting differences in physiological plasticity,
shared temporal patterns in pH appeared central to parallel population patterns observed across assemblages. Increases in sea
surface height and chlorophyll-a played secondary roles, potentially benefiting some populations, although such effects may be
transient. These results suggest that climate-driven convergence in environmental conditions can override geographic isolation,
promoting similar biological responses that may reduce resilience and increase extinction risk. Given that both islands are legally
protected, our findings highlight that even MPAs are not insulated from large-scale oceanographic stressors, underscoring the
need for long-term monitoring and adaptative conservation strategies for remote reef systems.

1 | Introduction exhibit low connectivity among populations (Luiz et al. 2015),

which leads to high self-recruitment (Robertson 2001) and

Climate change poses great risks to marine ecosystems, alter-
ing water properties, habitat structure, ecosystem functioning
and biodiversity patterns (Nagelkerken et al. 2016, 2018; Sunday
etal.2017; Lenoir et al. 2020). These impacts are particularly con-
cerningin oceanicislands, whose reefichthyofaunais typically of
high endemicity, species-poor, range-restricted and low in func-
tional redundancy (Ferrari et al. 2023; Floeter et al. 2023). Such
communities, shaped by biogeographic isolation, evolved under
relatively stable conditions (Escobar-Camacho et al. 2021) and

density dependence (Hixon et al. 2012). These population-level
dynamics are associated with reduced physiological plasticity
(Rummer and Munday 2017), potentially limiting species’ ability
to adapt to rapid environmental shifts.

Extreme heating events and ocean acidification could harm in-
dividual performance and behaviour (Johansen and Jones 2011;
Nagelkerken and Munday 2016), influencing life-history
traits (e.g., growth, fecundity, survivorship) and consequently
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population dynamics (Rummer and Munday 2017; Marquez
et al. 2023). Population declines, through increased mortality or
distribution shifts, are expected especially for populations living
close to their thermal limits (Rummer and Munday 2017). High
latitude reef fish are adapted to greater temperature variation in
comparison to low-latitude ones, increasing feasibility to thrive
under global warming scenarios (Rummer and Munday 2017).
Likewise, populations exposed to daily and seasonal varia-
tions of CO, exhibited higher tolerance to pH decreases (Kwan
et al. 2017; Rummer and Munday 2017).

Indirect effects may also constrain species’ resilience. Ocean
acidification can reduce habitat complexity (Sunday et al. 2017),
which sometimes affects fish populations more strongly than
pH per se (Nagelkerken et al. 2016). Modifications in marine
habitats are also promoted by increases in sea surface tem-
perature (SST). Increases in sea surface height (SSH), from ice
melt and thermal expansion (IPCC 2019), shift zonation and
benthic composition in rocky ecosystems (Kaplanis et al. 2020;
Rilov et al. 2021). Additionally, enhanced upper-ocean strati-
fication reduces vertical mixing, limiting primary production
(D'Alelio et al. 2020). Because chlorophyll-a concentrations
(Chl), a proxy for primary production, correlate positively with
reef fish biomass, its reduction may ultimately affect reef fish
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communities through bottom-up processes, particularly in
isolated oceanic systems where productivity is already limited
(Williams et al. 2015; Quimbayo et al. 2019).

To explore how oceanographic constraints influence reef fish as-
semblages, we investigated two remote systems along the South
Mid-Atlantic Ridge (Figure 1): the Archipelago of Saint Peter
and Saint Paul (the archipelago) and Saint Helena Island (the is-
land). These areas encompass a broad latitudinal gradient, with
the archipelago in the equatorial zone (0.91°N, 29.35°W), and
the island in the southern tropical Atlantic (5.96°S, 5.70°W),
3204km apart, reflecting contrasting oceanographic regimes
(Pacheco et al. 2022). The equatorial region is influenced by inter-
actions between the South Equatorial Current and the Equatorial
Undercurrent, as well as the high rainfall rates promoted by the
intertropical convergence zone. Together these forces increase
SST, decrease sea surface salinity and suspend allochthonous nu-
trients, enhancing productivity in the archipelago’s waters (Viana
et al. 2009; Vaske et al. 2010; Pinheiro et al. 2020). In contrast,
the island is mainly influenced by the northern branch of the sub-
tropical gyre, persistent anti-clockwise winds and high-pressure
systems, which promote downwelling and lead to net evaporation
(Talley et al. 2011). Additionally, the presence of the Eastern South
Atlantic Central Water contributes to cooler sea surface waters
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FIGURE1 | Location of Saint Peter and Saint Paul Archipelago and Saint Helena Island in the South Atlantic Ocean. The map illustrates the main

oceanographic system influencing each system, including the north, central and south branches of the South Equatorial Current (nSEC, cSEC and
sSEC), the Equatorial Undercurrent (EUC), the Brazil Current, the South Atlantic Current, the Benguela Current and the South Atlantic Subtropical

Gyre.
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(Feistel et al. 2003; Liu and Tanhua 2021; SHG 2022), resulting
in elevated salinity and reduced local productivity (Demetris and
Hall-Spencer 2012; Goes et al. 2014). Such characteristics have
resulted in distinctive reef fish assemblages, even compared with
other oceanic islands (Cowburn et al. 2021).

Therefore, given that both areas shelter isolated populations of
shared species exposed to contrasting environmental conditions,
we did not expect similar temporal dynamics in population pat-
tern between them. To explore this, we investigated temporal
patterns in population counts of nine reef fish species shared
between the two areas and four oceanographic variables (SSH,
SST, pH and Chl), applying a combination of time-series anal-
yses and modelling to annual data. We expected both biological
and environmental variables to exhibit distinct temporal patterns
across the two areas, with weak or non-significant lagged correla-
tions among time series. We also anticipated that environmental
anomalies, particularly for SST, SSH and Chl would be more pro-
nounced in the archipelago due to the influence of the intertropi-
cal convergence zone, equatorial upwelling and mesoscale eddies.
Consequently, we expected reef fish assemblages to exhibit greater
temporal concordance (i.e., aligned temporal variation in species
counts) within areas than between them, forming distinct clus-
ters. Finally, we fitted models to assess associations between fish
counts and environmental variability, evaluating whether the in-
fluence of key oceanographic factors differed between the areas.

2 | Methods
2.1 | Data Source and Preparation

Counts of reef fishes from each assemblage were provided by
the Long-Term Monitoring Program of Reef Communities at
the Brazilian Oceanic Islands and by the Marine and Fisheries
Conservation Section of the St Helena Government. Both
datasets were generated through underwater visual surveys,
conducted independently under region-specific monitoring pro-
tocols. At the archipelago, 506 surveys were conducted annu-
ally from 2009 to 2019 (except in 2010) using 40 m? transects at
depths of up to 36 m. At the island, 401 surveys were carried
out from 2014 to 2022 using 100m? transects at depths of up to
21m, with variable monthly sampling effort across years (from
biannual surveys to uneven seasonal coverage).

Across both areas, a total of 16 reef fish species were recorded in
common during the survey campaigns. However, only nine species
were consistently observed across multiple years in both locations,
providing sufficient temporal coverage to support comparative
time series analyses. Species that were sporadically recorded or
absent in several years were excluded to avoid spurious patterns
driven by data gaps or the need for extensive data imputation.

To derive annual values while minimizing potential under or
overestimation due to uneven sampling effort, mean counts
were first calculated for each semester (i.e., January-June corre-
sponding to the first semester and July-December to the second
semester) and subsequently averaged to obtain yearly estimates
for the island data. This procedure was applied to reduce the
influence of variable sampling frequency and seasonal coverage.
The missing 2010 value in the archipelago data was estimated

using the ‘impute’ function from the R package IEAtools, based
on the 5-year moving average method (Otto 2023). This method
was applied to the full time series (2009-2019), with the window
centred on the missing year and adjusted at the series boundar-
ies as implemented in the function.

Because the objectives of this study focus on temporal patterns,
concordance and population responses to environmental vari-
ability, rather than on comparisons of absolute abundance or
density between areas, differences in spatial sampling effort
(e.g., number of surveys and depth) were not explicitly standard-
ized. Such differences are inherent to independent long-term
monitoring programmes and were assumed to exert consistent
effects on species counts through time within each area. To
evaluate whether temporal changes in sampling design during
the overlapping period (i.e., 2014-2019) could bias observed
patterns, we tested for interannual differences in survey effort
between areas using a chi-squared test and found no significant
difference (¥>*=6.96, df=5, p=0.22). Additionally, variation in
mean transect depth was assessed using a linear model includ-
ing the interaction between area and year (depth ~area*year),
with no significant effects detected (all p>0.05), indicating that
depth-related sampling differences are unlikely to have biased
temporal patterns.

Monthly pH data was obtained from the global hindcast product
by Mercator Ocean International (10.48670/moi-00019), based
on the PISCES biogeochemical model within the NEMO frame-
work, with a horizontal resolution of 0.25°x0.25° and 75 verti-
cal levels. SST and Chl were sourced from NASA's Aqua-MODIS
Level 3 monthly composites at 9km resolution (NASA 2024).
Daily anomalies of SSH were obtained from the Copernicus
Marine Environmental Monitoring Service (CMEMS; 10.48670/
moi-00148), also at 0.25°x0.25° resolution. To obtain the en-
vironmental aspects of each area, shapefiles of the exclusive
economic zones (EEZs) were obtained from marineregions.org
repository (Flanders Marine Institute 2024). The EEZs were
treated as circular polygons with a 200 NM radius. All pixels
within each EEZ were selected from the original-resolution sat-
ellite and model-derived products. These values were averaged
spatially at each time step to produce monthly time series for
each area from 2002 to 2022.

2.2 | Time Series Analysis and Statistical Models

To prevent biased results due to temporal autocorrelation,
which could lead to erroneous interpretations in the subsequent
analysis (Olden and Neff 2001), autocorrelation and partial au-
tocorrelation analyses were performed (Figures S1-S3). This
preliminary step helped to better understand the temporal struc-
ture of the data and guided the selection of appropriate analyti-
cal methods for each objective.

Our analyses followed three main steps. First, temporal patterns
of species counts were evaluated comparing the overlapping
period (i.e., 2014-2019) between areas. To evaluate temporal
concordance between assemblages, Hellinger-transformed
species counts (Borcard et al. 2011) were used in hierarchical
clustering with dynamic time warping (DTW) (Giorgino 2009;
Kassambara and Mundt 2020). The resulting DTW matrix was
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FIGURE 2 | Integrated visualization of temporal dynamics among reef fish populations from 2014 to 2019. The figure combines (A) ridgeline
plots showing temporal trajectories of species counts in each location, where the y-axis indicates species identity and ridge height represents relative
variation in counts through time (for visualization of counts magnitudes, see Figure S4); strongest pairwise correlations (regardless of lag) shown as
connecting bars beneath the time series and a frequency gradient of intra- and inter-assemblage correlations, (B and C) grouping of populations based

on dynamic time warping (DTW) distances represented via non-metric multidimensional scaling (NMDS) and hierarchical cluster dendrogram and

(D) complete Spearman cross-correlation matrix.

also used to generate a non-metric multidimensional scaling
(NMDS) ordination, providing a visual representation of tem-
poral similarities across populations. Temporal covariation was
quantified using the index of Loreau and De Mazancourt (2008)
and cross-correlation analyses evaluated the strength and direc-
tion of relationships between current and lagged values of spe-
cies populations. The significance of the estimated index and
correlation coefficients were assessed by 10,000 random permu-
tations (Manly 2006).

Second, we aimed to assess whether the areas have experienced
similar environmental changes over the last 21years (2002-
2022), thus characterizing long-term background variability
and patterns in oceanographic conditions at each site. Quarterly
data of the four oceanographic variables were decomposed using
locally weighted scatterplot smoothing (Cowpertwait 2006).
Anomalous semesters were identified based on the interquar-
tile range of the residual component of each time series. This
procedure allowed us to detect unusual environmental fluc-
tuations and compare the timing and frequency of anomalies
between the island and the archipelago. We then estimated the
Spearman correlation coefficients among the annual means of
the oceanographic variables considering a shorter time window
(i-e., 2014-2019), corresponding to the full period of overlap
with the biological data.

Finally, relationships between species counts and oceano-
graphic variables were assessed to identify potential associ-
ations underlying population patterns. Generalized additive
models (GAMs) with a negative binomial distribution were fit-
ted (Zuur et al. 2009), considering the available time window
for each area (the archipelago=2009-2019; the island =2014-
2022). This distribution was appropriate given the overdisper-
sion and skewness of count data. When GAM smoothers were
approximately linear (effective degrees of freedom close to
1), they were removed to simplify model structure. To mini-
mize multicollinearity and reduce the risk of overfitting, only
uncorrelated or weakly correlated predictors (Spearman'’s
©<0.35) were combined, and no more than two predictors per
model were included. Models that explained more than 10%
of the variation in species counts and showed significant pre-
dictor effects were ranked using the second order Akaike in-
formation criterion (AICc), with AAICc <2 as a threshold to
evaluate them regarding their descriptive capacity (Burnham
and Anderson 2002). Residual diagnostics (Figures S6-S14)
were performed to check for misspecification and heterosce-
dasticity (Zuur et al. 2009). All analyses were performed in
R environment (R Core Team 2025) using functions from the
following packages: factoextra, dtw, synchrony, stats, mgcv and
MuMIn packages (Giorgino 2009; Gouhier and Guichard 2014;
Wood 2017; Barton 2020; Kassambara and Mundt 2020).

3 | Results
3.1 | Species Population Dynamics

To explore shared temporal dynamics across areas, we focused
on the overlapping period of reef fish data from 2014 to 2019.
During this interval, most species showed similar temporal pat-
terns across areas, characterized by coherent peaks and declines
through time, with slight variation in magnitude or timing
(Figures 2A and S4). Overall, species counts tended to increase
during the first 2 years, followed by delayed peaks between 2016
and 2017, and abrupt declines thereafter.

Despite this general pattern, species differed in the degree of
temporal concordance among populations and in their similar-
ity to other species. For instance, the greater soapfish (Rypticus
saponaceus) exhibited temporal fluctuations that closely tracked
not only between areas but also aligned with patterns observed
in several other species (e.g., the Bermuda sea chub, Kyphosus
sectatrix, and the scrawled filefish, Aluterus scriptus). In con-
trast, the brown chromis (Azurina multilineata) showed strong
temporal concordance between populations but a more dis-
tinct trajectory relative to the remaining reef fishes, regardless
of location. These patterns were consistent with the clusters
identified through DTW and their ordination in a NMDS space
(Figure 2B,C), with the two identified groups comprising popu-
lations that shared similar temporal trajectories.

Cross-correlation analyses supported these findings, revealing
a high frequency of moderate to strong temporal associations
(p>0.4), not only between populations of the same species but also
among different assemblages (Figure 2A,D). Most of these cor-
relations were positive, reflecting similar temporal phases at lag
0 (i.e., coincident peaks and valleys) and delayed responses at lag
—1. Although not all pairwise correlations were statistically signif-
icant due to limited power from short time series (Manly 2006),
the temporal coherence index remained high (~70%, p <0.05), indi-
cating consistent covariation among populations and assemblages.

3.2 | Environmental Patterns and Anomalies

Similar patterns were observed between the areas in the tem-
poral variation of oceanographic variables from 2002 to 2022
(Figure S5). SSH showed a consistent increasing trend, whereas
pH exhibited a gradual decline over time. Peaks and valleys in Chl,
pH and SST occurred simultaneously in both areas, suggesting
that populations have experienced similar environmental condi-
tions despite differences in magnitude (e.g., higher temperatures
in the archipelago’'s waters). Anomaly analyses revealed a general
decline in anomaly magnitude across all oceanographic variables,
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starting around 2009 and becoming particularly marked between
2014 and 2019 (Figure 3). This suggests a shift toward more sta-
ble environmental conditions during the same period when par-
allel population patterns were observed between the island and
the archipelago assemblages. During this time window, SSH and
Chl anomalies decreased in both areas, with anomalies in the ar-
chipelago becoming nearly absent. Similar variations in positive
and negative anomalies became more evident, especially for Chl
and pH, with fluctuations occurring simultaneously or within a
one-semester lag across regions. Except for SSH, these variables
showed strong positive correlations between areas (p>0.6), with
pH displaying an almost perfect correlation (0=0.94, p <0.05).

3.3 | Environmental Associations With
Populations Dynamics

The evaluated oceanographic variables explained between 23%
and 89% of the variation in the counts of most fish (Table S1).
Approximately 72% of the populations showed significant as-
sociations with at least one variable. Among them, pH was
the most influential predictor across areas, appearing in half

of the best ranked models, followed by SSH, Chl and SST. In
the island, pH exhibited an inverse effect, with species counts
increasing sharply above a threshold of 8.055. Conversely, in
the archipelago, pH had a direct effect, with species counts de-
creasing from 8.040 onwards. SSH displayed similar effects in
both areas, with an increase in species counts observed from
0.03m in the archipelago and —0.07m in the island. Chl in-
fluenced only the population of the Island hogfish (Bodianus
insularis) in the island, whose species counts increased from
-2.50 (log,,(mgm~3)) onwards (Figures 4 and 5; Tables S2
and S3).

4 | Discussion

Although the overlap between the island and the archipelago
datasets is relatively short and the focus on species consistently
recorded across years limits inference about longer-term dy-
namics and the full assemblage, our results revealed a complex
scenario in which reef fish populations from both areas exhib-
ited similar temporal patterns under comparable environmen-
tal conditions. This alignment was particularly evident for
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Comparisons among partial effects of pH on the species counts of reef fish populations from Saint Helena Island and Saint Peter and

Saint Paul Archipelago, as estimated by generalized additive models (GAMs). Effects were extracted from the single best-supported model (i.e., mod-

el with the lowest AICc) for each population. Shaded areas indicate 95% confidence intervals and dots represent observed values of species counts.

Populations not displayed did not include pH as an explanatory variable in their best-supported models.

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

7 of 13

85UB0| 7 SUOWILLD 8AIEaID 3|qeol|dde ay} Aq paueob a1e sajo e YO ‘8sn Jo Saini 10} Areiq1TauljUO AB]I\ UO (SUOJ IPUOO-PUR-SLLBY WD A3 1M Ale1q 1 [BuUO//SdNY) SUORIPUOD pUe W | 38U} 89S *[9202/70/20] Uo ArigiTauluo A8|iM ‘seded Aq 290, dbe/200T 0T/I0p/wW00" A3 1M Alelq 1 feul|uoy/SAny Lwo.} papeojumoq ‘v ‘9202 ‘SSL0660T



Location =o= SaintHelena =o= Saint Peter and Saint Paul
SSH SSH
T 60 A =
4 S 2
20 § -§_
S @
(=4  ~4
15 s 40 &
2 ¢
: £
10 A 3 20+ / =3
2
S
51 &
O Al / ’
" 2
-20 -+ T T T T T
4] p T 2 r H . ~ N} n < [S2) o~
b [s2] < wn O ~ [0} o o o o o o
c Q S o S o) o] 2
= o IS] o o o S e Q Q@ Q@ Q@ Q@
o]
O
3
‘o SSH Chl
(]
Q.
) ét g
7504 S s
= 1501 3
g 5
8 @
500 A ?r %
S 100 E2
wn
250+ a 50 ‘
04 T T T T
, v v . . : o . ° .
™ < wn 0 ~ [e0] n < < ™
Q S o S o o]
o o o o o o N 3 N N

FIGURES |

Values

Partial effects of sea surface height (SSH) and concentrations of chlorophyl-a (Chl) on the species counts of reef fish populations from

Saint Helena Island and Saint Peter and Saint Paul Archipelago, as estimated by generalized additive models (GAMs). Effects were extracted from the

single best-supported model (i.e., model with the lowest AICc) for each population. Shaded areas indicate 95% confidence intervals and dots represent

observed values of species counts. SSH values are in metres and Chl as log, (mgm™).

oceanographic variables, which displayed strong correlations
and convergence in anomalies. The concurrent patterns be-
tween 2014 and 2019 may coincide with perturbations related to
the El Nifo-Southern Oscillation (ENSO). Large-scale ocean—
atmosphere processes are known to generate spatially coherent
environmental variability, synchronizing SST and Chl across
distant regions (Mufioz et al. 2023). Moreover, the observed pat-
terns exhibited by reef fishes were consistent with theoretical
and empirical evidence, showing that correlated environmen-
tal variability can lead to concordance in population dynam-
ics across broader scales (Hudson and Cattadori 1999; Hansen
et al. 2020; Marquez et al. 2023), particularly when spatial cor-
relations among environmental processes are high.

pH emerged as a key factor, with contrasting effects on spe-
cies counts between areas. Although mechanisms remain un-
clear, these differences may relate to species-specific traits and
adaptive capacity. In damselfishes, reproductive performance
(Welch and Munday 2016) and CO, tolerance vary markedly,
with greater acclimatization in populations exposed to naturally
variable CO, (Kwan et al. 2017). The broader seasonal variability

in temperature and pH around the island (Figure S5) may help
explain the increase of the sergeant major (Abudefduf saxatilis)
despite declining pH, contrasting with the brown chromis de-
cline in the archipelago (Figure 4).

Beyond direct physiological effects, fish responses to variations
in pH should be interpreted within the broader environmental
context in which it varied, as pH often varies with temperature
and productivity that differ regionally (Goldenberg et al. 2017).
In both areas, pH showed negative correlations with SST
and SSH and a weak positive association with chlorophyll-a.
However, the strength of these relationships differed markedly
between regions, particularly for SSH, which was more strongly
correlated with pH in the island than in the archipelago. This
suggests that similar pH trends may reflect distinct underlying
processes across sites, such as differences in upper-ocean heat
content and circulation regimes. Although additive or interac-
tive effects among predictors were not explicitly modelled due
to the limited length of biological time series, these context-
dependent associations may help explain the contrasting popu-
lation responses observed between areas.
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Whitin this broader environmental framework, thermal con-
ditions emerged as an additional factor influencing popula-
tion responses. SST and SSH increased in both areas, with the
latter becoming particularly pronounced from 2014 onwards
(Figure S5). Although SST is widely recognized as a key driver
of reef fish dynamics (Ferrari et al. 2024; Silva et al. 2025),
it reflects only surface conditions, whereas SSH is tightly
correlated with the integrated heat content above the ther-
mocline (Polito et al. 2000) and may therefore better capture
subsurface thermal processes relevant to reef ecosystems. In
this context, the absence of SST among the majority of the
best-supported models likely reflects its limited explanatory
power relative to SSH, rather than a lack of thermal influence
per se.

This interpretation is further supported by contrasting physical
oceanographic regimes between the two regions. In the island,
SSH and SST exhibited closely aligned temporal patterns, con-
sistent with the dominance of the first baroclinic mode typical of
mid-latitudes, where variability in SSH largely reflects changes
in upper ocean heat content. In contrast, in the archipelago, the
annual SSH signal arises from seasonal changes in the volume
and slope of the thermocline, influenced by opposing current
systems: the northern branch of the South Equatorial Current,
at the surface, and Equatorial Undercurrent, just below.
Although the former more strongly affects SST, the latter exerts
greater control on SSH (Bunge and Clarke 2009), resulting in a
partial decoupling between these variables. This physical con-
trast is consistent with the weak temporal correlation observed
between SSH anomalies in the island and the archipelago, in-
dicating that sea-level variability in each region is governed by
distinct regional dynamics.

Such decoupling may reduce the ability of SST alone to
capture thermally driven processes in equatorial environ-
ments. Consistently, populations in the archipelago, such as
the squirrelfish (Holocentrus adscensionis) and the sergeant
major, showed positive responses to SSH, whereas popula-
tions in the island, including the Bermuda sea chub and the
Atlantic cornetfish (Aulostomus strigosus), increased with
warmer waters or higher sea surface height (Figure 5 and
Tables S2 and S3). Together, these patterns suggest that ther-
mal effects on reef fish populations in oceanic systems may be
mediated by broader upper-ocean heat content than surface
temperature alone, potentially reflecting adaptation to local
thermal regimes.

Responses to thermal changes are strongly related to species’
niche characteristics. Species from warmer and more stable
temperatures, such as those in the archipelago, tend to in-
crease under heating according to their thermal-niche mid-
point (Day et al. 2018). Conversely, species from cooler and
more seasonal temperatures, like the island, often display
greater thermal tolerance (Stuart-Smith et al. 2017). In the is-
land, the most abundant species also exhibited wider thermal
niches (Ferrari et al. 2024), consistent with this adaptive pat-
tern and providing a potential explanation for the observed
responses.

These oceanographic changes can also indirectly affect popula-
tions by altering benthic habitats and food resources. Rising sea

levels can enlarge underwater areas by shrinkage of intertidal
zones, initially increasing benthic coverage by sessile invertebrates
and macroalgae (Kaplanis et al. 2020). Similarly, ocean acidifica-
tion may favour turf algae growth (Nagelkerken et al. 2016, 2018).
Over time, such changes may benefit diet generalists (i.e., sergeant
major) and more specialized consumers, such as invertivores (i.e.,
squirrelfish) and macroalgivores (i.e., Bermuda sea chub). In ad-
dition, larger carnivores also benefit from expanded foraging
grounds (Rasher et al. 2017; Sartori et al. 2021), which may simi-
larly explain the observed increase in species counts of the Atlantic
cornetfish.

Besides these possible changes in habitat structure and re-
source availability, shifts in ocean productivity can also
influence reef fish assemblages. Chlis a well-recognized deter-
minant of reef fish dynamics in oligotrophic oceanic systems
(Williams et al. 2015; Gove et al. 2016; Quimbayo et al. 2019).
In the island, Chl increases were positively related to the is-
land hogfish species counts (B. insularis) (Figure 5). This as-
sociation was most evident in 2016 (Figure 2A), when slightly
elevated Chl levels (Figure S5) coincided with a marked pop-
ulation peak. This followed the strong 2015 El Nifio event,
which has been reported to enhance upwelling and primary
productivity in the northern Benguela system, with poten-
tial spillover to the island (Rouault and Tomety 2022; Brandt
et al. 2024). Increases in Chl can influence multiple trophic
levels by directly supporting planktivores and other primary
consumers (Williams et al. 2015) and, through phytodetri-
tus deposition, enriching benthic habitats and promoting the
growth of invertebrate fauna (Gove et al. 2016)—key prey
items for this species.

5 | Implications for Conservation

Our findings reveal potential disruptions in these isolated rocky
reefs influenced by ongoing environmental change. Globally,
reef ecosystems are vital service providers, regulating, provi-
sioning and offering cultural services (Wong et al. 2005; Brander
et al. 2007; Spalding et al. 2017; Balzan et al. 2018). In oceanic
islands, however, these services are particularly at risk, as eco-
logical challenges are magnified by geographic isolation and are
expected to intensify under climate change (Wong et al. 2005).
Although their remoteness limits exposure to direct human ac-
tivities, particularly in the archipelago, it also hampers effective
monitoring to mitigate environmental impacts (Soares 2018;
Rodrigues et al. 2023). Therefore, despite the legal protection of
both areas as marine protected areas under Brazilian and British
jurisdictions, they remain exposed to large-scale oceanographic
and climatic processes.

For instance, evidence that the gyre-scale circulation in
the South Atlantic is intensifying and shifting southward,
along with the wind stress (Roemmich et al. 2007; Marcello
et al. 2018) suggests future alterations in regional regimes that
reflect to local communities. Losses in reef fauna have been
reported across the South Atlantic as consequences of con-
current heat stress events (Destri et al. 2025). Additionally,
temporal concordance among populations may elevate ex-
tinction risk, as uniform responses reduce the community's
resilience to future stressors (Hudson and Cattadori 1999;

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

90f13

85UB01 7 SUOWILLD BAIEaID 3|qeol(dde ay} Aq peu.enob a1e sajolfe YO 8sn Jo Sajni 10} AriqI8UIIUO AB]I\ UO (SUOTPUOD-PUe-SWLBHW0D" A | 1M ATe.q 1 [BuJUO//SA1Y) SUORIPUOD Pue SWLB | 8U} 885 *[9202/70/20] uo Ariqiauliuo A8|im ‘saded Aq Z9€0, 2be/200T OT/I0p/Wwod A8 | imAfeiq iUl |uo//Sdny wouy papeo|umod ‘f ‘9202 ‘SS20660T



Hansen et al. 2020; Marquez et al. 2023). Thus, the observed
links between regional oceanographic processes, especially
ocean acidification, and biological responses reinforce their
vulnerability.

The dimension of impacts on the local role as well as services
provided to surrounding areas, such as nutrient cycling and
fisheries support remains uncertain. Economically, these areas
compose one of the most affected zones regarding marine fish-
eries revenue (Lam et al. 2020), which exposes the sensitiv-
ity of the local and export markets of the island (SHG 2022).
Within the constraints of the temporal coverage and spatial
scope of this study, strengthening long-term monitoring, inte-
grating environmental and biological indicators and ensuring
adaptive conservation strategies that account for indirect and
synergistic effects are crucial to safeguard the resilience of
these vulnerable reef systems against compounded global and
regional stressors.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Autocorrelations (ACF)
and partial autocorrelations (PACF) of species populations of (A) Saint
Helena Island (sh) and (B) Saint Peter and Saint Paul's Archipelago (sp),
between 2014 and 2019. Dashed blue lines are the upper and lower lim-
its of the 95% confidence interval. Correlations significantly different
from zero are above or under dashed blue lines. Initials' correspondence
of species scientific names are: Abudefduf saxatilis (abu_sax), Aluterus
scriptus (alu_scr), Aulostomus strigosus (aul_str), Azurina multilineata
(azu_mul), Bodianus insularis (bod_ins), Holocentrus adscensionis
(hol_ads), Kyphosus sectatrix (kyp_sec), Myripristis jacobus (myr_jac)
and Rypticus saponaceus (ryp_sap). Figure S2: Autocorrelations (ACF)
and partial autocorrelations (PACF) of oceanographic variables of Saint
Helena Island (sh) and Saint Peter and Saint Pauls Archipelago (sp), be-
tween 2014 and 2019. Dashed blue lines are the upper and lower lim-
its of the 95% confidence interval. Correlations significantly different
from zero are above or under dashed blue lines. Initials correspondence
of oceanographic variables are: sea surface temperature (sst), chloro-
phyl-a (chl) and sea surface height (ssh). Figure S3: Autocorrelations
(ACF) and partial autocorrelations (PACF) of oceanographic variables
of Saint Helena Island (sh; 2014-2022) and Saint Peter and Saint Pauls
Archipelago (sp; 2009-2019). Dashed blue lines are the upper and lower
limits of the 95% confidence interval. Correlations significantly differ-
ent from zero are above or under dashed blue lines. Initials correspon-
dence of oceanographic variables are: sea surface temperature (sst),
chlorophyl-a (chl) and sea surface height (ssh). Figure S4: Temporal
fluctuations in species counts of reef fishes from Saint Helena Island and
Saint Peter and Saint Pauls Archipelago between 2014 and 2019. Species
counts were log, (x+1) transformed to improve visualization and fa-
cilitate comparison of intraspecific trends between regions. Figure
S5: Semestral fluctuations of oceanographic variables in Saint Helena
Island and Saint Peter and Saint Pauls Archipelago from 2002 to 2022.
The shaded area highlights the period during which temporal concor-
dance between reef fish assemblages was detected (2014-2019). Initials
correspondence of oceanographic variables are: sea surface tempera-
ture (SST), chlorophyl-a (Chl) and sea surface height (SSH). SSH and
SST values are in metres and °C, respectively, and Chl as log, (mgm~3).
Figure S6: Diagnostic plots of residuals for the model containing pH
as a predictor of changes in counts of Abudefduf saxatilis from Saint
Helena Island. Figure S7: Diagnostic plots of residuals for the model
containing pH as a predictor of changes in counts of Aluterus scriptus
from Saint Peter and Sait Pauls Archipelago. Figure S8: Diagnostic
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plots of residuals for the model containing pH as a predictor of changes
in counts of Aulostomus strigosus from Saint Helena Island. Figure S9:
Diagnostic plots of residuals for the model containing pH as a predic-
tor of changes in counts of Aulostomus strigosus from Saint Peter and
Sait Pauls Archipelago. Figure S10: Diagnostic plots of residuals for
the model containing pH as a predictor of changes in counts of Azurina
multilineata from Saint Peter and Sait Pauls Archipelago. Figure S11:
Diagnostic plots of residuals for the model containing pH as a predic-
tor of changes in counts of Bodianus insularis from Saint Peter and
Sait Paul Archipelago. Figure S12: Diagnostic plots of residuals for the
model containing pH as a predictor of changes in counts of Holocentrus
adscensionis from Saint Helena Island. Figure S13: Diagnostic plots
of residuals for the model containing pH as a predictor of changes in
counts of Myripristis jacobus from Saint Helena Island. Figure S14:
Diagnostic plots of residuals for the model containing pH as a predictor
of changes in counts of Myripristis jacobus from Saint Peter and Sait
Pauls Archipelago. Table S1: Best ranked models according to the sec-
ond order Akaike Information Criterion (AICc) of generalized aditive
models for counts of reef fishes in Saint Helena Island (SH) and Saint
Peter and Saint Pauls Archipelago (SPSP). Table S2: Effects of oceano-
graphic variables generalized aditive models for counts of reef fishes in
Saint Helena Island (SH) and Saint Peter and Saint Pauls Archipelago
(SPSP). Shown are the coefficient estimates of linear terms (without
smoothers) from the best-ranked models. Table S3: Effects of oceano-
graphic variables generalized aditive models for counts of reef fishes in
Saint Helena Island (SH) and Saint Peter and Saint Pauls Archipelago
(SPSP). Shown are the effective degrees of freedom (edf) and signifi-
cance of smoothing terms from the best-ranked models.
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