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Abstract

1.

Climate change poses an understudied threat to the coastal reef systems of the Western
Indian Ocean (WIO), a biodiversity hotspot critical for the maintenance of subsistence
fisheries. The southwestern coast of Madagascar is especially sensitive to disturbances
due to the high level of socioecological dependence on functioning reefs.

Fishing in this region is spatially structured. For example, gleaning (péche-a-pied) is
undertaken predominantly by women and children walking in intertidal reef flat and crest
habitats during low tide, while boat-based fishing occurs across a range of reef
geomorphic zones. These zones may experience different microclimates due to
differences in depth, water residence time, and oceanic exposure.

To characterize the thermal microclimates of these zones, we deployed temperature
loggers for over a year across reef geomorphic zones on Salary Reef, Madagascar. We
further examined modeled tide elevation data over the deployment period and the 18.6-
year tidal cycle.

Subtidal loggers showed similar mean temperature but diverged up to 27% in cumulative
hours above 30 °C. Compared with gridded temperature datasets, logger observations
revealed higher extremes and lower minima, underscoring the added fidelity of in-situ
measurements.

The intertidal logger recorded extreme thermal stress (up to 48.8 °C) in gleaning
habitats, with maximum heat events occurring in transitional “shoulder” seasons rather
than peak summer. Tidal analyses showed that midday low tides in these transitional

periods drive extreme intertidal warming.

2



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

6. Fisheries in Madagascar will likely experience uneven and seasonally distinct thermal

risks. Climate adaptation must consider how microclimate variability mediates

socioecological vulnerability in coastal oceans.

Résumé

1.

Le changement climatique représente une menace encore peu étudiée pour les
systémes récifaux cotiers de 'océan Indien occidental (OlO), un hotspot de biodiversité
essentiel au maintien des péches de subsistance. La cote sud-ouest de Madagascar est
particulierement sensible aux perturbations en raison de la forte dépendance socio-
écologique a des récifs fonctionnels.

Les pratiques de péche dans cette région sont spatialement structurées. Par exemple, la
péche a pied (gleaning), pratiquée principalement par les femmes et les enfants, se
déroule dans les habitats intertidaux de platiers et de crétes récifales a marée basse,
tandis que la péche embarquée couvre un ensemble de zones géomorphologiques
récifales. Ces zones peuvent présenter des microclimats distincts en fonction de la
profondeur, du temps de résidence de I'eau et de leur exposition a I'océan ouvert.

Afin de caractériser ces microclimats thermiques, nous avons déployé des enregistreurs
de température pendant plus d’'un an dans différentes zones géomorphologiques du
récif de Salary, a Madagascar. Nous avons également examiné les données de hauteur
de marée modélisées sur la période de déploiement ainsi que sur un cycle tidal de 18,6
ans.

Les enregistreurs subtidaux ont montré des températures moyennes similaires, mais
jusqu’'a 27% de différence dans les heures cumulées au-dessus de 30 °C. Comparées

aux jeux de données de température interpolées, les observations des enregistreurs ont
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révélé des extrémes plus élevés et des minima plus bas, soulignant la plus grande
fidélité des mesures in situ.

L’enregistreur intertidal a mis en évidence un stress thermique extréme (jusqu’a 48,8 °C)
dans les habitats exploités par la péche a pied, les événements maximaux de chaleur
survenant durant les saisons de transition plutét qu’au cceur de I'été austral. Les
analyses tidales ont montré que les marées basses de milieu de journée, propres a ces
périodes de transition, entrainent un réchauffement intertidal extréme.

Les pécheries de Madagascar connaitront probablement des risques thermiques
inégaux et distincts selon les saisons. Les stratégies d’adaptation au climat doivent donc
intégrer la variabilité microclimatique qui module la vulnérabilité socio-écologique des

océans cotiers.
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Introduction

Chronic warming trends and acute heatwaves, already predicted to accelerate under climate
change in the tropical Western Indian Ocean (WIO) (McClanahan et al. 2009; Harrington and
Otto 2020; Mawren et al. 2022; Thoral et al. 2022), are predicted to increase temperature trends
within reef systems. Due to complex interactions between bathymetry and water movements in
the near-shore zone of coastal reefs, distinct microclimates may arise and experience climate
change differently from the open ocean. Since human activity is greatly concentrated in these
coastal zones, understanding the current and future microclimatic trends of reefs can greatly
improve conservation and management decision-making (Woodson et al. 2019). Coastal
socioeconomic systems in the WIO are strongly linked to the ecological functioning of
ecosystems, and are thus predicted to be at a higher risk of disruption compared to areas of
more rapid warming in developed countries (Cinner et al. 2012; Le Manach et al. 2012; Cullen-

Unsworth et al. 2014).

Within the WIO, southwestern Madagascar is a region particularly vulnerable to the social
and ecological impacts of climate change and heatwaves. Reefs in the region provide critical
fisheries and ecosystem services for people in nearby cities and villages, where livelihoods and
income are highly dependent on the reef function in proportion to the rest of the WIO (Allison et
al. 2009; Harris et al. 2010; Cinner et al. 2012; Gough et al. 2020; Ranaivomanana et al. 2023).
However, compound stressors from climate change, elevated fishery pressure, decreasing
water quality, enhanced cyclone activity, changing land use patterns, and increasing
populations due to coastal migration have placed profound stress on these reefs (Bruggemann
et al. 2012; Andréfouét et al. 2013; Carter et al. 2022). While much of the conservation focus on
the fringing reef system of southwestern Madagascar has been on unsustainable harvest and

adherence to marine protected area (MPA) policies, there has been relatively little work
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examining the sensitivity of this marine system to climate change. Nonetheless, these reefs are
critically imperiled by thermal stress (Ateweberhan and McClanahan 2010; D’Agata and Maina
2022; Obura et al. 2022), which contributed to historic wide-scale coral bleaching in the region

in 1998 and 2016 (Obura et al. 2022; Randrianarivo et al. 2022).

However, assessments of seawater temperature on reefs in southwestern Madagascar have
almost exclusively been made using remote-sensed data products (McClanahan et al. 2009;
Harris et al. 2010), which masks the information from coastal reef ecosystems in which most
artisanal fisheries operate. Internal waves, water mass pooling, and other hydrodynamic
phenomena can result in subtidal heterogeneity on reef systems, further complicating
assessments of thermal stress on complex coastal reef systems (Leichter et al. 2005; Davis et
al. 2011; Woodson et al. 2019; Reid et al. 2020; Brown et al. 2022). Reef flat and shallow
lagoon environments are expected to experience higher average and maximum temperatures
than deep lagoons and backreefs/forereefs, mainly due to the mixing of cooler offshore waters
from greater depths with warmed shallow waters (Reid et al. 2020; Kekuewa et al. 2021; Brown
et al. 2022). Therefore, fisheries that are spatially segregated across depth and distance

offshore may end up fishing in different thermal microclimates.

In addition to national and multinational industrial fishing, a large proportion of fisheries in
the WIO are artisanal (catches sold at the market) and subsistence (catches consumed at
home), and provide much of the coastal population’s nutrition and livelihoods (Le Manach et al.
2012; White et al. 2022). In the WIO, men and women tend to fish in different habitats using
distinct gear, with men typically using boats to access offshore sites and employing nets and
lines, but also fishing on foot. Women, by contrast, fish on foot in nearshore areas, harvesting
benthic invertebrates with hand-held tools (Westerman and Benbow 2013; Frocklin et al. 2014;
Baker-Médard and Kroger 2024). This type of fishing by foot, or gleaning, is the predominant

fishing method for women and low-income households (Cinner and Bodin 2010; Frocklin et al.
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2014)Fortuna-Jackson forthcoming(Cinner and Bodin 2010; Frocklin et al. 2014). Gleaning,
(fishing on foot) tends to be restricted to coastal areas accessible by foot, such as mangroves,
intertidal flats, seagrass beds, and reef crests, and occurs primarily during calmer seasons (de
la Torre-Castro et al. 2017; Lemahieu et al. 2018; Grantham et al. 2021; Tilley et al. 2021;
Wallner-Hahn et al. 2022). While men engage primarily in boat-based fishing, some—often
those with fewer economic resources—practice gleaning, which does not require a boat or
substantial capital investment. Similar species can be found in both deep and shallow habitats,
the species composition and abundance within catches vary dramatically between habitats
(Frocklin et al. 2014; Jankowski et al. 2015; Medina-Valmaseda et al. 2020; Stiepani et al.

2023).

Given the asymmetric impact of climate change and heatwaves (marine and atmospheric)
on shallow water coastal ecosystems, it is possible that species and populations targeted by
women and the least wealthy of a given fishing community will be impacted first and to a greater
magnitude than fisheries dominated by slightly wealthier men in deeper waters. This is
especially significant given the importance of gleaned organisms for nutrients in the local food
supply. Further, it’s likely that pressure will increase on gleaning fisheries with climate change,
drought, and overfishing, which are transitions from boat-based fisheries and inland agriculture

to gleaning (Willer et al. 2023).

Complicating any assessment of thermal stress on this reef system is the additional
interaction of the macrotidal semidiurnal tide system in southwestern Madagascar, with a tidal
range of around three meters (Chevalier et al. 2015; Moustapha et al. 2021). These tides
expose reef flats and even the reef crest at periodic intervals, providing opportunities for
gleaning to occur. Tidal emersion on reefs, when timed with solar exposure, can result in
devastating bleaching in corals and mass mortality in reef invertebrates, including lucrative

fished species such as sea cucumbers (Glynn 1968; Yamaguchi 1975; Anthony and Kerswell
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2007; Buckee et al. 2020, 2022; Mejia-Renteria et al. 2020; Schoepf et al. 2020). Given the
additional factors of tidal cycles, reef hydrodynamics, and substrate albedo, satellite-derived
temperature measurements are inappropriate to describe the thermal environment in which both

reefs and fisheries coexist in southwestern Madagascar.

Analyses of climate sensitivity of Malagasy reefs and fisheries have historically been limited
to satellite-derived sea surface temperature products, potentially ignoring microclimatic
complexities on reefs that experience a spatial segregation of fishery types. Here, we describe
the thermal environment of Salary Reef, southwestern Madagascar, across three reef
geomorphic zones (backreef, lagoon, and flat) that encompass subtidal and intertidal sites by
deploying long-term temperature loggers. We hypothesize maximum temperatures and
variability to be highest at intertidal reef flat sites, and amongst subtidal sites, to be highest in
backreef and shallow lagoon environments. These zones encompass fishing sites regularly
used separately by boat-based and gleaning fishers, thereby describing the thermal
environment used by fisheries-targeted species. We further modeled the 18-year tidal cycle
(Denny and Paine 1998) of Salary Reef to assess reef flat immersion timing on a yearly,

seasonal, and daily basis.

Methods

Study Site

The study was conducted on Salary Reef (22.53 S, 43.25 E; Figure 2), a fringing reef
system located in southwestern Madagascar, approximately 100 km north of the region’s major
city, Toliara. This fringing reef system is part of “Mikea Coast”, and is distinct from the major,
better-studied barrier reef off the coast of Toliara, Grand Récif de Toliara (GRT), because it

receives little riverine inputs. The GRT has long been known to be influenced by the hydrology
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of the Onilahy and Fiherenana rivers, and excess sedimentation from upstream terrestrial
activities such as mining and agriculture has partially contributed to the decline of the GRT
(Pichon 1978; Andréfouét et al. 2013). However, Salary Reef is relatively uncoupled from
terrestrial activity and is in better ecological condition than the GRT. This fringing reef system is
composed of intertidal flats sloping to a sandy-bottomed lagoon varying 2-5 km in width (~5-15
m depth). The reef crest is periodically emersed during low-tide events, and complex reefs
dominate the far reef slope (Randrianarivo et al. 2022, 2023). Further, southwestern
Madagascar can be considered a meso- to macrotidal system — tidal ranges can extend up to
5.5 meters (near Besalampy), exposing extensive reef flats and parts of the barrier/fringing reef
crest. The Soariake MPA, managed by the Soariake Association with technical assistance from
the Wildlife Conservation Society (WCS), was formally protected in 2015 to balance
conservation and fishing and encompasses all of Salary Reef and the northern portion of the
fringing reef system, but adherence by small-scale artisanal fishers is variable
(Zafimahatradraibe et al. 2025). Most boat-based fishing activity occurs on the forereef and in
the lagoon, while gleaning can occur both in the shore-adjacent reef flat and on the reef crest

itself.

Logger Deployment and Recovery

We deployed ten temperature loggers (ElectricBlue T7.3, Porto, Portugal — all IDs
SALEB# “Salary ElectricBlue”) between July 28" and August 10™, 2023, distributed between
four reef geomorphic zones (reef flat, lagoon, backreef, and forereef) between 2-4 m depth
(Figure 1, Figure 2, Supplemental Table 2). We classified reef flat locations as representative of
intertidal gleaning sites, as we were not able to deploy loggers directly on the reef crest.
Lagoon, backreef, and forereef sites represented boat fishing locations. Additionally, we
selected a site at the Salary Bay dive center to measure the air temperature at 2 m above

ground. For all but the air temperature logger, we did not attempt to shade loggers from solar
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217

radiative warming (Bahr et al. 2016; Colin and Johnston 2020; Rich et al. 2024), so as to
replicate the microclimate or body temperature that may actually be experienced by exposed
sessile marine organisms in each geomorphic reef zone (Kearney 2006; Jimenez et al. 2008;
De Frenne et al. 2025). Temperature data should therefore not be interpreted as seawater
temperature, but as a record of potential benthic ectotherm body temperature. The simple use
of seawater (or air) temperature to understand potentially stressful periods fails to account for

the complexities of an organism’s heat budget, even in submerged environments.

Gleaners Artisanal fishers Gleaners Artisanal fishers
(by foot) (by boat) (by foot) (by boat)
B A

High Tide

8r L ’A-W\/ Low Tide
\ {
Temperature w

Loggers

e

Reef Flat Lagoon Backreef Reef Crest  Forereef
(not (no data

sampled)  retrieved)

Fig. 1 A cross section of a typical reef system of southwestern Madagascar with corresponding
fishing zones and logger deployment locations is shown. The reef flat and reef crest (not
sampled) are the intertidal portions of these reef systems, on which gleaning occurs during low
tide events. The reef lagoon, backreef, and forereef are subtidal zones that are mainly fished by
boat.
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Fig. 2 Logger deployment sites near the village of Salary in southwestern Madagascar are
shown. Large colored points show recovered logger locations with their corresponding reef
geomorphic zone. Unrecovered loggers are shown outlined in gray. Of the nine deployed
loggers on the reef, we recovered four loggers across three of the reef's geomorphic zones. The
locations of fishing sites are indicated with labels, while the location of the air temperature
logger is not shown. The inset map depicts the location of Salary Reef within Madagascar with
accompanying mean yearly sea surface temperatures (2002-2009, Bio-ORACLE, (Assis et al.
2024).

We affixed loggers to the reef using UV-resistant zip-ties and Splash-Zone two-part

marine epoxy (Modern Recreational Technologies, Hickory, NC, USA). We selected crevices for
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logger deployment to reduce breakage from wave action and record temperatures of these reef
refugia for many targeted fishery species. We recorded GPS coordinates with up to 5 m
accuracy (Garmin eTrex 10) and recorded videos of logger placement (GoPro Hero8 Black) to
facilitate recovery. Temperature logger accuracy was set to 0.1 °C, recording every 15 minutes.
We recovered five loggers after at least one year (Supplemental Table 2). Logger deployment

and recovery were accomplished by freediving.

Data Analysis

Temperature Data

Of the ten temperature loggers deployed, we recovered five (four reef loggers, one air
temperature logger) after at least 357 days (SALEBS, Flats) and at most after 459 days
(SALEB1). Although some loggers collected data for over a year, we focused our comparative
site analysis on only the dates where all four recovered water temperature loggers actively

collected data (357 days).

To compare our logger-recorded reef temperatures against commonly used remote-
sensed products, we further downloaded and extracted seawater temperature data from NOAA
OISST (Optimal Interpolated Sea Surface Temperature; (Huang et al. 2021) and Copernicus
Global Physics Analysis (European Union-Copernicus Marine Service 2016) at -22.6° S, 43.25°
E. OISST records sea surface temperatures were available at 1/4° resolution, while we selected
Copernicus temperature records from a depth of 0.5 m at a 1/12° resolution. We calibrated our
air temperature data against downscaled ERAS models of air temperature using the mcera5 R

package (Klinges et al. 2022).
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Tidal Regime

As no tide stations are available in southwestern Madagascar, we used the package
pyTMD (Sutterley et al. 2024) in Python (v. 3.10.15) to calculate tide heights at the coordinates -
22.6° S, 43.25° E between the years 2006-2024. This timescale was chosen to encapsulate the
18.6-year lunar cycle to which short-term tidal cycles respond (Denny and Paine 1998). It further
illustrates whether the tidal regime recorded in our 2023-2024 intertidal temperature data
represents the long-term trend for this location. We used the TPXQO9 (v5, 1/30° resolution) atlas
model of global tides constituents (Egbert and Erofeeva 2002). For some of our analysis, we
grouped tide data by four seasons — early hot-wet (November-January), late hot-wet (February-
April), early warm-dry (May-July), and late warm-dry (August-October). Initial exploration of the
intertidal logger data indicated that distinct temperature regimes occurred along the four
seasonal divisions listed above, and so, we processed some of our tidal data using this

seasonality.

We used a custom script to determine the relative tide height and tidal exposure regime of the
intertidal temperature logger (SALEBS Flat), based on significant temperature “drops” correlated
with rapid cooling or warming of temperature loggers when exposed to air or water (Harley and
Helmuth 2003; Gilman et al. 2006). We determined the intertidal temperature logger to have a
height of -0.956 m (relative to average height) and +22 minutes behind the modeled tide series
obtained via the pyTMD package. From this tide height, we reconstructed the immersion status
of each time point from the intertidal temperature logger time series. When determining the
decadal patterns of low-tide exposure, we used the rounded height of this logger (-1 m, relative

average modeled height) as a threshold beyond which we calculated hours of exposure.
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Statistical Analysis

All statistical analysis was completed in R (v. 4.2.1). For cross-site comparisons, we
filtered available water temperature datasets to only the dates that data had for all sites (July
29 2023, to July 20", 2024). We used a Kruskal-Wallis non-parametric test to determine if
median site temperatures were different, and then post hoc Bonferroni-adjusted Dunn’s test

package to determine pairwise site significance.

We used wavelet analysis to determine the temporal patterns in power spectra during
the deployment period of our temperature data time series. By decomposing temperature
periodicity on a time basis, this method allows for the detection of non-stationary periodicity in
environmental time series and provides an advantage over traditional power spectra analysis
(Rivest and Gouhier 2015). We used the WaveletComp package to decompose and visualize

the wavelet spectra using default Morlet wavelets (Roesch and Schmidbauer 2018).

Results

Reef Microclimate Variability
Of the three subtidal data loggers (SALEB1, SALEB3, and SALEBS), the backreef site

(SALEB3) had the highest overall mean (27.3 °C) and maximum (33.4 °C) temperatures (Figure
3). It also spent a similar number of hours above the Coral Reef Watch (CRW) bleaching
threshold of 30 °C (Southwestern Madagascar Coral Reef Watch threshold, (Skirving et al.
2020) as the shallow lagoon site (SALEB1, Supplemental Table 1). The deep lagoon site
(SALEBS), the deepest one overall, had the lowest mean (27.08 °C) and maximum
temperatures (33.0 °C), and the fewest number of hours (1089.2 h) above the CRW 30 °C
threshold. A Kruskal-Wallis test confirmed that water temperature was significantly different

between sites (H2 = 160.5, P < 0.0001). Post-hoc multiple comparisons indicated significant
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differences between all sites, although the significance between the two shallow sites was weak

(SALEB1 x SALEBS3, Bonferroni-adjusted multiple comparison, P = 0.0452), while the deep

lagoon site SALEBS5 was significantly cooler than both shallower sites (Bonferroni-adjusted

multiple comparison, P < 0.0001).
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Date

Fig. 3 A Temperature time series from the four recovered loggers on Salary Reef, SW
Madagascar, are shown. Vertical dashed lines indicate the extent of data used for site
comparisons. Data were collected every 15 minutes. B The distribution of temperatures at each
site is shown. Boxplots indicate mean and interquartile range (25-75%). Asterisks give multiple
comparisons (Wilcox’s) significance across all loggers — note that in the text, we restrict our
multiple comparisons to just subtidal sites, and therefore, there are slight differences in
significance level.

We further calculated the daily variance and temperature range of each subtidal logger,
and only the temperature range was significantly different between sites (Daily Variance
Kruskal-Wallis, H2 = 3.69, P = 4.72; Daily Range Kruskal-Wallis, H.= 16.7, P = 0.0002). The
daily temperature range was highest at the backreef site SALEB3 and lowest at the shallow
lagoon site SALEB1 (Table 1). Post-hoc comparisons demonstrated that the temperature range

at the backreef site was only significantly different from the shallow lagoon site (SALEB1 x

SALEB3, Bonferroni-adjusted multiple comparisons, P = 0.000135). Despite having a mean
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temperature of only 0.18/0.21 °C below and a maximum temperature only 0.1/0.4 °C the shallow

lagoon and backreef sites respectively, the deep lagoon site had 27% fewer hours above 30 °C

compared to these sites.

Table 1 A Summary statistics of temperatures recorded on Salary Reef, calculated between

2023-07-29 and 2024-07-20, and reanalysis products used to compare the accuracy of in-situ
loggers against commonly used sea surface temperature data sources. B To compare our in-
situ data against the daily reanalysis temperature timeseries, we performed a daily
summarization of subtidal logger data. Additional details about in situ loggers can be found in
Table S2. *Denotes maximum air temperature values that were not calculated due to a short
period of logger exposure to direct sunlight

Mean

°C) F Hours Daily
CC)F  Minimu Maximu Rang
ID Zone SD m (°C) m (°C) Above e (°C)
A) Data 30°C T SD
Source
1.49
SALEBY ~ oralow 2z 21.0 331 1478 T
In-situ logger 9 ' 0.48
27.29 1.7
In-situ logger SALEB3 Backreef 1233 21.2 334 1446 1063
Deep 27.08 1.58
In-situ logger SALEB5 Lagoon 1296 21.0 33.0 1089 T 057
27.64 6.42
In-situ logger SALEB8 Reef Flat 1357 17.3 48.8 2510 T 6.42
Air
26.36 . 11.45
Temperatur T46 12.3 1917 T 281
In-situ logger SALEB10  ©
.. . Days
Mean Minimu Maximu
B)Data P Zone ()  meC) m(C) e
Source
Copernicus
Global
Ocean
Physics 27.34 22.91 31.96 15.75
. +2.44
Analysis
and
Reanalysis Forecast
NOAA/NCE 27.22
Reanalysis | OISST V2 T207 2300 30.66 9
Daily
summarized SALEB1  onallow 2721 5970 31.82 14
o Lagoon + 2.39
in-situ logger
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The seawater temperatures measured in situ summarized as daily means and those
measured from reanalysis products (OISST, Copernicus) were not significantly different,
indicating that variability driving site-level differences occurs on a sub-daily timescale (Kruskal-
Wallis test, H,=4.722, P = 0.0943, supplemental Fig. 1). Correlation ranged between 0.86 —
0.96 (R?, SALEBS8 Reef Flat — SALEB3 Shallow Lagoon) for water logger data and Copernicus
data, and between 0.76 — 0.92 (R?, SALEB8 Reef Flat — SALEB5 Deep Lagoon) for logger data
and OISST data (supplemental Fig. 3). However, OISST tended to underpredict the hottest
values observed with loggers, while the Copernicus dataset at a 0.5 m depth better matched the
distribution of observed data (Table 1, supplemental Fig. 1). Correlations between each 15-
minute logger observation and daily reanalysis data were lower than the summarized logger
data values, with correlations ranging from 0.62 — 0.93 (R?, SALEB8 Reef Flat — SALEB1
Backreef) for water logger data and Copernicus data, and between 0.54 — 0.89 (R?, SALEBS8

Reef Flat — SALEB5 Deep Lagoon) for water logger data and OISST data (supplemental Fig. 4).

The intertidal temperatures collected at SALEB8 (Reef Flat) were radically different from
the other subtidal temperature series due to periods of air exposure during low tide. Both
exposure during low tide and the day/night cycles modulated the temperatures experienced at
this site, indicated by strong wavelet power levels associated with 8-hour (length of
submersion), 12.4-hour (diel tidal cycle), and 24-hour (daily cycle) cycle periods (Figure 5).
Vertical bands below the 12.4-hour periods correspond to a combination of tidal harmonics and
variable emersion durations under seasonally changing tidal amplification. Average emersion
duration was 2.36 hours (median 2.47 hours), although the left-skew of tidal emersion duration
indicates longer durations, up to 3.7 hours, are more frequent (supplemental Fig. 7). The three
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other subtidal loggers showed power bands over the 12.4- and 24-hour wavelet periods, again
indicating the influence of tidal and solar cycles on temperature regimes on the subtidal reef
(supplemental Fig. 8). Finally, the air temperature recorded by the temperature logger displayed
an obviously strong 24-hour wavelet period power band, corresponding with solar cycles, but
also a seasonally moderate 12-hour power band corresponding to atmospheric tides and land-

sea breezes that are stronger during the cloudless warm-dry season (supplemental Fig. 8).
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Fig. 5 A Wavelet analysis of intertidal reef flat (SALEB8) temperature between August 2023 and
July 2024. Black outlined areas indicate regions that have strong wavelet power support (p <
0.01). B Average power spectra illustrate the strongest periods observed over the logger
deployment period. Black dots correspond to periods that were strongly statistically significant (p
> 0.01). Across both plots, four power ridges centered around 8 hours, 12.4 hours, 24 hours,
and 2 weeks correspond to tidal exposure, tidal cycle, daily solar cycles, and tidal
flushing/upwelling events, respectively. Periods of ~8 hours correspond to the longest tide
cycles that exposed the logger for the longest, and the decreasing power of vertical bands
indicates the gradually shorter tide cycles that exposed the logger for less and less time. High
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power levels between the 128h and 1024h wavelet periods (encompassing a 2-week significant
band) may correspond with tidal flushing of the lagoon (Chevalier et al. 2015).

The intertidal temperature data showed a strong seasonal pattern; we recorded extreme
temperatures not in the peak wet season/January, but between March to June, and August to
October. Loggers recorded a maximum temperature of 48.8 °C on March 24", 2024, with
additional excessive heat days occurring on March 12, 2024 (48.6 °C) and September 3™,
2024 (47.5 °C). Between November and February, water temperatures were consistently
warmer than the air temperature in the intertidal zone, despite this being the hottest portion of
the year in southwest Madagascar. These extreme temperatures can be attributed to low-tide
events (Figure 4A). Examining the residuals of the relationship between the intertidal (SALEBS)
and lagoon (SALEBS) loggers (linear model, R?>= 0.64, P < 0.0001) reveals minimal variation
from zero residuals in submerged observations (Figure 4B). However, exposed observation
residuals alternate between much warmer (~5-20 °C, March-October) and cooler (~ -5 °C,
November-February) than the water temperature in the lagoon. In short, low-tide temperatures
were lower than other parts of the year, and indeed lower than water temperature, during the
hottest part of the year (wet season, November-March). Water temperature residuals were not

significantly different between night and day observations (Figure 4C).
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Fig. 4 A Tidal exposure status of the intertidal flat (SALEB8) logger. Air exposure/water
submersion status was determined via the application of interpolated logger tide height and
offset from tidal model predictions. Logger status predictions in August and September
2023erroneously identified heat spikes more often associated with low tide as submergence
events. Temperature residuals from the lagoon (B-C, SALEBS) and air temperature residuals
(D-E, SALEB10) from intertidal zone temperatures (SALEBS8) are also shown. In B, nonzero
residuals of submerged observations indicate differences in water temperature at the intertidal
site. These submerged residuals were not different between day and night observations (C).
When examining residuals of exposed observations in D, nonzero observations indicate times
when the exposed intertidal logger was warmer or cooler than the air temperature at Salary.
Residuals of exposed observations were significantly different between day and night exposures

(E).
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Residuals of the relationship between observations of the intertidal logger (SALEB8) and
the air temperature (SALEB10) (linear model, R?=0.44, P < 0.0001) show that low-tide logger
temperatures were much warmer than air temperature, indicating the importance of additional
microclimate factors (e.g., albedo, radiative forcing) on low-tide temperature on intertidal flats
(Figure 4D). During the hot, wet season, the intertidal flat logger experienced fewer positive
residual spikes with low tide while periodically having negative residuals. However, during the
warm, dry season, flat logger temperatures routinely exceed air temperatures. The most
extreme negative residuals were recorded during the daytime (Figure 4E). Mean hourly air
temperatures recorded using temperature loggers generally matched those from ERAS

microclimate downscaling data (R?= 0.84, supplemental Fig. 2)

Decadal Tide Patterns
Tides during the field season of 2023-2024 occurred during a weakening in the 18.6-

year lunar cycle — low tides were less extreme than at the peak of the cycle in 2015-2016,
particularly in the early warm-dry (May-Jul) and early hot-wet seasons (Nov-Jan; Figure 6,
supplemental Fig. 5). The maximum tidal range near the Salary reef was 3.4 m. However,
through additional data exploration, we found that the tidal range increased to over 5.5 m
moving northward to a point off the northwestern coast of the Besalampy district (-16.65 S,
44 .42 E)m. However, early warm-dry low tides spend more time below -1 m and have lower
overall tides during the day than the night, while the inverse is true during early hot-wet low
tides, where nighttime low tides are generally longer and larger. In the late hot-wet and warm-
dry months, there is no trend in monthly hours below -1 m or monthly minimum tide across
years, indicating that the timing of extreme low tides is consistent along the 18.6-year tidal
cycle. Tidal heights that exceed -1 m (and would therefore expose the intertidal flats logger)

routinely occur between 09:00 and 15:00 (EAT) across the 18.6-year tidal cycle, encapsulating
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solar noon (supplemental Fig. 6). Low tides that expose reef flats below a -1 m elevation are

therefore consistent in their diel and annual timings, although interannual extremity varies.
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Fig. 6 A Hours spent below —1 m (mean tide, TPXO9 tide model) and B minimum tide height
(TPXO9 tide model) for each month at Salary Reef between 2006 and 2024 (18 years) across
austral seasons (Hot-Wet = November-April, Warm-Dry = May-October) and daily sun cycles.
Lines of fit are loess lines. Each point represents the monthly maximum hours below —1 m or
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minimum tide height (split by day and night), so that there are 24 data points each year (12
monthly calculations across day and night cycles).

Discussion

Through our analysis of in-situ temperature data and long-term tidal amplification, we
uncovered heterogeneity and extremity across three geomorphic zones within a barrier reef
system in southwestern Madagascar. Subtidal sites, while having superficially similar thermal
regimes, exhibited up to 27% more heating hours (hours above 30 °C, deep vs. shallow lagoon).
Such variance and variation in extremes across temperature series with similar means is
common when comparing time series from loggers deployed on reef flats/back reefs and deeper
reef sites (Guadayol et al. 2014; Cyronak et al. 2020). However, due to the relatively large tidal
range and depth of the lagoon (~15 m max), we see less fine-scale variation in subtidal station
temperatures than typical coastal lagoons in microtidal settings (Pichon 1978). Many of the
extreme observations across sites (both maxima and minima) were larger than those obtained
from two remote-sensed products, indicating that in-situ logger observations describe the
thermal environment with more fidelity. This is a common observation, as remote-sensed and
reanalysis products often mask coastal areas, spatially average, and do not account for other
microclimatic processes such as substrate albedo and water residence time (Castillo and Lima
2010; Bos and Pinsky 2025; Margaritis et al. 2025; Thompson et al. 2025). Interestingly, the
subtidal sites at Salary Reef all had larger temperature maxima (February 2020: 30.7 °C, depth
= 25m, February 1964: 30.25 °C, depth = 10m) and minima (April 2020: 21.5 °C, depth = 25m,
July 1964 21.45 °C, depth = 10m) than reported from the nearby GRT (Pichon 1978; Godefroid
et al. 2024). Variation between January and May at the GRT was much higher than at other
times of the year at the same site, including the (on average) cooler months of July and August.
This was attributed to the influence of larger tides (observed in our study), increased cyclone

activity, and internal waves arising from increased wind activity during this period (Farquhar et
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al. 2022; Godefroid et al. 2024; Thompson et al. 2025). Overall, diel heat flux across the reef
can be attributed to daytime solar irradiance, which is modulated by the interaction of
atmospheric (cloud cover, wind speed, solar azimuth) and oceanic (tidal range, depth, wave

height) conditions (Davis et al. 2011; Zhang et al. 2013; Cyronak et al. 2020).

While all subtidal loggers indicated an expected trend pattern of elevated temperature
exposure during the hot-wet season (January-February), temperatures recorded from the
intertidal flat logger displayed a contrasting pattern of elevated temperatures during the shoulder
seasons. Our wavelet analysis of this intertidal logger confirmed a weakening of 24-, 12.4-, and
8-hour bands during the hot-wet season, which is explained by the decreased tide amplification
during this period. Further, the lack of warming compared to ambient air temperature in the hot,
wet season suggests sufficiently low tides did not occur during the daytime. The relative cooling
of logger temperatures throughout the year further indicates convective cooling from wind can
reduce thermal exposure below ambient air temperatures, even during the day (Helmuth et al.
2011). However, data from 1961 indicated temperatures of 41 °C in pooled water on the
exposed reef crest of the GRT between November and December. Interestingly, this
observation timeframe corresponds with the annual minimum tidal amplitude we describe on
nearby Salary Reef (Pichon 1978) where we did not observe intertidal temperatures in excess of
38 °C. The maximum decadal tidal amplitude occurred in 1959, and so we can contextualize the
1961 extreme temperatures in this same season as the product of shorter low-tide durations
and heights in the present day than in 1961. It is therefore possible that even more extreme
temperatures would have been recorded in 1961 if data were recorded during the annual
maximum tidal amplitudes of November-January or May-July. Indeed, we quote directly from

Pichon (1978):
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“The data we have are actually too fragmented to permit an exact appreciation of the

importance of this warming phenomenon of waters on the reef flat.”

Our long-term analysis of the tide series over an 18.6-year cycle indicates that the diel and
seasonal timing of longer intertidal exposures are consistent across years, while the length of
emersion durations changed year over year. Our data was collected during a relatively low-
exposure period of the 18.6-year cycle, suggesting that intertidal logger observations in 2015 or

2033 would show hotter, lower, and longer intertidal periods.

Bolstered by chronic warming and acute heatwave events, we predict that the next ~16
years will see intertidal habitats in southwestern Madagascar experiencing hotter conditions
than we observed during our deployment period. This is critical because the two lowest tide
windows between February to April and August to October are the most optimal for gleaning,
both from a consideration of access to low tidal elevation seafloor and because of the relatively
calm seas in this period (Grantham et al. 2021; Farquhar et al. 2022; Maka et al. 2022).
Between these tide windows in the warm-dry season, however, wind speeds off southwestern
Madagascar increase, which limits the number of days fishermen can access offshore sites and,
for gleaners, the exposed offshore reef crest (Pichon 1978; Farquhar et al. 2022). Furthermore,
the stationarity of midday low tides throughout the year is a particular risk factor for tropical reefs
in southwestern Madagascar. On the Australian Great Barrier Reef, the time forms of the tidal
harmonics result in shifting low-tide timing over the year, such that extreme low tides occur only
around midday in the winter, potentially offering thermal refuge to intertidal organisms (Buckee

et al. 2022).

" “Les données que nous possédons sont actuellement trop fragmentaires pour permettre d’apprécier
I'importance exacte de ce phénomeéne d’échauffement des eaux sur I'ensemble du platier.”
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Inferring Reef Microclimate to Reef Coral and Fishery Resilience

In southwestern Madagascar, gleaning supports a diverse array of species critical to
local food security and livelihoods, including sea urchins, bivalves, gastropods, octopus, and
fish (Rabesandratana 1985; Herinirina et al. 2023). Among these, sea cucumbers (Béche-de-
Mer, trepang) represent a particularly lucrative commercial resource, harvested alongside more
subsistence-oriented species like sea urchin and shellfish. Sea cucumbers, or holothurians, are
a relatively abundant target species in protected reef environments and can be found up to the
intertidal reef flat zone. Holothurians can be an important part of a gleaner’s catch, and
additionally, there are major holothurian aquaculture pens in the lagoon of the GRT and
numerous other lagoon sites across southwestern Madagascar (McVean et al. 2005; Lavitra et
al. 2006; Baker-Médard and Kroger 2024). A majority of holothurians are destined for the export
market, and thus can be an important source of currency for gleaners (McVean et al. 2005;
Lavitra et al. 2006; Fattebert 2020; Maka et al. 2022). Planktonic larval holothurian densities
were the highest between February and April, which correspond with the hottest flat reef
temperatures observed (Rasolofonirina and Conand 1998; Lavitra et al. 2006). Further, the
highest number of fishers and fishing days occur between April to December, although this
seasonality has been attributed to avoiding increased lagoon turbidity due to river flooding in the

GRT, which is less of a problem on Salary Reef (Maka et al. 2022).

The underlying coral habitat is also threatened by climate change. Corals and their
associated zooxanthellae, Symbiodiniaceae, are able to exhibit moderate tolerance to subtidal
heat pulses due to their molecular and cellular plasticity, which can be selected for in highly
variable or warm environments (Drury 2020). While some coral colonies exposed to prolonged
air exposure during macrotidal regimes have elevated resilience to atmospheric heatwaves
(Schoepf et al. 2020; Brown et al. 2024), sufficient heat and air exposure quickly result in

intertidal mass mortality across taxa (Glynn 1968, 1976; Schoepf et al. 2015; Ainsworth et al.
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2016; Castrillon-Cifuentes et al. 2017; Le Nohaic et al. 2017; Buckee et al. 2020, 2022;
Godefroid et al. 2024). The delineation between resistance/resilience and declines in marine
populations is a fine one. Even with local adaptations, Acropora coral populations declined
dramatically under modeled 3 °C of warming (Lachs et al. 2024). While some might invoke
shallow-water/intertidal habitats as a “space-for-time” substitution supporting the potential for
organism resilience in a warmer ocean, the fact remains that populations in these reef flat
environments are experiencing the warmest temperatures under current conditions, with a hard
ceiling of aerial exposure. The hypothetical deadening of shallow-water coastal environments
would be devastating for vulnerable gleaning fisheries operating in these marginal

environments.

Will intertidal organisms adapt, move, or die in response to an 18.6-year cycle? Previous
work investigating intertidal mussels in New Zealand and Washington State, USA, observed a
decrease in average mussel intertidal height, a direct product of weakening survival in the upper
intertidal and effectively compressing the vertical and horizontal range (Denny and Paine 1998;
Sorte et al. 2018). Coupled with rapidly warming air and water temperatures in the WIO region
(Ateweberhan and McClanahan 2010; Bruggemann et al. 2012; Lima and Wethey 2012;
Harrington and Otto 2020; Obura et al. 2022), hotter low tides may accelerate the depopulation
of tidal flat habitats by gleaned species such as holothurians, whelks, and octopi. Over a longer
decadal horizon, sea level rise may alleviate heat exposure of tidal flats by increasing
inundation hours, at the expense of lost gleaning opportunities during weak low-tide periods
(Harborne 2013). Before 1978, extensive coral cover of the reef flat by branching Acropora was
reported by Pichon from the GRT, approximately 100 km south of Salary. By 2008, this intertidal
coral cover was gone, likely due to a mixture of factors including cyclone activity, fishing gear
impacts, poor water quality from Toliara, and river discharges (Harris et al. 2010; Andréfouét et

al. 2013; Chevalier et al. 2015). Direct attribution of lost coral cover to warming
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atmospheric/water temperatures and decadal tidal cycles is therefore not possible with current

data, but our data adds context to coral cover declines in southwestern Madagascar.

Conclusions

Whether modeling or managing, the implication of differential seasonal climatic
vulnerability in coastal reef and intertidal flats is that a focus on the putative hottest part of the
year (hot-wet season, November-April) risks missing the most sensitive season for intertidal
habitats. Microclimatic analysis may best describe conditions at a temporal and spatial scale
most relevant to coastal human activities, thereby allowing for more careful considerations of
the impacts of climate change on people and the ecosystems they rely on. Previous work
assessing the climate sensitivity and resiliency of reef fisheries in Madagascar identified the
northwest as the most sensitive region to climate impacts due to elevated SST and solar
irradiance, but did not consider the importance of tidal regimes or reef microclimates on
gleaning fisheries (Cinner et al. 2012, 2022). It should be highlighted that gleaners in the WIO
are already well aware of ongoing seawater warming and its negative impacts on their catch,
which, coupled with overexploitation, has resulted in reduced mollusk fishery yields (Cochrane

et al. 2019; Alati et al. 2020).

As the climate warms, the reef system of southwestern Madagascar will continue to
experience more frequent, long, and intense heatwave events amplified by the semidiurnal,
mesotidal system. On this reef system, where gender roles, socioeconomic security, and fishery
styles are spatially separated, we also uncovered spatial separation in microclimates and
ultimately climate sensitivity. Future work could also assess the extent to which socio-ecological
systems will be impacted, especially when considering extremes and spatial structure (White

and Wulfing 2024; Wulfing and White 2024).
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MPAs in Madagascar, including the Soariake MPA within which our study site is located,
currently do not account for the impacts of climate change and different fisheries styles.
Effective spatial management in coastal reef ecosystems will need to confront different use
cases of reef zones that experience different magnitudes and timing of heat stress. In particular,
shallow reef areas and the fisheries they support will experience heat stress sooner than deep
reef habitats. Therefore, gleaning fisheries will require access to shallow reef zones within
MPAs to be managed for their social resiliency. In addition, the promotion of alternative
livelihoods to reduce fishing pressure will also be necessary, along with providing a livelihood
portfolio in the case of heatwave-induced fishery collapse. By taking a microclimate lens to the
thermal landscape of Salary Reef, we advance our spatio-temporal understanding of where
extreme heat may be experienced by reef organisms the most, and by extension, the fishers

that depend on these reef ecosystems.
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882  Supplementary Figure 1 A-B comparison of remote-sensed sea water temperature products
883  (Copernicus SST, NOAA OISST) and in-situ reef temperature recorded using loggers, with data
884  summarized as daily means. Logger temperatures were recorded every 15 minutes, so we

885 summarized temperatures as a daily mean to compare them to gridded reanalysis temperature
886  products, which interpolate sea water temperature on a daily time step. OISST records sea

887  surface temperatures, while Copernicus interpolates temperatures at a 0.5 m depth. Pairwise
888  multiple comparisons revealed no statistical significance between any two sites. Dashed vertical
889 lines in B indicate the extent of data used for cross-site comparisons.
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891  Supplementary Figure 2 Correlation plot between ERAS 2 m air temperatures and logger air

892 temperatures in Salary village. The red line indicates a 1:1 line, and the blue line indicates the

893 linear regression of the data. Note that large positive residual observations (>5 °C) are likely

894  due to the logger being exposed to the direct sun.
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red line indicates a 1:1 line, and the blue line indicates the linear regression of the data. The
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Supplementary Figure 4 Correlation plot between Copernicus and OISST sea surface
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minutes) at Salary reef. The red line indicates a 1:1 line, and the blue line indicates the linear
regression of the data. The color scale of the residuals is pseudo-log to accommodate the range
of residuals between sites.
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Supplementary Figure 5 A Hours spent below -1 m (mean tide, TPXO9 tide model) and B
minimum tide height (TPOX9 tide model) across 19 years, by month and time of day, on Salary
Reef. Months are color-coded based on the maximum temperature from our intertidal flat
temperature logger (SALEBS8) for each month during the observation period (2023-2024), with
red equaling the warmest and blue equaling the coldest.
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Supplementary Figure 6 Minimum tide height each month for a given hour of the day and year
at Salary reef (TPXO9 tide model). Low tides that exceeded -1 m consistently occur between
09:00 and 15:00.
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Supplementary Figure 8 Wavelet plots for the subtidal loggers (A-C) and air temperature
logger (D). 24-hour horizontal lines indicate the position of power bands associated with daily
solar cycles, while the 12.4-cycle corresponds with tidal cycles. The 12-hour cycle identified in
the air temperature logger is likely due to semi-diurnal atmospheric tides and land-sea breeze
circulation, which are strongest during cloudless seasons (warm-dry season). Black outlines in
the wavelet plots indicate regions with pairs of dates/times and cycle periods that have strong
power support (p < 0.01). Colored dots on the average wavelet plots indicate the strength of
support for a significant wavelet period at a given duration.
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Table S1 Site data for logger deployments at Salary reef. Of the ten total loggers deployed, we

recovered five (four on the reef and one air temperature logger).

Logg Latit Longit Approxi Zone Recover Fishi Deployme Recov Days of
erID ude ude mate ed ng nt Date ery Data
Depth
P Logger  Styl Date
(m)
e
Code
SALE - 4325 3 Lagoon  Shallow boat 7/27/2023 10/22/ 453
B1 22.5 66 Lagoon 2024
367
SALE - 4328 2 Reef Flat glea  7/28/2023
B2 225 1017 ning
512
SALE - 4324 2 Backreef Backreef boat 7/28/2023 10/31/ 461
B3 22.5 945 2024
343
SALE - 4325 3 Lagoon boat  7/28/2023
B4 22.5 66
367
SALE - 4325 4 Lagoon  Deep boat 7/28/2023 7/22/2 360
B5 22.5 75 Lagoon 024
87
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SALE
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863

22.5

863

22.5

53

22.5

493

22.5

542

43.24

875

43.24

875

43.28

1067

43.28

2483

43.28

5767

Forereef

Forereef

Reef Flat Flat

Reef Flat

Air Chez
Tempera Fred

ture

boat

boat

glea

ning

glea

ning

7/28/2023

7/28/2023

7/29/2023

8/10/2023

7/29/2023

7/20/2

024

8/7/20

24

357

375

47



942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

Supplement Text

To determine the immersion regime of the field intertidal temperature logger, we built a function
to extract the tidal height of the logger and apply an interpolated time series of
immersion/emersion status to the measured intertidal temperatures. We first identified logger
immersion points, diagnostic as precipitous drops of at least 3 °C/15 min from temperature
peaks that occur during summer low tide events (Harley and Helmuth 2003; Gilman et al. 2006).
We manually extracted points that visually fit this drop criterion, as we found other peak-finding

algorithms to misidentify smaller drops as immersion points.

To determine the immersion regime of the intertidal flat logger (SALEB8), we developed a
custom R function, tide findR, to estimate the local tide height and time offset from the
interpolated tide series at -22.6° S, 43.25° E using the pyTMD python package (Egbert and
Erofeeva 2002; Sutterley et al. 2024); see Methods. Since tidal height and timing can vary
spatially, this adjustment was necessary to align logger immersion events with the local tidal

cycle.

First, the function shifts the reference tide series forward in time, extracting tide heights
corresponding to each recorded immersion timestamp. At each shift, the function calculates the
sum of squared differences (least squares) between observed immersion heights and the mean
tide height. The time offset that minimizes the least squares is selected as the best estimate of
the logger’s time shift relative to the reference tide station. While a single time offset may not
precisely describe the complexities of water movement within a barrier reef system, this
approach approximates the time difference between the open-ocean tide model and

experienced tides close to shore, within the Salary reef lagoon.

Using this optimal time shift, the function assigns a tide height to each immersion timestamp

and calculates a mean logger height, representing the submergence threshold. This threshold is
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then used to classify each temperature observation as submerged (immersed) or exposed

(emersed), providing a time series of temperature data linked to tidal exposure.
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