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Abstract

Upwelling delivers key nutritional and energetic subsidies to coral reef communities that affect the growth,
abundance, and ecology of organisms across trophic levels. However, the cross-scale oceanographic and atmo-
spheric drivers of localized upwelling on many reefs remain unresolved, limiting our ability to predict how cli-
mate change might disrupt upwelling patterns and impact reef communities across geographies. Using high
temporal resolution (10 second) in situ temperature measurements collected over 18 months that encompassed
the strongest positive Indian Ocean Dipole phase of this century, we demonstrate a highly nonlinear effect of
climate-driven mixed layer depth on upwelling intensity across the latitudinal range of the Chagos Archipelago
(~ 200 km). The exposure of shallow (10-25 m depth) reef communities to deeper upwelled waters was maxi-
mized when the mixed layer depth was shallower than ~ 40 m, but virtually absent when the mixed layer depth
was deeper than ~ 60 m. By combining these temperature data with nitrogen stable isotopes (5'°N) from a com-
mon macroalga, we show these variations in upwelling correlate with altered nutrient sources that have direct
measurable impacts on reef organisms across the Archipelago. We further show that over the past 40 years, posi-
tive phases of the Indian Ocean Dipole correlate with an anomalously deep surface mixed layer on these reefs,
each time likely restricting upwelling. Given these extreme events are increasing in frequency under climate
change, this poses the possibility of a markedly different upwelling regime across the Archipelago over the com-
ing century, with currently unknown ecological consequences.

Across the global ocean, upwelling transports deep, cool,
and nutrient-rich water to the shallows (Cushing 1989;
Bakun 1990). This delivery of limiting nutrients to the well-lit
upper water column facilitates primary production and under-
pins the success of higher trophic-level organisms (Pauly and
Christensen 1995; Carr 2001). Crucially, climate change is dis-
rupting patterns of upwelling by increasing ocean
stratification (Li et al. 2020), driving spatial changes in
upwelling-favorable winds (Bakun et al. 2010) and altering the
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seasonality of upwelling (Wang et al. 2015). Modeling studies
suggest that disruptions to upwelling regimes will continue
into the future (Wang et al. 2022; Xiu et al. 2018), with
unknown consequences for marine ecosystems and the
human communities they support.

Highly biodiverse tropical coral reefs are particularly vulner-
able to climate change impacts (Hughes et al. 2017; Williams
and Graham 2019). Reefs globally are suffering the damaging
effects of marine heatwaves, deoxygenation, and changes to
water column stratification (Johnson et al. 2021; Diaz
et al. 2023; Wyatt et al. 2023). Against this backdrop of global
change, upwelling acts as a key structuring force of reef com-
munities, delivering limiting nutrients (Wolanski et al. 1988;
Gove et al. 2006; Aston et al. 2019) and supporting primary
production by autotrophic organisms, including phytoplank-
ton and macroalgae (Radice et al. 2019; Johnson et al., 2020).
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Upwelling also directly supports primary consumers, such as
mixotrophic corals and planktivorous fish, fueling their pro-
duction through the transfer of plankton and particulate
organic matter to the shallows (Leichter and Genovese 2006;
Fox et al. 2018; Williams et al. 2018; Miller et al. 2019). These
direct effects, in turn, support higher trophic-level consumers
by boosting their prey base (Morais and Bellwood 2019). As
such, changes in upwelling regimes have the potential to
impact reef communities across trophic levels.

Mixotrophic reef-building corals benefit from upwelling in
several ways. Upwelling bolsters autotrophic nutrition
through the delivery of inorganic nutrients, which can be
assimilated by endosymbiotic algae within coral tissues
(Becker et al. 2021). The transport of particulate and plank-
tonic food subsidies associated with upwelling—hereafter
referred to as “pelagic subsidies”—enhances heterotrophic
resource availability and therefore feeding capacity (Radice
et al. 2019). Mixotrophic corals can adapt their trophic strate-
gies in response to changes in energetic resources (Fox
et al. 2018; Williams et al. 2018; Sturaro et al. 2021). Further,
temporary cooling driven by upwelling can provide thermal
relief to corals during marine heatwaves and in a warming
ocean (Wall et al. 2015; Schmidt et al. 2016; Tkachenko and
Soong 2017; Randall et al. 2019; Wyatt et al. 2020). Yet, our
understanding of how the different aspects of upwelling—
food, nutrients, and cooling—interact to structure reef systems
is limited. Upwelling can benefit coral growth and survivor-
ship (Stuhldreier et al. 2015; Fox et al. 2023) or exacerbate
bleaching through increased symbiont demands on coral
hosts in response to nutrient enrichment (Jantzen
et al. 2013; Eidens et al. 2014; DeCarlo et al. 2020). Cold
water intrusions can even trigger cold-water bleaching due
to reduced coral metabolic function (Marangoni et al. 2021;
Foreman et al. 2024). The effects of upwelling on coral reef
communities appear highly context dependent (Spring and
Williams 2023), and the biophysical interactions on reefs
across different geographies and upwelling regimes remain
uncertain.

The drivers of upwelling regimes around coral reefs are
complex, consisting of cross-scale and interacting physical
processes. Upwelling can occur through wind-driven Ekman
transport, by internal waves propagating along a density
boundary, and in the wake of current flows (Leichter
et al. 1996; Lowe and Falter 2015; Gove et al. 2016; Reid
et al. 2019). Tidally driven internal bores (Leichter et al. 1996),
mesoscale eddies (Wyatt et al. 2023), regional winds (DeCarlo
et al. 2021) and surface currents interacting with island topog-
raphy (Gove et al. 2006) can interact with one another to
structure upwelling regimes across geographies. Oscillations in
regional climate modes, including the El Nifio Southern Oscil-
lation and large-scale processes linked to the monsoon and
Indian Ocean Dipole, drive changes in upwelling regimes
across ocean basins (Schott and McCreary 2001; Fox
et al. 2023). Local-scale forces and physical attributes of
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individual reefs can also interact with broad-scale oceano-
graphic drivers to create intra- and inter-island gradients in
upwelling at relatively small spatial scales (Williams
et al. 2018; Aston et al. 2019; Fox et al. 2023). To improve our
ability to accurately predict and model upwelling impacts on
coral reefs, a targeted, mechanistic assessment of the physical
drivers that regulate upwelling is required, spanning regional,
archipelago, and island scales.

Here, we quantify the upwelling regime across the Chagos
Archipelago, a remote atoll chain in the central Indian Ocean.
The Archipelago, which has been subject to ongoing political
and legal discussions regarding sovereignty and resettlement,
currently lacks a resident local human population and com-
prises one of the world’s largest marine protected areas (Hays
et al. 2020). The Chagos Archipelago therefore serves as a natu-
ral laboratory for studying the biophysical drivers of coral reef
state in the absence of confounding direct local human
impacts. We use in situ temperature data collected across
~ 200 km to quantify spatial and temporal patterns in localized
upwelling, and statistical models to identify the principal atmo-
spheric and oceanographic drivers of these patterns. Combin-
ing this with stable isotope analysis of a common macroalga,
we demonstrate that large-scale climatic processes directly influ-
ence reef communities. Using ocean and climate reanalysis
models, we extend our analysis to explore trends in the princi-
pal correlates of upwelling over the past 40 years, showing that
extreme positive Indian Ocean Dipole events trigger conditions
which restrict upwelling on shallow reefs across the Chagos
Archipelago. With these extreme events becoming more fre-
quent and expected to increase under global warming (Cai
et al. 2009, 2013), associated disruptions to existing upwelling
regimes could have a dramatic impact on the structure and
function of reef communities across the global ocean.

Methods

Quantifying upwelling and reef slope profiles

To quantify the upwelling regime across the Chagos Archi-
pelago (Fig. 1), we deployed temperature loggers at 15 sites on
the fore reef habitat (the reef slope facing the open ocean) of
three atolls (Peros Banhos; n = 6, Salomon; n = 4 and Egmont;
n = 5) spanning the latitudinal gradient of the Archipelago in
the central Indian Ocean (n = 14 sites where temperature data
were retrieved; see Supporting Information Table S1 for
detailed site information). Sites were haphazardly selected to
capture all major cardinal directions around each atoll. Tem-
perature measurements were recorded using Sea Bird Electron-
ics© SBE-56 temperature loggers (0.002°C accuracy), with an
individual logger attached to the reef substrate at each of three
depths: 10 m (shallow), 17.5 m (mid) and 25 m (deep) at each
site. At two sites, the full logger array was not retrieved,
restricting upwelling assessment to only mid (SA2) and deep
(EG1) depths (Fig. 1). The tidal range across the Chagos Archi-
pelago is typically less than 1 m (Pugh and Rayner 1981), and
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Fig 1. (a) Study sites around the Chagos Archipelago in the central Indian Ocean. Colored shapes on maps indicate data collection sites. A single tem-
perature logger (10 second interval, 0.002°C accuracy) was attached to the reef substrate at each of three depths (10, 17.5, and 25 m) at each site to
quantify upwelling on the fore reef over 539 days between May 1, 2019 and October 21, 2020. Samples of the common reef macroalga Halimeda were
collected in 2019 and again in 2021 for stable isotope analysis of nitrogen (5'°N) to link upwelling with nutrient delivery across the Archipelago. (b) Daily
cumulative Degree Cooling Hours (DCH) recorded by in situ temperature loggers at 10 second resolution (0.002°C accuracy) attached to the benthos at
three atolls (4-6 sites per atoll).
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depths were selected based on the restrictions of working on
open-circuit SCUBA with standard air mix in a remote setting.
All loggers recorded temperature every 10 seconds. Loggers
were deployed between April 11, 2019 and April 26, 2019 and
ran until batteries expired. Logger time series were truncated
for comparability across all sites, running for 539 days
between May 1, 2019 and October 21, 2020. An example of
the full raw temperature time series and associated Degree
Cooling Hours for Site SA1 can be viewed in Fig. 2, with addi-
tional representative sites PB4 and EGS displayed in
Supporting Information Fig. S1. Power spectral density ana-
lyses using Welch’s method (Welch 1967) were conducted to
identify the periodicity of major frequencies of oscillation
within the temperature time series and their associated
strengths. We used a window length of 7.59 days (i.e., 2'¢ of
10 second interval data) and applied a Hamming Window,
with an overlap of 5.69 days.

We quantified upwelling from the in situ temperature
data wusing the Temperature Stratification Index method
(Guillaume-Castel et al. 2021). In summary, a location-specific
threshold for what constitutes an upwelled cold pulse is deter-
mined, calculated from the National Center for Environmental
Prediction Global Ocean Data Assimilation System reanalysis
product (NCEP/GODAS; Behringer and Xue 2004) (see
Supporting Information for further details). Upslope-only propa-
gation (i.e., not downwelling) of deep colder water recorded by
the loggers across depths at each site triggers anomalous Temper-
ature Stratification Index values, and a cold pulse is identified.
The magnitude and duration of cold pulses were used to calculate
Degree Cooling Hours—the magnitude of a cold pulse multiplied
by its duration—which are then summed over each 24 hour
period to give daily cumulative Degree Cooling Hours for each
site, in units of °C hours (Guillaume-Castel et al. 2021).

Reef slope steepness is known to affect the refraction and
upward propagation of vertical movement of water masses
(Gove et al. 2016; Davis et al. 2020). To our knowledge, high-
resolution deep-water bathymetry is not publicly available for
the Chagos Archipelago. We calculated shallow reef slope
steepness at each site using a handheld depth transponder
(Garmin Montana 650T, + 3 m accuracy) running perpendicu-
lar to shore to ~ 70 m depth.

Measuring upwelling impacts on reef biological processes
Stable isotope analysis of nitrogen (§'°N) within benthic
macroalgal tissue is a reliable tool to assess primary nitrogen
sources to coral reefs (Cohen and Fong 2005; Dailer
et al. 2010; Miller et al. 2019; Fox et al. 2023). To determine
whether variation in upwelling resulted in a measurable
change in the dominant available nitrogen in the shallows,
we collected Halimeda sp. (hereafter Halimeda) from the ben-
thos at the same depth and within 30 m horizontally from
each temperature logger. Halimeda samples were collected in
April 2019 upon deployment of the loggers (1 = 10 replicate
samples at each of the three depth strata per site) and
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(following a delay due to the COVID-19 pandemic) in
November 2021 upon logger retrieval. Due to restrictions
caused by the pandemic, a full second suite of algal samples
was not retrieved (n =8 sites; Peros Banhos =2 sites,
Salomon = 3 sites, Egmont = 3 sites). Samples were trans-
ported on ice and frozen at —20°C before processing. In the
laboratory, the upper 2-4 segments of branch tips from each
sample were removed, cleared of epiphytes, and dried at
60°C for 48-72 h. Halimeda produces new segments in a ver-
tical, “upward” fashion from the base of the thallus, and the
upper segments therefore represent the most recent period of
growth (Vroom et al. 2003). Samples were homogenized but
not decalcified before being analyzed for §'°N. Bulk tissue
8'°N values were measured via EA-IRMS using a Costech
4010 elemental analyzer coupled to a Thermo Scientific Delta
V Plus isotope ratio mass spectrometer at the University of
New Mexico Center for Stable Isotopes (UNM-CSI). Nitrogen
isotope values are reported as delta (8) values in parts per
thousand, or per mil (%o). All samples were calibrated against
the internationally accepted standard (atmospheric N,) and
standard deviations of in-house reference materials were
< 0.2 %o for 8'°N values.

To test for spatial and temporal changes in Halimeda §'°N
values across years and contrasting seasonal phases of upwell-
ing, we built a linear mixed-effects model using the Ime4 pack-
age in R (www.r-project.org). We included year (2019
vs. 2021), depth (10, 17.5, and 25 m) and atoll (Peros Banhos,
Salomon, Egmont) as fixed effects, and an interaction term
between year and depth. We incorporated site as a random
effect to account for the fact that multiple replicate samples
were taken from each site and to model the variability
between sites as a random component in the model, while
treating atoll as a fixed effect, thus accounting for the hierar-
chical structure in our data. Only sites where replicate
Halimeda samples were collected in both years (n =8 sites:
Peros Banhos, n = 2; Salomon, n=3; Egmont, n=3) were
selected for this analysis. The model was fit using restricted
maximum likelihood estimation, and we assessed model fit
and convergence by checking residual plots and variance com-
ponents. The significance of fixed effects was evaluated by
examining the estimated coefficients, standard errors, and
95% confidence intervals.

Quantifying the atmospheric and oceanographic drivers of
upwelling

To explore the atmospheric and oceanographic drivers of
upwelling across the Chagos Archipelago, we used boosted
regression tree (BRT) modeling. BRT is an additive regression
modeling approach which combines machine learning deci-
sion trees (Breiman 2011) with boosting to reduce predictive
error (Elith et al. 2008). Rather than attempting to fit a single
parsimonious model, BRT combines large numbers of regres-
sion trees by sequentially fitting a new tree to the residuals of
the previous tree (Elith et al. 2008; Jouffray et al. 2019). This
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Salomon Atoll, Site SA1
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Fig. 2. Temperature time series for representative site SA1 on Salomon Atoll in the Chagos Archipelago from May 2019 to October 2020 (a), with asso-
ciated calculated daily cumulative Degree Cooling Hour (DCH) metric over the same period (b). Full time series broken down by individual loggers in
depth-stratified array (c-e), with associated DCH at 17.5 and 25 m depicted as vertical bars. Note difference in secondary y-axes scales in panels d and e.
No DCH bars are shown for the 10 m plot (c) as this depth was used as the reference baseline for calculating DCH at 17.5 and 25 m depth (see

“Methods” section).

ensemble method has superior predictive performance com-
pared with traditional classification tree modeling methods,
as it can fit complex nonlinear relationships, deal with miss-
ing predictor data, and handle mixed data types (Elith
et al. 2008). We used BRT to examine the relative influence
of each predictor on our observed spatial and temporal pat-
terns in upwelling, using Degree Cooling Hours as the
response variable.

Fourteen predictor variables were selected that represent
known climatic drivers of upwelling variability and to account
for our spatial dimensions of sampling within and between
atolls and across depths (see Supporting Information Table S2
for details about each predictor variable, our justification
for their inclusion in the model-fitting process and data
sources). Prior to model-fitting, the continuous predictors were
assessed for collinearity using pairwise Pearson’s correlation
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coefficients (r=<0.8 for all comparisons and therefore all
were included in the model-fitting process). For predictor vari-
ables available at a monthly resolution, values were repeated
for each day in each given month.

Degree Cooling Hours were converted to integers, and a
Poisson distribution was used to model variation in upwelling
across our study period. All statistical analyses were conducted
using R v. 4.3.3 (R Core Team 2020). Statistical scripts and
associated data are available on GitHub (https://github.com/
daniellelucyspring/Upwelling-drivers). We built BRT models
using the gbm.step routine in the dismo package v. 1.1-4
(Hijmans and Elith 2017) for R, with graphical outputs created
using the g¢BRT suite of functions (Jouffray et al. 2019). See
Supporting Information for details on quantifying model per-
formance, cross validation, and temporal autocorrelation.

Given the strong influence of mixed layer depth on
upwelling (see Results), we reran our BRT modeling rou-
tine, replacing Degree Cooling Hours with mixed layer
depth as the response variable to ask: if mixed layer depth
is driving variability in upwelling, what is driving variabil-
ity in mixed layer depth? We built this second BRT model
using a gaussian distribution, with optimized model
parameters (see Supporting Information). To strive for
model parsimony, sea surface height was removed a priori
from the model-fitting process. While sea surface height is a
useful indicator of the depth of the surface mixed layer
(Rebert et al. 1985), these variables vary synchronously with
one another in a highly correlated manner in response to
external atmospheric and oceanographic forcings. Sea surface
height does not directly cause changes in mixed layer depth.
Given the objective of this study was to identify causal
drivers of mixed layer depth variability, sea surface height—
as a correlated but not causal parameter—was removed from
the modeling routine. As mixed layer depth estimates are
available for the Chagos Archipelago since 1980, mean
monthly values for all other predictors were obtained from
January 1980 to December 2023, and the BRT model was
constructed on data from across this temporal period to max-
imize replication.

For both BRT models, the relative influence of each predic-
tor variable was determined by the number of times it was
selected for splitting trees, weighted by the resulting squared
improvement to the model averaged over all trees (Friedman
and Meulman 2003). To visualize the most important condi-
tional response-predictor relationships, partial dependency
plots with fitted functions and 95% confidence intervals were
built from 1000 bootstrap replicates (Jouffray et al. 2019).
These partial dependency plots were created for the variables
which had a relative influence greater than that expected by
chance (100 divided by the number of variables, here 7.14%),
with their influence then rescaled to 100% (Miiller et al. 2013;
Jouffray et al. 2019).

We plotted mixed layer depth climatology compared with
our recording years (2019, 2020) to assess the broader
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representativeness of our time series. We also visualized
water column temperature profiles from the GODAS
reanalysis product for all years since 1980 and calculated
mean mixed layer depth for each year, comparing this to our
recording vyears (2019, 2020) (Supporting Information
Fig. S4).

Results

Spatiotemporal patterns of upwelling across the Chagos
Archipelago

We observed an overall seasonal pattern in Degree Cooling
Hours across the three atolls, with upwelling peaking in May
and June of boreal summer (Fig. 1b). Daily cumulative Degree
Cooling Hours (hereafter Degree Cooling Hours) recorded at
the deepest logger (25 m) peaked at 35.8 °C hours at Peros
Banhos (June 2019), 27.3 °C hours at Salomon (May 2020),
and 25.9 °C hours at Egmont atoll (May 2020). Daily cooling
was highly variable; during peak upwelling months of May
and June (pooled over both 2019 and 2020), Degree Cooling
Hours across all atolls averaged (+ 1 SD) 4.38 &+ 5.17. The max-
imum daily temperature range recorded was 7.66°C on the
Northern side of Peros Banhos. During the peak upwelling
months of May and June, mean site-level Degree Cooling
Hours were similar at Salomon and Egmont (ranging from 4.5
to 6.7 and 3.2 to 4.6, respectively), but Peros Banhos experi-
enced a greater inter-site range in cooling (3.1 to 7.6).

Power spectral density analysis revealed strong semi-diurnal
tidal frequencies, suggestive of internal wave forcing across
the Archipelago (Supporting Information Fig. S3). Across all
sites and all atolls, the M2 tidal signal was the prominent peri-
odicity across all loggers, with the principal lunar diurnal fre-
quency (O1) also appearing at all sites.

Broad- and local-scale predictors of upwelling across the
Chagos Archipelago

The atmospheric and oceanographic predictor variables
included in our model (Supporting Information Table S2)
explained 57.7% cross-validated predictive deviance in Degree
Cooling Hours, with six of the variables accounting for 52.0%
of this (Fig. 3). See Supporting Information Table S3 for model
parameter settings and Supporting Information Table S4 for
the relative contribution of all predictors to overall model
performance. Mixed layer depth (calculated as a 0.8°C temper-
ature deviation from the surface; Fiedler 2010; Fox et al. 2023)
was the strongest predictor of Degree Cooling Hours, with a
relative influence of 31.4%. We observed mixed layer depth to
have a highly nonlinear effect, whereby the exposure of shal-
low (< 25 m) reef communities to deeper upwelled waters was
maximized when the mixed layer depth was shallower than
~ 40 m (Fig. 3a). When the mixed layer depth was deeper
than ~ 60 m, Degree Cooling Hours were virtually absent,
indicating a lack of exposure of shallow reef communities to
deeper upwelled waters. Site was the second most influential
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predictor, with a relative influence of 20.8% (Fig. 3b). This
suggests that site-level processes are influencing upwelling
through drivers not captured by the remaining predictors
included in our model. The model suggests that greater
upwelling can be expected with greater sea-level pressure
(14.7% relative influence), where an inverse barometric
effect leads to a lower sea level. However, low replication of
data points at low sea-level pressure resulted in large error
for this predictor (Fig. 3c). The effect of depth (12.1% rela-
tive influence) met our expectations (see Supporting Infor-
mation Table S2), demonstrating that deeper depths are
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more exposed to upwelled waters than shallower depths
(Fig. 3d). Across all atolls, deep loggers (25 m) received
107% greater total Degree Cooling Hours over the entire
time series than mid loggers (17.5 m). Variation in Degree
Cooling Hours explained by zonal current velocity (11.6%
relative influence) suggests that eastward flowing currents
result in greater upwelling (Fig. 3e). Zonal winds (9.4% rela-
tive influence) indicate a slight increase in upwelling with
decreased wind velocities, and with westerly winds (Fig. 3f).
Contrary to our expectations, the remaining local-scale vari-
ables of cardinal direction and our estimates of reef slope
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Fig. 3. Partial dependency plots showing the predicted relationships between Degree Cooling Hours and significant predictors (a—f) included in the
model-fitting process (green lines); 95% confidence intervals are shown with a green ribbon for continuous predictors (a, ¢, e, f) and the interquartile
range is shown with finer green lines around the thicker median line for categorical predictors (b, d) (obtained from 1000 bootstrap iterations). Faded
black points show the fitted values for each predictor. In each case, the response—predictor relationship is shown while holding all other predictors in the
model at their mean. The relative contribution of each predictor to overall cross-validated predictive deviance is reported in parentheses.
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steepness (although coarse) were poor predictors of Degree
Cooling Hour variability.

Predictors of mixed layer depth variability

Our second BRT model explained 70.5% of the cross-vali-
dated predictive deviance in reanalysis estimates of mixed
layer depth (Fig. 4). Three variables significantly predicted var-
iation in mixed layer depth: Fast-West Zonal Wind (60.3%
relative influence), Indian Ocean Dipole mode (20.9% relative
influence) and North-South Meridional Wind (18.8% relative
influence). All three variables are strongly linked with the
monsoon cycle and Indian Ocean Dipole; when strong east-
erlies blow, mixed layer depth has a greater probability of
being deeper (Fig. 4a). Conversely, when zonal winds are
weak, our models show the surface mixed layer to be shallow
(~ 20 m) (Fig. 4a). Northerly winds and positive phases of the
Indian Ocean Dipole also induce a deeper mixed layer
(Fig. 4b,c). Notably, the strongest positive Indian Ocean
Dipole phase of this century occurred in 2019 while we were
recording in situ temperatures. Given that a deep (~ 60 m)
mixed layer acts to restrict the exposure of deeper upwelled
waters to shallow (< 25 m) reefs across the Chagos Archipelago
(Fig. 3a), and strong positive dipole phases act to deepen the
mixed layer (Fig. 4b), we next explored the link between posi-
tive dipole phases and anomalously deep mixed layers over
the past half century.

We plotted phases of the Indian Ocean Dipole over the
past 40 years, and overlayed anomalously deep (> 60 m) sur-
face mixed layers during the months of October and
November, when the surface mixed layer is usually shallow in
the Chagos Archipelago, and when positive dipole events ordi-
narily occur (Xu et al. 2021). This revealed that during all
extreme positive Indian Ocean Dipole events over the last half
century, the surface mixed layer in the Chagos Archipelago
was depressed to >60m depth (Supporting Information
Fig. S5). Given our model results (Fig. 3a), this suggests that
the shallow reef communities across the Archipelago were not
exposed to deeper upwelled waters during all strong positive
Indian Ocean Dipole phases since 1980.

To assess the representativeness of our survey years over
broader timescales, we plotted monthly mixed layer depth cli-
matology estimates since 1980 (Fig. 5) (see Supporting Infor-
mation Fig. S4 for an example of the full water column
temperature profiles for Peros Banhos). Our 2020 survey year
was largely a representative year, with an annual mean
(£ 1SD) mixed layer depth of 46.4 + 10.2 m, 25% deeper than
the long-term mean of 37.2 + 15.5 m. In 2019, which experi-
enced the strongest positive Indian Ocean Dipole phase since
the turn of the century, the annual mean mixed layer depth
was 56.0 £18.7 m, 51% deeper than the long-term mean.
This anomaly was particularly pronounced from September to
December, where the mean mixed layer depth (79.9 £ 10.7 m)
was 113% deeper than the long-term mean for this period
(37.6 £ 17.6 m). The positive Indian Ocean Dipole event of

Upwelling drivers on oceanic coral reefs

2019 peaked in October, and—presumably because of a lag
effect—mixed layer depth in the following month of
November was depressed to 91.8 m, a 206% increase on the
40-yr mean (30.0 &+ 16.3 m) and the deepest it has been since
records began in 1980. We found positive Indian Ocean
Dipole events to coincide with anomalously deep mixed layers
across the Chagos Archipelago throughout the past 40+ years
of available mixed layer depth estimates (Supporting Informa-
tion Fig. S5).
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Fig. 4. Partial dependency plots showing the predicted relationships
between mixed layer depth and significant predictors (a—c) included in
the model-fitting process (green lines); 95% confidence intervals are
shown with a green ribbon (obtained from 1000 bootstrap iterations).
Faded black points show the fitted values for each predictor. In each case,
the response—predictor relationship is shown while holding all other pre-
dictors in the model at their mean. The relative contribution of each pre-
dictor to overall cross-validated predictive deviance is reported in
parentheses.
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Fig. 5. Mean monthly climatological mixed layer depth estimates (+ 1 SD) from the GODAS reanalysis product in black (psl.noaa.gov/data/gridded/
data.godas.html), and monthly mixed layer depth values for 2019 and 2020 displayed in orange and blue, respectively, for (a) Peros Banhos, (b) Salo-
mon, and (c) Egmont atolls in the Chagos Archipelago. Horizontal dashed lines denote 40 and 60 m, the depths identified through our boosted regres-
sion tree modeling as key thresholds for enhanced or reduced upwelling on shallow reefs (< 25 m), respectively.

Impacts on shallow reef biological processes

We used stable isotope analysis (5'°N) of a common ben-
thic macroalga to quantify whether large-scale dynamics in
upwelling impact benthic communities across atolls, sites, and
depths in the Chagos Archipelago. Halimeda §'°N values
were on average 1.5%o greater in November 2021 compared to
April 2019 (mean §'°N in 2019 4.3%o; mean 8"°N in 2021
5.8%0; Fig. 6c). There was a significant effect of “year”
(estimate = 1.28, SE =0.095, t=13.52, p<0.0001), with
enriched 8'°N values in 2021 compared to 2019 (Fig. 6d).
Depth had a significant effect only at the shallow depth
(estimate = —0.19, SE = 0.091, t = —-2.07, p = 0.039), indicat-
ing that shallow depths (10 m) had lower §'°N than mid or
deeper depths. There was a significant interaction between
year and depth (Fjz412)=95.82, p=0.003), with stronger
increases in 5'°N values from 2019 to 2021 at shallow and
mid-depths, compared to deeper depths. The effect of atoll
was not significant. See Supporting Information Table S5 for
full model summary output. In April 2019 (initial Halimeda
collection), mean mixed layer depth across all atolls was
44.0 + 1.3 m, 53% deeper than the average for this time of
year, and deeper than the ~ 40 m threshold we identified that
induces peak Degree Cooling Hours on shallow (< 25 m) reefs
across the Archipelago (Fig. 3a). By contrast, November 2021
(second Halimeda collection and when Halimeda had enriched
8'°N values) had an anomalously shallow mixed layer depth
across atolls (18.0 + 2.6 m), 43% shallower than the monthly
climatological mean and likely resulting in (based on our
model results) enhanced localized upwelling across the
Archipelago.

Discussion

Cross-scale oceanographic and atmospheric drivers of local-
ized upwelling regimes remain unresolved on many reefs,

leaving us unable to accurately predict how they may alter
under climate change. Here, using high-resolution (10 second)
in situ temperature measurements across ~ 200 km over 18
months in the central Indian Ocean, we reveal the strongest
predictors of upwelling across an archipelago reef system. Crit-
ically, we demonstrate a highly nonlinear threshold effect of
mixed layer depth on the exposure of shallow (<25 m) reef
communities to deeper upwelled waters. Exposure to upwell-
ing was maximized when the mixed layer depth was shallower
than ~ 40 m, but virtually absent across shallow reefs of the
entire archipelago when the mixed layer depth was deeper
than ~ 60 m. We further show that over 40 years of data, posi-
tive phases of the Indian Ocean Dipole drive an anomalously
deep surface mixed layer, thereby linking broad, basin-scale
climate variability with localized reef upwelling. By combining
these temperature data with nitrogen stable isotopes from a
common benthic macroalga, we show that regional variations
in upwelling can have a direct, measurable impact on shallow
reef organisms.

Cross-scale physical processes driving upwelling variability
across the Chagos Archipelago

We found that the depth of the surface mixed layer was the
most influential predictor of variations in the exposure of
shallow reef communities to deeper upwelled waters across
the Chagos Archipelago. Studies from other geographies show
that a shallow surface mixed layer enhances upwelling on
upper reef slopes. Leichter et al. (2012) observed internal
wave-driven upwelling around Moorea during periods of
strong stratification and a shallow mixed layer. Fox et al.
(2023) found that mixed layer shoaling and sub-surface cur-
rent acceleration increased upwelling at Palmyra Atoll during
the 2015 El Nifio. Wyatt et al. (2020) also linked shallow
mixed layers to internal wave-driven upwelling that reduced
heat stress during a pan-tropical marine heatwave in the
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Fig. 6. Interannual variation in Halimeda 8'>N values across depths (10, 17.5, and 25 m, n = 10 replicate samples per site, per depth) on the fore reef
slopes around three atolls in the Chagos Archipelago: Peros Banhos Atoll (n = 2 sites) and Salomon Atoll (n = 3 sites) and Egmont Atoll (n = 3 sites) in
(a) April 2019 and (b) November 2021. (c) shows total 8'>N values for all sites and all depths for each collection year. (d) Effect sizes (estimates + 95%
confidence intervals) for the fixed effects of year, depth, and atoll on Halimeda 8'°N from a linear mixed-effects model, plus the interaction effect
between year and depth. Vertical dashed line at zero indicates no effect. Significant effects (p < 0.05) occur where confidence intervals do not intersect
the vertical dashed line. Enhanced upwelling to shallow reefs is associated with elevated §'°N values in Halimeda during 2021.

Pacific. Increased stratification depth between the surface
mixed layer and denser water below can impede the upward
propagation of deeper, cooler, and nutrient-rich water to
shallow reef communities. Across the Chagos Archipelago,
we found that a mixed layer depth of greater than ~ 60 m
prevents upwelling from occurring at depths of 10-25 m,
where reef communities may benefit from the delivery of
deep-water nutrients and particulate food subsidies. Con-
versely, when the mixed layer depth is shallower due to
weakened wind velocities, deeper water can more readily

move upwards to depths at which shallow reef communities
reside. Across the Archipelago, the critical mixed layer
depth that results in shallow reef communities experiencing
a higher number of Degree Cooling Hours from upwelled
water appears to be ~ 40 m (Fig. 3a). Whether the critical
depth threshold we identify here applies across reef systems
globally remains unknown. A broader application of the
analytical approach developed here may help to build a
more detailed picture of the cross-scale physical drivers of
upwelling dynamics on tropical coral reefs.
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We also identified site-level variability in upwelling across
the Chagos Archipelago, which was not captured by the
site-specific parameters included in our models. We hypothe-
sized that reef slope steepness would affect the upward propa-
gation of deeper water masses up the reef slope; however, we
were unable to identify this. This is likely due to the coarse
nature of our slope estimates and because we were unable to
quantify bathymetry at depths below 70 m, where deeper-
water internal waves interacting with bathymetry can drive
the upward movement of water masses. The lack of high-
resolution bathymetric data on reefs worldwide hinders our
ability to resolve variations in upwelling across smaller, site-
level scales, which may be important for understanding local
differences in internal wave climates.

Power spectral density analyses revealed the primary fre-
quency of oscillation in the temperature time series across all
sites at all atolls to be the M2 (twice-daily) lunar tide. This,
along with the occurrence of rapid drops in temperature sug-
gestive of the movement of distinct water masses onto the
reef slope, indicates that cold pulses across the Archipelago
are being driven primarily by internal waves propagating
along a density gradient (Leichter et al. 2006). This reinforces
the importance of the mixed layer depth—identified in our
boosted regression tree models as key to predicting variations
in upwelling—as a density boundary along which internal
waves may propagate. Where this boundary is shallow, inter-
nal waves propagating along the pycnocline can drive cool,
nutrient-rich sub-thermocline water to shallow reef commu-
nities. Other physical characteristics of the benthic substrate,
like reef structural complexity, can also influence water
movement (Monismith et al. 2015) and more work is needed
to study their interactions and effects on scale-dependent
patterns of upwelling on coral reefs. Additionally, we do not
here consider the potential impact of mesoscale processes
such as eddies, which may be influencing upwelling dynam-
ics at inter-site scales; further research efforts are required to
resolve site-level upwelling variability driven by such
processes.

The spatial resolution mismatch between reanalysis prod-
ucts (tens of km) and site-level in situ measurements of tem-
perature (tens of meters) makes it challenging to identify the
drivers of site-level variations in upwelling. Ultimately, we
found that although spatial differences exist that modify
upwelling at localized scales, broadly speaking, our analyses
indicate that upwelling across the Chagos Archipelago is uni-
formly driven by large-scale physical processes and closely
linked with periodic Indian Ocean Dipole events. The tempo-
ral mismatch between daily resolution cumulative Degree
Cooling Hours and the monthly resolution predictors
included in our model was overcome by building our statisti-
cal models in a hierarchical manner, repeating each monthly
value over each day in each month. This scale disparity
diminishes the likelihood of capturing relationships between

Upwelling drivers on oceanic coral reefs

these coarse predictors and the finer resolution Degree
Cooling Hour response variable. Despite this, the optimal
predictor of Degree Cooling Hour variability was the coarser
scale monthly resolution estimates of mixed layer depth.
This highlights both the ability of the statistical modeling
framework to identify relationships across temporally mis-
matched variables and the strength of the relationship
between mixed layer depth and upwelled cold pulses on
these shallow reefs.

Long-term climate variability in the Indian Ocean

Our results confirm a strong link between the Indian
Ocean Dipole and upwelling variability in the central Indian
Ocean. We found that positive dipole phases consistently deep-
ened the surface mixed layer depth over the past 40+ years,
each time likely restricting the exposure of shallow reef com-
munities to deeper upwelled water. This was particularly pro-
nounced in 2019, during the strongest positive dipole phase of
this century (Shi and Wang 2021). From September to
December 2019, at the peak of the dipole event, the mixed
layer depth was 113% deeper than the 40-year mean for this
period. We recorded a near complete lack of upwelled waters
reaching shallow reefs during this time. Total summed Degree
Cooling Hours across all three atolls in September and October
2019 were 162% lower than the same period in 2020. During a
positive dipole phase, anomalous easterly winds cause the ther-
mocline to shoal in the Eastern Indian Ocean, enhancing
upwelling off the coast of Sumatra and driving warm sea-
surface temperature anomalies in the Western Indian Ocean
(Saji et al. 1999). This ocean-atmosphere feedback, where
anomalous easterly winds induce a shoaling thermocline in the
Eastern Indian Ocean, driving positive SST anomalies in the
west, triggers further atmospheric convection through Bjerknes
feedback (Bjerknes 1969). This amplifies positive dipole events
in the Indian Ocean (Cai et al. 2013), and is analogous to La
Nifia in the Pacific. We suggest that during the extreme positive
dipole event of 2019, the warm pool of anomalously high sea-
surface temperature in the Western Indian Ocean spread out
and across the central Indian Ocean, acting to depress the ther-
mocline and increase the depth of the surface mixed layer. This
prohibited upwelling reaching shallow reef communities in the
region, likely removing a key mechanism of nutrient and par-
ticulate food delivery to reef organisms. This strong dipole
event caused significant coral bleaching on mesophotic reefs
(up to 90 m depth) around Egmont Atoll in the Chagos Archi-
pelago (Diaz et al. 2023), likely due to the unprecedented depth
of the thermocline exposing these corals to waters exceeding
their ordinary thermal conditions. This observation highlights
the importance of mixed layer depth as a physical boundary
that can both enhance cooling and resource supply or redistrib-
ute stressful conditions (Schramek et al. 2018; Foreman
et al. 2024).
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Impact on reef biological processes

We show that variations in regional-scale atmospheric and
oceanographic drivers directly affect reef-scale biological pro-
cesses. We observed a temporal shift in the §'°N values of a
common and widely distributed reef macroalga in response to
interannual variations in upwelling. Across all three atolls
and depths (10, 17.5, and 25 m), §'°N values of Halimeda
were enriched in November 2021 compared with April
2019. This increase in 8'°N suggests a different primary
source of nitrogen to the benthic community between the
two sampling points. The anomalously shallow 16 m mixed
layer depth in 2021 suggests favorable upwelling conditions
(Fig. 3a), and that enhanced upwelling in November 2021
contributed to the enriched §'°N values in Halimeda across
the Chagos Archipelago.

Macroalgae can uptake available nitrogen proportionately
to ambient conditions, rather than selectively utilizing *N as
phytoplankton do (Cohen and Fong 2005; Swart et al. 2014).
This lack of isotopic fractionation means that macroalgae are a
reliable indicator of shifts in the dominant source of nitrogen
to a reef system (Leichter et al. 2003; Dailer et al. 2010). Our
results suggest that during periods of enhanced upwelling, the
shallow reef communities of the Chagos Archipelago are
exposed to a distinct source of deep-water nitrogen, which is
being assimilated by reef primary producers and likely incor-
porated into reef food webs. The enriched §'°N values during
the period of greater upwelling are consistent with increased
coral and particulate organic matter 8*°N values observed dur-
ing periods of increased upwelling in the neighboring
Maldives Archipelago (Radice et al. 2019). Changes in upwell-
ing can alter the background 8N pool, which must be
accounted for in community trophic ecology studies, particu-
larly if such studies have a temporal component (de la Vega
et al. 2023; Fox et al. 2023).

Future impacts and implications

Upwelling supplies crucial energetic subsidies to shallow
reef communities (Leichter et al. 1998, 2003; Aston
et al. 2019). However, in a rapidly warming climate, inter- and
intra-annual cycles of upwelling are likely to change (Bakun
et al. 2015; Wang et al. 2015; Xiu et al. 2018; Abrahams
et al. 2021). Climate models predict net nutrient transfer to
the deep ocean, increased ocean stratification, and reduced
vertical mixing, leading to a drop in surface and subsurface
nutrient concentrations and a subsequent reduction in surface
ocean primary productivity (Cabré et al. 2015; Fu et al. 2016;
Moore et al. 2018). Studies of historical changes in ocean strat-
ification likewise show an increase in stratification in the
upper water column over recent decades (Li et al. 2020). For
coral reefs in oligotrophic regions, this increased stratification
may reduce localized upwelling, leading to a decline in pelagic
subsidy delivery and subsequent reduction in primary
production.

Upwelling drivers on oceanic coral reefs

Given that extreme positive Indian Ocean Dipole events
are predicted to increase in frequency in the coming decades
(Cai et al. 2013), it is important to understand whether—
and to what extent—biological reef communities respond to
these dramatic, but short-lived environmental changes.
Modeling studies predict a deepening of mixed layer depth
in the south equatorial Indian Ocean until 2100 (Gao
et al. 2023), which, coupled with the projected increase in
conditions resembling positive dipole phases under global
warming scenarios, pose the possibility of a markedly differ-
ent upwelling regime around the Chagos Archipelago over
the coming century. To shed light on reef futures, we need
to establish how coral reef communities respond to upwell-
ing, and whether gradients in upwelling impact reef resil-
ience to—and recovery from—major disturbance events,
such as marine heatwaves and subsequent mass coral
bleaching events, that are becoming more frequent under
climate change (Hughes et al. 2018).
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