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Corals Ba/Ca records uncover mid-
twentieth century onset of land use
change associated with industrial
deforestation in Malaysian Borneo

Walid Naciri**?, Arnoud Boom?, Nicola Browne23, Noreen J. Evans*, Kai Rankenburg®,
Bradley J. McDonald*, Ramasamy Nagarajan®®, Jennifer Mcllwain®%7 & Jens Zinke?!

The increasing demand for wood, pasture, and palm oil drives deforestation and stands as the largest
threats to rainforests. Whilst many consequences of deforestation are well understood, the effects on
coastal ecosystems remain less clear. This issue is very apparent in Malaysian Borneo where the lack
of historical deforestation data makes characterising baseline environmental conditions challenging.
Building upon a previous study testing the suitability of coral Ba/Ca records as proxies for riverine
sediment, we extend these records to the late nineteenth century, revealing a significant mid-20th-
century surge in riverine barium levels, and a gradual lag within records consistent with distance from
the river. We argue this increase is associated with the onset of industrial deforestation supported by
historical logging records as well as land use data. Ba/Ca records provide unequivocal evidence for the
temporal onset and magnitude of the impact of deforestation raising baseline sediment discharge in
the nearshore waters.
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In order to support the continued growth and economic development of a growing human population, forests
have been cleared to create larger pastures, increase food production, or utilise wood as a valuable resource.
As such, reliable estimates of tropical forested areas worldwide totalled 17 million km? in 1990 compared to
15 million km? in 2020". Despite such a drastic observation, deforestation rates have not decreased, remaining
stable during the last decades®. The impacts are enhanced in the tropics due to the multiple functions and roles
tropical forests play, in addition to absorbing atmospheric carbon, and hosting tremendous biodiversity>. Indeed,
tropical forests play a crucial role in local and regional precipitation due to processes such as evapotranspiration,
as evidenced by several studies*®. Further, during evapotranspiration, tropical forests dissipate latent heat,
resulting in lower temperatures compared to those observed following deforestation®’. Finally, because of their
impact on precipitation, and soil and water retention®’, tropical forests also regulate local and regional river
runoff!®!!. Some key tropical regions in the world are experiencing ongoing high deforestation rates, such as the
Amazonian'? and Borneo forests'. The latter have been subjected to increasingly high deforestation rates during
recent decades which resulted in an overall decline in forested area of 2.4 million ha (Table S1) from 1973 to
20151315,

While tracking deforestation trends has been possible using satellite imagery (Table S1), there remains a
notable gap in deforestation records prior to the satellite imagery era (i.e. pre-1973) which has limited our
understanding of the effects on local river runoff and sediment discharge. As such, the extent and inception of
a sediment discharge increase due to deforestation have yet to be uncovered. Filling these information gaps is
necessary in a biodiversity hotspot such as Borneo'®!” in order to better understand future trajectories under
sustained deforestation. As such, characterising the baseline of sediment input into the coastal system and
defining when deforestation actually begins to impact sediment discharge are critical.
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In a previous study, we used sediment in river waters (as recorded by massive coral Ba/Ca ratios) off the
coast of Malaysian Borneo to study the impact of increasing deforestation and associated land use change on
the local coastal system over the past three decades. Indeed, deforestation was shown to lead to an increase in
river discharge!®. The results of this study were supported by an earlier sediment trap study across the Miri-
Sibuti Coral Reefs National Park (MSCRNP) that revealed sustained sediment delivery to coral reefs and a coral
community composition reflecting turbid reef environments'®.

The use of geochemical archives such as corals with calcium carbonate skeletons can palliate the lack of
instrumental data prior to the satellite era?’. Based on the assumption that some trace elements can replace
calcium in the aragonite lattice of the coral skeleton, it is possible to reconstruct the seawater trace element
composition at the time of coral precipitation by measuring the geochemical composition of the skeleton?!"22,

The Ba atom is one such trace element incorporated into the coral skeletal lattice?>. Most of the Ba found in
the coastal environment is believed to have a continental origin, enabling the Ba/Ca ratio in coral skeletons to
serve as a historical indicator of the sediment content in river discharge?*~2°. Here, based on previous studies
linking increased soil erosion with deforestation in the catchment?’, as well as increased Ba concentrations in
seawater'® and on land?® with decreasing distance from the river mouth, as well as results validating our method
in this region'8, we will look beyond the reliable observational record of regional climate and deforestation
using coral proxies of sediment discharge to test the hypothesis that Ba/Ca ratios can uncover the onset of
deforestation and its impact on sedimentation ultimately arriving in the Miri-Sibuti Coral Reef National Park
over the past century.

Results

Coral Ba/Ca records of sediment in river discharge

We developed Ba/Ca records for three coral cores within the Miri-Sibuti Coral Reef National Park (MSCRNP)
from three separate reefs at varying distances from the main river sources of sediment and freshwater, namely the
nearshore platform reef Eve’s Garden (Eve), further offshore Anemone’s Garden (Anemone), and Siwa. All three
Ba/Ca records showed statistically significant different means when comparing Anemone and Eve, Anemone
and Siwa, and Eve and Siwa (p<0.001 for all three Mann-Whitney U tests). Eve showed the highest average
values at 21.64 pmol mol™! (Fig. la) compared to Anemone (8.57 umol mol™}, Fig. 1b) and Siwa (7.08 umol
mol~}, Fig. 1c). Temporally, the Siwa and Anemone cores showed moderately low and consistent Ba/Ca values
from the early 1900 to the late 1960’ after which levels showed considerable variability. Interestingly, there
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Fig. 1. Monthly interpolated time series of (a) reconstructed Ba/Ca for Eve’s Garden in yellow, (b) Anemone
Garden in blue, and (c) Siwa in brown. Shading indicates analytical error.
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has been a rapid and recent increase in Ba/Ca levels observed at Anemone in the last 5 years (2009-2014). By
contrast, the coral core from Eve returned both the highest average values and greatest variability of Ba/Ca
(between 5 and 60 pmol mol™!) with a mid-twentieth century baseline jump in Ba/Ca.

Anemone and Eve showed a weak agreement across Anemone’s (the shortest record) length on annual scales
(r=0.3057, p=0.0022, N =99). Conversely, neither Eve nor Anemone showed any agreement with Siwa (p=0.31
and p=0.28, respectively). For the Siwa core, there was a short-lived decrease in the Ba/Ca values around the
year 1994 (see Fig. 1¢) which happened at the position of a break between the core slab sections. Therefore, all
data more recent than this break (1994 to 2015) was discarded and not used in correlation analysis to avoid
overinterpretation. Correlations with river discharge were not performed as the record only starts in 1989.

Relationship of Ba/Ca with local rainfall and river discharge

When correlated against precipitation, Anemone, Eve and the composite record C1 did not show significant
results on annual scales, although correlations involving Eve were significant at the 90 % level (r = 0.1547, p =
0.0901, N = 121), while Siwa showed a significant, but weak, negative correlation (r = — 0.23, p = 0.0237, N =
91). When using a shortened version of the precipitation record (i.e. from 1950 or 1970), all three records show
correlation improvements (Eve: r = 0.32, p = 0.0098, N = 65 and r = 0.3814, p = 0.0101, N = 45, respectively),
although not always significant to the 95 % confidence interval (e.g. Anemone: r = 0.2448, p = 0.1051, N = 45,
and Siwa: r = — 0.384, p = 0.0591, N = 25). As mentioned previously, the Baram River discharge record (Fig. S1)
length is quite short (1989 to 2015) compared to all three Ba/Ca records. Correlations were therefore performed
with a significantly smaller sample size, however, contrary to precipitation, correlations using annual data were
significant for Eve. Indeed, Eve showed a relatively good capacity to track river discharge (r = 0.4438, p = 0.0273,
N =25), while both Anemone and the composite record C1 did not show significant results even at the 90 % level
(p =0.52, and p = 0.1209, respectively). When averaging yearly values across other starting and ending months
then January to December, such as December to November, correlations results were higher for both Eve and C1
(r=0.526, p =0.007, N = 25, and r = 0.426, p = 0.033, N = 25, respectively)

To assess if the monsoon wet and dry seasons (Fig. 2) and their associated switch in annual wind and
current direction had an effect on our coral proxies’ ability to record sediment in river discharge, we correlated
monsoonal river discharge data with Ba/Ca.

The strengths of the winter monsoonal correlations were either comparable to annual correlations (Eve) or
greater (C1: Table 1, Fig. S2). Summer monsoon records also revealed weak, non-significant correlations for all
three records.

Trend and changepoint analyses

We performed a trend analysis on the entirety of the precipitation and all three Ba/Ca records. As mentioned
previously, because of the decreased data quality around 1994, the trend analysis of the Siwa record should be
interpreted with caution. We used standardised data to make the comparison of each record’s slope easier.

Although all three cores showed positive trends, Anemone’s was stronger, while the weak negative trend in
the precipitation record was not significant (Fig. 3). The trend for Anemone (0.03, p <0.001) was almost twice as
strong as that of Eve (0.017, p <0.001) and Siwa (0.02, p <0.001), although records do not share the same length.
Even when performed on Eve and Siwa starting in 1916 (the start date of Anemone), values are similar to the
previous results (0.018, p <0.001 and 0.026, p <0.001, for Eve and Siwa, respectively), highlighting the robustness
of the trend.

After establishing the presence of a positive trend amongst all Ba/Ca records, we subjected each to a
changepoint analysis to define the position in time of a significant change in the arithmetic mean (decrease or
increase).

Results show that all three records did show a significant changepoint to the 5% level separating two periods,
with higher values in more recent decades (Fig. 4). The changepoint in Eve’s record occurred in December
1949, whereas the inflection in Anemone and Siwa’s records occurred in January 1957 and November 1983,
respectively. In addition to showing different changepoint onsets, the mean value increases were different.
Eve showed an increase of 61% in the 1950 to 2015 period over the values recorded from 1894 to 1949, while
Anemone showed a 136% increase, and Siwa a 232% increase.

To confirm that the changepoint locations were not impacted by record length, we performed the analyses
on Eve and Siwa’s records again after shortening their record start date to match that of Anemone. Results were
identical (Fig. S3). In a similar fashion, to refute the notion that any increases in sediment delivery to the reefs are
attributable to increased rainfall, we performed a changepoint analysis on the precipitation record. As expected,
after showing a non-significant trend, the precipitation record showed no significant changepoint. In order to
confirm that this lack of changepoint was not specific to the grid used, we also performed the same analysis on
data extracted from the entirety of the area of the Baram River catchment (2.75-4.5° N, 114-115° E), and results
were identical (Fig. S4). We performed the same analysis with standard deviation instead of arithmetic mean
as a metric to establish if changes in the mean Ba/Ca occurred together with increased variability. The standard
deviation changepoint occurred in 1950 for Eve, 1948 for Anemone, and 1964 for Siwa.

Deforestation

The forestry data extracted from archives only provides two snapshots of timber and fuel extraction volumes for
the years 1955 and 1961 across a region of the Sarawak division (4th) called “Miri”®. As the map only defined
the 4" division, we assume that the Miri region is delimited by the line joining the coast with the southward
inflection of the 4th division’s limit above 3° N.
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Fig. 2. Maps of sea surface temperature, precipitation and sea surface salinity in the Maritime Continent in
August during the dry season (a, ¢, e), and in January during the wet season (b, d, f) respectively highlighting
the contrast between monsoon seasons.
Despite our assumptions, these data can still be related to deforestation as timber and fuel extractions are
likely from local forest logging. These data show a doubling in the total extracted volume between 1955 and 1961
(Fig. 5).
Because these data only provide a very localised snapshot in time of actual deforestation, we also assessed the
estimated land use across the entirety of Southeast Asia from 1700 to 1990 (Fig. 5) extracted from Ramankutty
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Ba/Ca

Variable Monsoon | Anemone Eve C1

Summer | r=-0.24, p=0.2409, N=26 | r=0.09, p=0.6480, N=26 | r=—0.03, p=0.8949, N=26
Winter r=0.08, p=0.6864, N=26 |r=0.47,p=0.0143,N=26 | r=0.45,p=0.0217, N=26

River discharge

Table 1. Correlations of Ba/Ca records Anemone, Eve and C1 with river discharge instrumental records across
both summer (June to August) and winter (February to April) monsoons. Nonsignificant correlations to the
95% level are shown in italics.
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Fig. 3. Trends in the standardised Ba/Ca record of Anemone (in blue), Eve (in yellow), Siwa (in brown) as well
as precipitation (in grey) using Sen’s non-parametric method. All results show p <0.05 except precipitation.

and Foley®. This data suggests that deforestation across Southeast Asia started in the middle of the nineteenth
century. Indeed, the period between 1850 and 1900 shows a pronounced original forest/woodland slope of
m=-0.0026 while the 1900 to 1950 period highlights an accelerated conversion of forest/woodland biomes
demonstrated by a slope more than twice as steep (m=-0.0054) as the one characterising the previous period
(Fig. 6). Whilst “abandoned cropland” shows very little increase or decrease, “cropland” areas increase faster
than forest biome areas decreased.

Discussion
Here, in agreement with results from a study based on the Great Barrier Reef’! and results from our previous
study'®, the Ba/Ca average values in each coral record showed an expected gradient coherent with the distance
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Fig. 4. Changepoint analysis (MATLAB, Release 2023b) based on significant arithmetic mean change for (a)
Eve, (b) Anemone and (c) Siwa.

from the main input of Ba in the coastal environment: the Baram River mouth. However, the differences in
average Ba/Ca values between adjacent colonies (Eve and Anemone, Anemone and Siwa) were not coherent
with the distance from the river mouth to Anemone compared to the distance to Eve. The same can be said
for Siwa when compared with Anemone or Eve. This difference points towards non-linear dissolution of Ba
in the coastal waters, which is highly dependent on the mixing of water masses with different salinities and Ba
concentrations®, as well as other processes such as adsorption/desorption to/from suspended particles®, or
precipitati0n34. As such, the Ba concentration in coral skeletons, and thus, in surrounding seawater cannot be
accurately predicted based on distance from the input source alone without extensive hydrological modelling,
even if monthly riverine Ba records were available.

Conversely to the results from the initial Ba/Ca study'®, which focussed on the period 1989-2015 only, our
results when using the full twentieth century rainfall data indicate lower relationships overall, indeed, only one
of our records was significantly correlated with the precipitation record across their whole length. When using
shortened records (i.e. starting in 1950 or 1970), correlations improved, therefore attributing some of the low
correlations results to unreliable precipitation data.

This may be somewhat surprising given that the available uninterrupted (due to model infilling) periods of
local rain gauge data from the Miri airport station were located less than 13 km away from Eve’s site. Eve showed
the most robust positive correlation with precipitation due to its distance with the river mouth (and plume
during the winter season) and rain gauge. We suspect the lack of significant correlation, even when considering
newer data, between Anemone and Siwa with precipitation is due to the larger distance between those reefs
and the shore. Additionally, the proximity to two river mouths near Miri and further south in Sibuti may lead
to inputs from other sediment-carrying rivers during other seasons. No river discharge data exist for the Sibuti
river catchment, thus preventing us from excluding such a possibility. Finally, the strong, but not optimal,
correlation between precipitation and river discharge (r=0.68, p<0.001, N=25) might explain why a proxy for
sediment in river discharge is not the optimal precipitation proxy as it explains less than 50% of the variation.

In contrast, a study on the Great Barrier Reef (GBR) that used Ba/Ca records to track terrestrial discharge
and drought-breaking floods found significant correlations with precipitation®. We suspect the lack of such
consistent correlations in Miri is due to the close proximity to two river mouths (unlike the GBR study where
cores were several tens of kilometres from the nearest rivers), as well as direct exposure to the river plume during
the winter monsoon season. Indeed, some studies with catchments similar to that of the Baram River’s have also
found that precipitation did not scale linearly with river discharge®®*’, thereby supporting our findings. This
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Fig. 5. Bar plot showing the outturn of timber and fuel extraction from the Miri area in Malaysian Borneo for
the years 1955 and 1961. Data extracted from Browne?®.

disconnect between precipitation and river discharge poses a significant challenge when attempting to track
precipitation using coral Ba/Ca records, even if they are considered ideal proxies for river discharge.

Conversely, Eve, the closest record from the Baram River mouth showed a relatively strong capacity to record
river discharge on annual scales and slightly stronger capacity when selecting winter monsoon months like
February, March, and April, although autocorrelation was significant at a lag of 7. Likewise, several records
showed better correlations when using the December to November period as it doesn’t interrupt the wet season
as much as a January to December average. Similar results were found in a study from the GBR that included
several records from coral colonies located at different distances from the river mouth. Such a result and
gradient does, however, contrast with a previous study by Lewis et al. showing the opposite trend in the same
reef system. However, in this study, Lewis et al.>! only involved annual Ba/Ca peak maxima and coral colonies
were influenced by river runoft to the north and south of the reefs, making comparison with our results difficult.
Here, the use of a composite, annual data record does improve the signal-to-noise ratio but did not displaying
the best fit with river discharge out of all records like expected. This is probably due to the fact that only Eve is
recording the Baram River output while Anemone and Siwa are more likely influenced by a combination of the
Baram and Miri rivers. In addition, both Anemone and Siwa may receive sediments from river discharge only
during favourable conditions of wind driven river plume transport towards the reefs and/or a stronger river
discharge signal with wider plume dispersal.

Using monsoon seasonal records and thereby taking into account the impact of seasonally changing currents
on the direction of the river plume, we confirmed that some of our coral Ba/Ca records trace sediment in river
discharge best during the winter monsoon. We expected significantly stronger correlations during the winter
monsoon as river waters are pushed towards the coral colonies by north-easterly winds on a more regular
basis. The similar or increased correlation strengths using winter monsoon records for both Eve and C1, when
compared to annual data, as well as the stark contrast with results using the summer monsoon records, stresses
the importance of looking beyond correlation strength (and significance) of non-transformed monthly or
annual data®*°. Unsurprisingly, Eve, the closest record to the river mouth, showed higher correlations during
the winter months than Anemone or C1 during the same period, perhaps pointing towards an optimal distance
to best record sediments in river discharge, as suggested by Lewis et al.’!, due to the way freshwater and ocean
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Fig. 6. Estimated historical changes in natural vegetation extent due to clearing for croplands in Southeast
Asia. Changes in areas are presented relative to the 1700 area. Diamonds represent original forest or woodland,
inverted triangles represent original savanna, grass or steppe, cubes represent abandoned croplands initially

in forest or woodland biomes, circles represent abandoned cropland initially in savanna, grass or steppe and
triangles represent croplands. Data extracted from Ramankutty and Foley™.

water mix as well as sedimentation settling rate. Based on this data alone, we have no way of confirming if
the 28 km separating Eve from the river mouth is the optimal distance, or if anything shorter would increase
correlations. This would require collecting additional coral records from colonies at sites other than Anemone,
Eve, and Siwa to establish such a distance.

Previous studies have used Ba/Ca records to track changes in land use?>*!, deforestation*"*?, flood events®>0
and in population density and settlements?? in similar catchments in Madagascar, Indonesia, and the GBR.
Additionally, a previous study in the Baram river catchment has linked deforestation with soil erosion?’, while
a sediment study showed stronger Ba concentration with decreasing distance from the Baram river mouth?.
Similarly, we argue here that our Ba/Ca time series are recording an increase of river-bound sediments'®
attributed to land use changes related to the onset of deforestation starting before the first half of the twentieth
century. Indeed, all three Ba/Ca time series showed trends of increasing average values throughout their records
and when shortened to match the record length of Anemone. However, comparably to coral Ba/Ca records from
the Gulf of Chiriqui*’, the scale of their trends was not similar. Contrasting with the trend analysis performed
on the shorter version of Anemone and Eve records showing slopes of 0.067 and 0.072, respectively'8, results
here showed weaker trends, indicating a nonlinear increase of Ba/Ca throughout the records with a stronger
increase towards more recent periods‘“. The difference in trend strengths between Anemone, Eve, and Siwa
noted here reinforces our previous study’s hypothesis that either rates of change do not have any relationship
with distance from the river mouth, or there are additional factors at play, related to local hydrodynamics that
cannot be accounted for in the scope of this study'®. We also observed an increasing lag in the position of the
changepoint in time with increasing distance from the main source of Ba input (the Baram River). This pattern

Scientific Reports |

(2025) 15:21410 | https://doi.org/10.1038/s41598-025-06679-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

could potentially be due to a threshold effect related to local hydrodynamical conditions that prevented the
riverine Ba signal from reaching Anemone and Siwa in amounts proportional to the distance from the river
mouth®. Such a threshold could mean that a 61% increase in riverine Ba input was recorded by the Eve core
but either was not recorded by the Anemone coral or was recorded as a lesser increase than the 28.5% greater
distance from the river mouth would suggest**. Our results from the three coral colonies are consistent with the
second option, as records further away from the river mouth need a stronger riverine Ba increase in the river
discharge output to record a significant increase in their Ba/Ca signature. Further, the percentage of increased
average value associated with the changepoint increased with distance from the river mouth (Fig. 3). We argue
here that the mean value difference is due (at least in part) to the substantially lower baseline values found in
Anemone and Siwa compared to Eve.

As such, whether the recorded increase in Ba/Ca is due to increased concentrations of sediment in river
runoff or increased river discharge, or both, is currently unknown. However, for the period of overlap with
instrumental data starting in 1989, we have indications for increased river runoff as a major driver of increased
Ba delivery over the recent decades'®, as our seawater Ba/Ca monitoring data show higher Ba/Ca export at
nearshore sites compared to offshore reef sites (Fig. S5).

Our objective was to interpret the drivers of enhanced sediments in river discharge in the mid-20™ century
as recorded by increased Ba/Ca baseline values across all three studied reef locations. In the absence of reliable
deforestation and land-use data extending beyond the mid-1970s, we turned to historical archive data of forest
logging. Such data from the Miri region in Sarawak from 1955 and 1961 shows an increase consistent with
the findings of our geochemical records®. Although such data can hardly be transformed to approximate the
deforested area without making several significant assumptions, a 100 % increase in logged timber is indicative
of increased deforestation in the area, even over the short time scale between the two data points (6 years). Such
a short timescale does not allow for timber wood regrowth, which has previously been observed to take between
12 to 15 years*. Comparably, estimated land use data across the Southeast Asia region showed a decrease in
forested areas corresponding to increased deforestation and land conversion starting as early as 1850, and
accelerating in the 1900s and 1950s’. We argue that just before 1950, while deforestation was ramping up across
the Maritime Continent’>#, the increased sediment load resulting from deforestation in the catchment reached
the threshold required to prompt a change in the Ba/Ca ratio recorded by coral colonies. The inferences we
draw from geochemical data align with historical records indicating that approximately one-third of Southeast
Asia’s forested areas had been cleared prior to World War II, and that this trend continued with only a gradual
decline in forest cover post-1950°. Even though deforestation is mainly driven by commercial wood extraction,
cultivation, livestock grazing, or infrastructure development in most tropical regions globally, Southeast Asia’s
deforestation was primarily driven by timber logging as well as swidden cultivation and permanent agriculture
during the 20% century*®. By the mid-1980s, over one-third of South-East Asias forests had been cleared,
contrasting with South America where rapid increases in deforestation occurred earlier in the 1900s. Forest
clearing in Southeast Asia does, however, show similar trends and beginnings with forests in Africa where the
extraction of exotic timber was started by European settlers around 1600. Although the scale of deforestation
was not comparable to that undertaken in the 20 century, these results indicate that by the turn of century the
forested area had already been significantly reduced, contradicting previous notions of the extent of forested
areas?.

It is imperative that we identify the onset times of deforestation to better understand rates of decline in
forested areas worldwide, but particularly in tropical areas where deforestation is the most intense!'>4%. These
efforts are essential to understand the myriads of effects that deforestation has on local and regional land and
coastal ecosystems aided by a quantified changepoint corresponding to an onset date of massive deforestation.
As such, results like ours should encourage further research on the impact of deforestation and land use in
Malaysian Borneo had on coral reef organisms’ health to better develop science-based policy guidelines that
would reduce deforestation and protect remaining ecosystems. Curbing rates of deforestation and encouraging
afforestation would also reduce flood risks and enhance water quality in the coastal environment following
reductions in sediment loads entering river waters?>*°. Finally, the methods employed here should be applied
to other catchments where historical instrumental data is lacking to understand the impact of anthropogenic
development and uncover deforestation onsets in other tropical coastal regions.

Conclusion

In this study, we applied previously tried-and-tested coral Ba/Ca ratios as proxies for sediment in river waters
using three coral colonies from reefs increasing in distance from a major river mouth to uncover the onset of
deforestation in Sarawak, Malaysian Borneo. We first assessed the relationship of Ba/Ca with river discharge
across annual and monsoonal scales to quantify the impact of the monsoonal current direction switch on our
coral records’ ability to track sediment in river waters. We found that corals’ Ba/Ca records showed strong
correlations with river discharge during the winter monsoon season when currents direct the river plume
towards the coral colonies. These results stress the importance of looking beyond simplistic monthly or annual
relationships between variables when using proxy records like these. Results showed stronger correlations using
a composite record in most cases, highlighting the necessity of multiple coral Ba/Ca records within and across
several locations to accurately track river discharge. All three records showed low baseline values in the early
1900s (or before, in the case of Eve’s Garden) and lower values with increasing distance from the river mouth,
as well as significant increases in the mean values and standard deviations, starting from 1950 and onwards.
We found that Ba/Ca baseline values increased later in the twentieth century with increasing distance from the
river mouth, confirming the previously theorised threshold effect. Based on earlier results showing the ability of
Ba/Ca records to track river discharge, we argue that increases from 1950 and onwards are due to the onset of
industrial deforestation in this region. Historical logging and estimated land use data reinforce our findings and
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Fig. 7. Map of the study site, the city of Miri is indicated by a red dot, coral colonies by black crosses, the
Marudi river station by a green triangle and bathymetry in shades of blue.

confirm already accelerating forest logging in the Miri region from 1955, as well as deforestation as early as 1850,
and accelerating deforestation between 1900 and 1950 that occurred across the wider Southeast Asia region. Our
results highlight the extended length of time during which Miri’s coastal environment has been impacted by
land use and deforestation and should be used as an argument in favour of limiting deforestation in the Sarawak
region and across similar catchments in Borneo.

Methods

Coral sampling and treatment

We retrieved coral cores from Eve, Anemone and Siwa, all located within the Miri-Sibuti Coral Reefs National
Park in Sarawak, Malaysian Borneo in May 2017. These three sites are located within an inshore to offshore
gradient with Eve found at 5 m depth (4.34° N, 113.898° E), Anemone at 8 m depth (4.292° N, 113.826° E), and
Siwa at 8 m depth (4.25° N, 113.8° E), see Fig. 7. Depths are measured from the colony’s top. We used a SCUBA
air tank-driven pneumatic drill (Silverline air drill reversible) connected to a diamond-coated drill head to core
through each colony. We extracted three cores, one from Eve, one from Anemone, and one from Siwa measuring
108, 93, and 114 cm, respectively.

To prepare them for sampling, cores were sectioned along the longitudinal axis into 7-8 mm thick and 4 cm
wide slabs before being cleaned to ensure no organic tissue was left. We, therefore, bleached samples for 24 h in
a reagent-grade sodium hypochlorite solution (NaClO, 6-14% active chlorine) bath diluted to a 1:1 ratio with
deionised water (15 MQ cm™) at room temperature following a pre-existing protocol®!. We subsequently rinsed
each slab in an ultrasonic bath of deionised water (15 MQ cm™!) at room temperature for ten minutes across
three iterations, changing the water between each bath. Finally, we left each slab to dry in an oven set at 50 °C for
48 h. To assess what the optimal sampling path was, we used X-ray images of each slab to establish a sampling
line closest to the growth axis.

Regional setting

Our study site in the southern South China Sea (SCS) is located within the Maritime Continent separating the
Indian Ocean from the Pacific Ocean. The temperature and hydroclimate in this region are influenced by the
East Asian Monsoon, separating each year into a dry season (summer monsoon starting in May and ending in
September), two inter-monsoon seasons (April and October) and a wet season (winter monsoon in November
to March), see Fig. 2. During the dry season, the onset of south westerly winds leads to higher air and sea
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temperatures, weaker precipitation, and therefore higher salinities, contrasting with the wet season when north
easterly winds lead to colder air and sea temperatures, stronger precipitation and lower salinities®>>?. The East
Asian monsoon drives the seasonality in this region and sea surface temperature (SST) show a 2.4 °C range
between the hottest (May) and coldest (Feb) months, while rainfall ranges by 186 mm between the wettest (Dec)
and driest (March) months of the year (data from 1894 to 2017). However, rainfall monthly averages display high
standard deviations across all seasons and strong interannual variability'®%%,

The study sites are located within 42 km of the mouth of the largest river in the area, notably the Baram River,
with the smaller Miri River, opening 21.5 km to the south. The former shows a relatively large (approximate
30%) difference in values between the lowest (August) and highest (December) discharge months, where only
the highest discharge month matches with the highest rainfall month. Previous studies have found this river to
influence both study sites depending on the period of the year through sediment-carrying freshwater input'®1°.
Salinity, influenced by both precipitation and river discharge, exhibits a relatively small amplitude throughout
the year, reaching a minimum in November and a maximum in March. It also demonstrates a better fit with the
seasonality of rainfall than river discharge.

Climate data

We obtained river discharge data for the Baram River watershed from the Department of Irrigation and Drainage
of Malaysia. Although the small Miri River is believed to also influence our study site (if only marginally), only
the Baram River has a record of discharge data (1989 to 2015). We used the Marudi station (4.17° N, 114.31° E)
discharge data® as it provides the most accurate data from a station closest to the Baram River mouth. We used
the Global Precipitation Climatology Centre (GPCC) monthly precipitation data (1891 to 2015) version 2022
extracted from NOAA’s website, because of its model-filled observation-based gridded data®*. We used the 0.25°
resolution grid over 4.25-4.5° N, 113.75-114° E grid as it represents our study site the best and correlated very
well with local rainfall gauge data in addition to filling the gaps found in the local data. We downloaded the data
from the KNMI Climate Explorer website>”.

Forestry archive data

To approximate the area of deforestation that occurred before the era of satellite imagery, we extracted historical
forestry data from a manuscript published online?, specifically, data contained in two tables from unpublished
annual reports (“Colony of Sarawak. Annual Report on the Forest Department for the Year 1955” and “Colony of
Sarawak. Annual Report on the Forest Department for the Year 1961”). There, each table displayed the quantities
of naturally durable hardwood, other timbers, and fuel extracted from each region of Sarawak (Malaysian
Borneo) in 1955 and 1961. Some values were in cubic tons while others were in hoppus tons. When totals
were in hoppus tons, we converted them into m* using the factor: 1 hoppus ton = 50 hoppus feet = 1.8027 m°.
The 1955 starting date did not match our geochemical record length. We therefore used additional estimated
land use data spanning 1700 to 1990 across the whole of Southeast Asia (Vietnam, Laos, Thailand, Cambodia,
Malaysia, Singapore, Indonesia, Brunei, and the Philippines). For details on the quantification of land use across
Southeast Asia, we refer the reader to Ramankutty and Foley*’. These data were found and extracted from Table
3b in Ramankutty and Foley®’, and no further data manipulation was necessary.

Ba/Ca data

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP/MS) was performed at the GeoHistory
Facility in the John de Laeter Centre, Curtin University in Perth, Australia. Coral slabs were ablated using a
RESOlution-SE 193 nm excimer laser equipped with a large format Laurin Technic S155 sample cell typically
holding 3-4 coral slabs up to 10 cm in length, along with NIST 610/612/614°*>” and MACS-3°® standard
reference materials. Optimal sampling paths were selected beforehand according to the growth axis, and analysis
followed a path as close as possible to the pre-selected route. Laser fluence was calibrated above the sample cell
using a hand-held energy metre and subsequent analyses were performed in constant energy mode. The cell
was flushed with ultrahigh purity He (320 mL min™') and N2 (1.2 mL min!). High-purity argon was used as the
ICP/MS carrier gas (~1 L min™!). Standards and samples were ablated in line scans using an adjustable, rotating
rectangular slit aperture set to 325x 50 microns (width x length). To additionally clean the sample surface, a
pre—ablation line was run at a 10 Hz laser repetition rate and 50% spot overlap before sample data acquisition.
Sample ablation was then performed at a 20 um min'! scan speed, 10 Hz laser repetition rate, and on-sample
laser energy of 3.2 ] cm2. Individual coral slabs were ablated in single continuous runs of up to 90 min, bracketed
by shorter ablations (~2 min) of the reference materials using identical laser parameters. We performed all
measurements using an Agilent 7700 quadrupole ICP/MS. Each analytical session consisted of initial gas flow
and ICP-MS ion lens tuning for sensitivity and robust plasma conditions (238U/232Th ~1; 206Pb/238U ~
0.2; and 238U0/238U <0.004). Pulse-analogue (P/A) conversion factors were determined on the NIST 610
reference glass by varying laser spot sizes and/or laser repetition rate to yield 1-2 Mcps per element. For data
acquisition, 7Li, 11B, 25 Mg, 43Ca, 55Mn, 86Sr, 89Y, 137Ba, 208Pb, and 238U were collected with dwell times
of 20 ms each after 40 s of baseline acquisition. The time-resolved mass spectra were then reduced using the
"Trace Elements’ data reduction scheme in Iolite 4.3%7->%. Whereas the primary reference materials used in this
study for the correction of instrumental drift and determination of elemental concentrations were homogeneous
silicate glasses NIST 610/612 for Anemone, Eve, and Siwa cores, final trace element concentrations and element/
Ca ratios were additionally normalised to the matrix-matched MACS-3 pressed carbonate reference material®.
This secondary correction was minor for Li, Mg, Mn, Sr, Y, Ba, and Pb with corrections of 0 to 6%, but more
pronounced for U (10%) and B (24%). Day-to—day variation of Ba/Ca in MACS-3 relative to the primary
standard NIST610 was 9.4% (2RSD; n=12) and serves as an indicator for overall data robustness in this study.
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Age models

Age models for Ba/Ca timeseries were built using the B/Ca record’s seasonality, as Sr was far noisier, under
the assumption that growth rate was linear and constant across the year. We used SST data from the ERSSTv5
dataset® to match the lowest (highest) B/Ca values (Fig. S6) of the year to the highest (lowest) temperatures.
We applied a linear interpolation'® between each anchor point previously described and another one to 12
equidistant points per year and used the sampling date (May 2017) as a starting date resulting in a monthly
resolution record. This process is prone to some time scale errors varying between one and two months because
of possible inaccuracies when assigning the hottest and coldest months to minima and maxima B/Ca values as
these can vary on a yearly basis and we used an average across the entirety of the record. Using this technique,
we built a 123 (Eve), a 99 (Anemone), and a 114-year long (Siwa) record of Ba/Ca spanning from May 2017 to
May 1894, February 1916, and February 1903, respectively.

Data transformation

Data were standardised by subtracting the mean of the common period of the records involved (here 1916 to
2015) from each value before dividing them by their standard deviation over the same period. Both Eve and
Anemone cores were used to build a composite for correlations by averaging their values across their common
period (1916 to 2015), as Siwa’s record stopped in 1994. Monsoonal records of each river discharge and Ba/Ca
ratios were created by averaging monthly values from February to March (winter monsoon) and from June to
August (summer monsoon).

Statistical analyses

To test for normality, we used the Kolmogorov-Smirnov test in MATLAB. Several variables were not normality
distributed, therefore, all tests used here are nonparametric unless mentioned otherwise. We performed
correlation tests using Spearman’s rank correlation after checking the data for autocorrelation (e.g. Figs. S7-S9).
When comparing records with different units (such as Ba/Ca and river discharge), we used standardised data.
To assess the presence (or not) of a trend in our records we used the Mann-Kendall nonparametric trend test.
Additionally, Theil-Sen’s method was applied to estimate the true slope of the linear trend (if present) in our
records. Significance is indicated by alpha=0.05 unless stated otherwise. When looking at the existence of a
point in time where our average values increase in a record, we performed a changepoint analysis®!. Although
it assumes normality, in this case the analysis isn’t impacted by the non-normality of our variables. Because we
are not using the output values as estimators for the parameters of the distribution, but only the result of the
search of the changepoint®? we were able to use this method rather than its nonparametric counterpart. The use
of parametric tests reinforces our results here.

Data availability

The coral proxy data from this publication will be archived upon publication on the public NOAA WDC data
portal and will be freely accessible on their website: https://www.ncdc.noaa.gov/data-access/paleoclimatology-d
ata/datasets. The datasets used and/or analysed during the current study are available from the corresponding
author on reasonable request.
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