Marine Pollution Bulletin xxx (2012) XXX-XXX

Contents lists available at SciVerse ScienceDirect

Marine Pollution Bulletin

journal homepage: www.elsevier.com/locate/marpolbul

Linking coral river runoff proxies with climate variability, hydrology and land-use
in Madagascar catchments

Joseph Maina®*, Hans de Moel®, Jan E. Vermaat "<, J. Henrich Bruggemann ¢, Mireille M.M. Guillaume ¢,
Craig A. Grove ', Joshua S. Madin ?, Regina Mertz-Kraus ", Jens Zinke '

2 Department of Biological Sciences, Macquarie University, Sydney, NSW, Australia

P Institute of Environmental Studies, VU University, Amsterdam, The Netherlands

Faculty of Earth and Life Sciences, Department of Earth Sciences and Economics, VU University, Amsterdam, The Netherlands

d Laboratoire d’Ecologie Marine (ECOMAR), Université de La Réunion, La Réunion, France

€ Département Milieux et Peuplements Aquatiques, UMR CNRS-MNHN-UPMC-IRD BOrEA, Muséum National d’Histoire Naturelle, Paris, France

NIOZ Royal Netherlands Institute for Sea Research, Department of Marine Geology, Texel, The Netherlands

& Max-Planck-Institut fiir Chemie, Mainz, Germany
" Berkeley Geochronology Center, Berkeley, CA, USA

TUniversity of Western Australia Oceans Institute, School of Earth and Environment and Australian Institute of Marine Science, Perth, Australia

ARTICLE INFO ABSTRACT

Key words:
Sedimentation

River discharge

Global climate change
Coral stress
Sclerochronology
Hydrological modeling
Land-use change
Ba/Ca

Luminescence

Understanding the linkages between coastal watersheds and adjacent coral reefs is expected to lead to
better coral reef conservation strategies. Our study aims to examine the main predictors of environmen-
tal proxies recorded in near shore corals and therefore how linked near shore reefs are to the catchment
physical processes. To achieve these, we developed models to simulate hydrology of two watersheds in
Madagascar. We examined relationships between environmental proxies derived from massive Porites
spp. coral cores (spectral luminescence and barium/calcium ratios), and corresponding time-series
(1950-2006) data of hydrology, climate, land use and human population growth. Results suggest regional
differences in the main environmental drivers of reef sedimentation: on annual time-scales, precipitation,
river flow and sediment load explained the variability in coral proxies of river discharge for the northeast
region, while El Nifio-Southern Oscillation (ENSO) and temperature (air and sea surface) were the best

predictors in the southwest region.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The decline of coral reefs has been attributed to multiple and
interacting global and local pressures. These pressures include pol-
lutants from terrestrial sources (Gardner et al., 2003; Wilkinson,
2004), overfishing (Mora, 2010; Mumby et al., 2006), and changes
in sea surface temperature (SST) and seawater pH (Eakin et al.,
2009; Fabricius et al., 2011; Hoegh-Guldberg et al., 2007; Pandolfi
et al., 2011). Coral reef ecosystem changes occur at different spatial
scales, where local factors may exacerbate the effects of global pro-
cesses, and temporal scales, where longer-term trends may be ob-
scured by short-term, inter-annual and seasonal variability
(Chabanet et al., 2005; Darling et al., 2010; Habeeb et al., 2005).
Understanding the linkages between local and global processes in
coastal watersheds and adjacent reef ecosystems is expected to
lead to better coral reef conservation strategies (Jupiter, 2006;
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Prouty et al., 2010; Richmond et al., 2007). Furthermore, the devel-
opment of long-term records of the physical environment of coast-
al watersheds, adjacent coral reef ecosystems, and linkages
between them will help contextualize recent observations and
help to identify the likely causes.

In Madagascar, several interacting environmental factors have
changed over the past few decades, including air and sea surface
temperature, storm frequency, rainfall quantity and intensity, soil
erosion and sediment yield, river discharge, land cover, cropping
systems, urbanization, coastal turbidity, and exploitation of reef
fisheries (Alory et al., 2007; Hofmann et al., 2005; Kuleshov et al.,
2008; Mavume et al., 2000; Zhang et al., 2007). For example, there
has been extensive deforestation over the past 5 decades attrib-
uted to charcoal exploitation, cropland expansion, mining and in-
creased logging (Harper et al., 2007; Sussman et al., 1994). The
decline in forest cover is coincident with human population in-
crease, loss of biodiversity in the forests (Ingram and Dawson,
2005; Hannah et al., 2008), and a significant decline in coral cover
(Bruggemann et al., accepted for publication; Harris et al., 2010)
over the same period. Long-term monitoring of environmental
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change may provide early warnings of environmental regime shifts
(Carpenter et al., 2011). Furthermore, a better understanding of
environmental changes and how they interact may provide oppor-
tunities to change resource management practices and avoid irre-
versible and un-desirable ecological changes (Lindenmayer et al.,
2011).

In Madagascar, long-term records of river discharge are sparse
and the majority of sub-catchments are un-gauged. In such cases,
hydrological models are required to provide spatial information
for environmental management decision-making (Lu et al., 2006).
Here we use STREAM hydrological model (Spatial Tools for River
basins, Environment and Analysis of Management options; Aerts
et al.,, 1999; Bouwer et al., 2006) and N-SPECT (Nonpoint-Source
Pollution and Erosion Comparison Tool) (Eslinger et al., 2005) to
reconstruct historical river discharge and sediment load in Mada-
gascar catchments. STREAM is a grid-based spatial water balance
model that describes the hydrological cycle of a drainage basin
as a series of storage compartments and flows (Bouwer et al.,
2006). Using monthly time step climate data as input, STREAM
has successfully been applied in catchments of varying size in dif-
ferent parts of the world (e.g., Aerts and Bouwer, 2002; Bouwer
et al., 2006).

Environmental proxy records, such as those laid down annually
in the skeleton of massive Porites coral species, can augment mod-
el-based reconstructions and instrumental observations (Felis and
Pdtzold, 2003; Grottoli and Eakin, 2007; Prouty et al., 2010). We
utilize two of these environmental proxies related to sediment load
and river flow: the barium/calcium ratio (Ba/Ca; McCulloch et al.,
2003) and the luminescence green/blue ratio (G/B; Grove et al.,
2010), as indicators of environmental variability and long-term
changes over the last five decades. Temporal variability of Ba/Ca
in coral skeletons in near-shore areas has been shown to corre-
spond with terrestrial sediment loading (Alibert et al., 2003; Lewis
et al., 2011; Prouty et al., 2010). Barium (Ba) is dissolved into the
drainage catchment and adsorbed to suspended sediments (clay
minerals), which are then transported to coastal waters via rivers.
As salinity increases, Ba desorbs from the suspended sediment due
to the higher ionic strength of seawater. Ba diluted by seawater is
thought to follow a conservative mixing pattern (Sinclair and
McCulloch, 2004), and thus can act as a tracer for riverine sediment
input into the ocean.

When placed under ultra-violet (UV) light, slices from inshore
massive corals often display bright luminescent lines that have
been linked to river flood plumes from coastal catchments and
hence have the potential to provide a long-term record of hinter-
land precipitation (Isdale et al., 1998; Lough, 2011). Coral lumines-
cence is thought to result from the incorporation of soil-derived
humic acids transported to the reef during major flood events
(Grove et al., 2010; Jupiter et al., 2008; Lough et al., 2002;). Here,
we apply spectral luminescence scanning (SLS) of coral cores that
uses the UV emission wavelength of the green (humic acid signal)
relative to blue portions (skeletal density signal) of the electromag-
netic spectrum, expressed as green/blue (G/B) ratio, as an indicator
of the relative amount of humic acids in river runoff reaching the
reef (Grove et al., 2010). Temporal variability in the Ba/Ca and G/
B ratios (or luminescence intensity) has been successfully associ-
ated with a watershed’s historical rainfall, erosion and river flow
(Grove et al., 2010; Lough, 2011).

This study aims to evaluate the relationships between climate
variables (i.e. air and sea surface temperature, precipitation, ENSO
(EI Nifio-southern oscillation), population growth, land use change,
hydrology, and coral core derived environmental proxies in the
northeast (NE) and southwest (SW) Madagascar catchments. We
develop hydrological models to reconstruct river discharge and
sediment yield in these catchments and examine the relative
importance of climatic versus anthropogenic processes as drivers

of river flow and terrestrial sediment discharge. We test whether
river discharge signals are recorded at the reef scale in Madagascar
and discuss the validity of coral proxies as reliable recorders of
environmental change. Further, we investigate evidence of change
points or significant events, seasonality, and inter-annual and long-
term trends in the time series of environmental and coral proxy
data. We test the following hypotheses:

I. There is significant covariation between coastal climate,
hydrology, land use (forest cover), population size and coral
river runoff proxies.

II. Changes in coastal climate (precipitation, air and sea surface
temperature), hydrology, forest cover, and population size
significantly explain the variability in changes in coral river
runoff proxies (i.e. Ba/Ca and G/B).

2. Methods
2.1. Study area

The island of Madagascar lies between 13°S and 25°S in the
south-western Indian Ocean, extending roughly 1600 km in
north-south direction and 500 km across. The western side is dom-
inated by coastal plains and the transition between the west and
the east coast plateaus consists of mountains >1500 m high. The
east coast is wet and humid throughout the year, owing to oro-
graphic uplift of trade winds (Nassor and Jury, 1998). In the high-
lands the weather is determined by the dynamic interaction of
trade winds, monsoon flow and the subtropical anticyclones, and
a hot rainy season occurs during the Southern Hemisphere sum-
mer. Tropical cyclones and floods affect the NE and SW from
November to May. The rainfall season starts in late December, with
a convective peak in mid-February that declines by the end of
March (Jury and Pathak, 1991). The cooler dry season occurs be-
tween June and October when climate is dominated by SE trade
winds; it lasts up to 2 months longer in the SW of Madagascar
compared to the NE. Annual total rainfall varies from 3700 mm
in the east to 400 mm in the west and SW. Our study watersheds
are located in the SW and in the NE. The Onilahy and Fiherenana
rivers drain the SW watershed, while Antainambalana River, which
flows into Antongil Bay drains the NE watershed (Fig. 1).

2.2. Hydrological modeling

Given the sparse observational long-term hydrological data for
Madagascar, we employed STREAM to simulate monthly and an-
nual river discharge patterns in the NE and SW regional water-
sheds (Aerts et al., 1999; Bouwer et al., 2006). STREAM simulates
the water balance for each grid using a limited number of param-
eters, including spatial-temporal precipitation and temperature
data, elevation, land-cover and soil water storage capacity (Aerts
and Bouwer, 2002) (SI1 and SI2).

A configuration of the STREAM model was developed and run
for the whole of Madagascar for 1950-2006. The model provided
output time series of average monthly discharge in m?/s for se-
lected locations. These locations included outlet points of the
Antainambalana and Onilahy Rivers, which drain the NE and SW
watersheds, respectively, and eight gauging stations (Fig. 1), for
which data were available in the RivDIS database (http://
www.daac.ornl.gov/RIVDIS/rivdis.shtml) (Vorosmarty et al,
1998). The lengths of these records vary widely among stations.
The Bevoay station on the Mangoky River had the longest time ser-
ies (total of 310 months, intermittently between 1952 and 1994),
and is relatively close to the SW watershed. Consequently, data
from this station were used to calibrate the STREAM model by
adjusting the various model coefficients to optimize the simulated
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Fig. 1. Map of Madagascar showing all the watersheds, coral reefs, the northeast (NE) and southwest (SW) study basins, locations of the respective main rivers draining these
basins, and river discharge observational stations (black filled dots). The location of the calibration (Bevoay) and validation stations (Ambilobe) for the hydrological model are

indicated.

monthly hydrographs (Aerts et al., 1999). The performance of the
model was tested at every stage using the model efficiency coeffi-
cient (NSE) (Nash and Sutcliffe, 2004), a widely used statistic in
hydrological studies. NSE ranges between negative infinity and 1,
where values between 0 and 1 are considered satisfactory, but val-
ues <0 indicate poor performance (see e.g., Moriasi et al., 2007).
Respective discharge volumes were also compared by calculating
the ratio of modeled to observed values. STREAM outputs were
subsequently validated using the Ambilobe river discharge station
in the north of Madagascar (Fig. 1).

Sediment yield per unit area was computed using the Non-Point
Source Pollution and Erosion Comparison Tool (N-SPECT) devel-
oped by the National Oceanic and Atmospheric Administration
(NOAA) (http://www.csc.noaa.gov/digitalcoast/tools/nspect/in-
dex.html). It combines data on elevation (Lehner et al., 2008), slope
(Nam et al., 2003), soils (FAO/IIASA/ISRIC/ISSCAS/JRC, 2009), pre-
cipitation (Mitchell and Jones, 2005), rainfall erosivity (Vrieling
et al., 2010), and land cover (Harper et al., 2007) to derive esti-
mates of runoff, erosion, and pollutant sources (nitrogen, phospho-
rous, and suspended solids) from across the landscape, as well as
estimates of sediment and pollutant accumulation in stream and
river networks. The N-SPECT tool was run for each year from
1950 to 2006 to obtain estimates of annual sediment yield per unit
area in mt/year (see SI1 and SI2 for details on input parameters).

2.3. Coral sampling and analysis

Coral cores were drilled in March and April 2007 from massive
colonies of Porites spp. at water depths between 4 m and 6 m along
the southern fringing reef slope at Nosy Mangabe Island in Anton-
gil Bay (NE Madagascar) (Fig. 1) (Grove et al., 2010). Two of these
cores (MAS1 and MAS3), drilled ~300 m apart and both located
7 km from the river Antainambalana’s mouth, are utilized in this
study. The river plume directly disperses towards the core sites,
as described in detail in Grove et al. (2010). Two coral cores from
SW Madagascar (GRT1 and GRT2) were drilled in March 2008 at
3 m depth on the inner slope of the Grand Récif of Toliara (GRT)
(Fig. 1). The GRT, located <2 km seaward of Toliara town, is a major
barrier reef system of the southwestern Indian Ocean. It stretches
over 19 km (23°20-23°30S) between the Fiherenana River in the
north and the Onilahy River in the south (Fig. 1) and represents
approximately 33 km? of structurally diverse shallow reef area.
Coral core GRT-1 is located 15.7 km north of the Onilahy river
mouth and 11.2 km south of the Fiherenana River mouth, whereas
GRT-2 is located 12.5 km north of the Onilahy River and 19.9 km
south of the Fiherenana River.

A detailed description of the coral core sample preparation and
analysis is given in Grove et al. (2010). In brief, coral cores were
sectioned lengthwise into 7 mm thick slabs, rinsed several times
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with demineralised water, blown with compressed air to remove
any surficial particles and dried for more than 24 h in a laminar
flow hood. Annual bands were visualised by X-radiograph-posi-
tive prints and luminescence imagery to produce an initial chro-
nology based on annual density and luminescence bands (Grove
et al., 2010). All coral slabs from the four cores were cleaned with
sodium hypochlorite (NaOCl, 10-13% reactive chloride; Sigma-Al-
drich Company) for 24 h to remove residual organics that might
quench luminescence. Spectral luminescence scanning (SLS) was
performed on bleached coral slabs using a line-scan camera fitted
with a Dichroic beam splitter prism, separating light emission
intensities into three spectral ranges: red (R), green (G) and blue
(B) (Grove et al., 2010). We subsequently calculated the Green/
Blue (G/B) ratio that reflects the changing humic acid/aragonite
skeletal density ratio in the coral skeleton. To obtain Ba/Ca ratios
at 40 um intervals, slabs of the coral cores from NE Madagascar
were analyzed by laser ablation inductively coupled plasma mass
spectrometry (LA ICP-MS) at the Australian National University in
Canberra, following the methods described by Fallon et al. (2002).
We use 56 years (1950-2006) from the NE coral G/B and Ba/Ca
data (cores MAS1 and MAS3). LA ICP-MS analyses on the SW
Madagascar corals were done at the Max-Planck-Institut (MPI)
fiir Chemie in Mainz (Germany). A detailed description of the
LA ICP-MS procedure applied is given by Mertz-Kraus et al.
(2009). Analysis in both laboratories utilized either NIST SRM
614 or 612 glasses as reference material. This approach has been
shown to result in reliable, reproducible element concentrations
in carbonate material (e.g., Fallon et al, 2002; Mertz-Kraus
et al., 2009). Age models for both Ba/Ca and G/B ratios were based
on the driest month in any given year (lowest Ba/Ca and G/B) in
local rainfall and subsequent linear interpolation between the
October anchor points using AnalySeries 2.0 (Paillard et al.,
1996) to a monthly time scale (for details see, Grove et al.,
2010). The G/B and Ba/Ca time series for the NE cover 1950-
2006, and the Ba/Ca data for the SW cover 1976-2008 (GRT1)
and 1975-2008 (GRT2).

2.4. Data analysis

Principal component analysis (PCA) was used to examine
covariance and common temporal variations among hydrological
variables (annual average discharge and sediment load), climatic
variables (annual average sea surface temperature (hereafter
SST), air temperature (hereafter AT), annual precipitation, the
Nifio3.4 SST anomaly index (i.e. an indicator of the strength of
tropical Pacific ENSO events: http://www.cpc.ncep.noaa.gov/
data/indices/), and the coral proxies for river flow and sediment
load (G/B and Ba/Ca) from NE and SW watersheds. Given the tem-
poral autocorrelation inherent in time series data, we used PCA to
reduce the dimensionality of the data matrix by finding uncorre-
lated principal components (PCs) that together account for much
of the variance in the original variables (Jackson, 2003, Jolliffe,
2004).

For each variable and watershed, time series data were aggre-
gated on an annual basis using the November-October water year.
For the NE, data for 11 variables were available in monthly time
steps for 56 years (1950-2006) (SI2). For the SW, G/B data could
not be used (see SI3); Ba/Ca time series were available at monthly
time steps for 31 years (1976-2006). Consequently, for each region
PCA was performed with seven environmental variables at 56 and
31 yearly time steps, respectively. PCA was repeated with the coral
proxies, where four time series (two Ba/Ca and two G/B) and two
time series (both Ba/Ca) were the input data for the NE and the
SW, respectively. To estimate the association of each of the vari-
ables with the PCs, we performed pairwise correlations. To identify
possible change points and their synchrony in the environmental

multivariate and coral proxies time series, we applied the
widely-used sequential t-test method (Rodionov, 2004) of environ-
mental and coral proxies’ PC’s that explained >10% variability. A
cut-off regime length of 10 years was chosen and default settings
were used for the other parameters (probability =0.1; Huber
parameter = 1; no weighting). Bivariate plots of standardized abso-
lute values of the environmental and coral proxies were also
constructed.

To investigate the presence of seasonality in the time series, we
used autocorrelation and present graphs showing correlations be-
tween values in a time series and those at a fixed time interval later
(Davis, 1986). By investigating how a time series correlates with it-
self at different time lags, autocorrelation detects non-randomness
in data using autocorrelation function, R (Box and Jenkins, 1976).
An autocorrelogram is produced when the lags are plotted as a his-
togram at lags of 1, 2...t. (Davis, 1986). The equations and meth-
odology of autocorrelation function has been described in
Chatfield (2004). For each variable, we also graphed the averaged
absolute values for each month.

Finally, we employed generalized linear models (GLM) to deter-
mine which environmental variables explained the variability in
coral runoff proxies in each watershed. Climate, land use, popula-
tion and hydrologic variables were used as the predictors of coral
proxies. Due to the temporal ordering of the data, pre-processing
steps, i.e. z-score standardization and detrending, were carried
out before fitting GLMs (Zuur et al., 2003). Detrending removes
any temporal trend, which can be confounding and can lead to spu-
rious relationships, while z-score standardizing ensures that the
time series’ statistical properties such as mean, variance, and auto-
correlation are all constant over time. Because we were primarily
interested in variables driving changes in coral proxies at yearly
time-scales, we used first order differencing to detrend all z-score
standardized time-series data.

Multicollinearity among predictor variables may have adverse ef-
fects on estimated coefficients in a multiple regression (Mansfield
and Helms, 1982). To detect the existence of multi-collinearity in our
data, variance inflation factors (VIF) were computed. VIFs specify
how much of a regressor’s variability is explained by the remaining
regressors in the model due to correlation among those regressors
(Cranet and Surle, 2002). A very conservative cut-off value of VIF = 3
was adopted relative to suggested values of 5 or 10 (Cranet and Surle,
2002). High multi-collinearity was detected due to high correlation
betweenriver flow, sediment load, and precipitation in both regions.
Consequently these variables were used interchangeably in a model
with uncorrelated variables.

Further, regression equations that use time series data often
contain lagged variables (e.g., Zuur et al., 2003; Lui et al., 2007).
In our context, lags may be due to uncertainties in the environmen-
tal data, hydrological models, alignment error in time series ele-
ments, dating of the environmental proxies, and time delays in
biological processes (Barnes and Lough, 1993) among other factors,
which could lead to temporal mismatch in data consequently con-
cealing relationships. Therefore, we introduced 0-3 year lags
(Lag=t+0...3) on predictor variables in the GLM process where
GLM was repeated for each lag. For the NE, 4 models
(Lag=t+0...3) were run three times (i.e. each time with precipi-
tation, sediment load or river flow) for each response coral proxy
data. Similarly, for the SW, 4 models were run three times for
Ba/Ca. During the GLM stepwise process, predictor variables are
added and dropped in several iterations until the best model is
achieved based on the Akaike Information Criterion (AIC) model
selection method (Zuur et al., 2009). To ensure robustness of the
model estimates, residuals were examined for autocorrelation
using the Durbin-Watson test (Durbin and Watson, 1971); no
autocorrelation was found. We report only significant models in
Table 2.
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Fig. 2. Plots of observed against modeled discharge at monthly and annual aggregation levels at calibration and validation stations. Hydrograph and mean monthly average
for each year for the calibration station (Bevoay, a and c), and for the validation station (Ambilobe, b and d) are shown. NSE index (see text) values and the model/observation
ratio are presented, the latter is shown only for hydrographs. The regression line indicates the deviation of the modeled discharge relative to the diagonal line.

3. Results
3.1. Calibration and validation

Calibration of hydrological model (STREAM) results at Bevoay,
based on 25 years of model simulation, are given in Fig. 2a and c.
When simulations were compared with observed monthly aver-
aged hydrographs of the respective catchments using the calibra-
tion tests (NSE and modeled/observed ratio), values were close to
one, indicating good agreement. The validation of the annual hyd-
rograph at Ambilobe (Fig. 2b and d) also shows good seasonal
agreement. However the absolute amount of annual modeled dis-
charge was slightly lower than observed (NSE- 0.73). Comparisons
of observed/modeled annual discharges over time (Fig. 2, bottom
panels) also revealed that the model performed well in both the
calibration and validation stations with occasional mismatches in
observed/modeled peak values (Fig. 2c and d). At Bevoay, the pre-
diction at annual time scales was significant and explained a sub-
stantial part of the observed variance (56%), but the values of
intercept (>0) and slope (<1), suggest a systematic discrepancy.
Since we had no objective guidance to further adjust our model
parameters, we accepted this difference: our model overestimates
discharges above ~800 m?/s.

3.2. Relationships among variables

PCA of environmental variables for the NE and SW revealed con-
siderable covariance, with PC 1 and PC 2 in each region, together
accounting for over 65% of the total variation in the multivariate
samples (Table 1). In the NE, sediment yield, precipitation, river
flow, forest cover, and population were highly correlated with PC

1 (39%) (Table 1) (r > 0.6). Also AT and SST correlated moderately
(r=10.4-0.5) with PC 1 and highly (r > 0.6) with PC 2 (29%). AT and
SST covaried negatively with precipitation and with hydrological
variables in PC 2. ENSO (Nifio3.4 Index) correlated moderately with
PC 1 and 2, and highly with PC 3 (15%) (Table 1), alongside forest
cover, SST, and population growth. In the SW (Table 1), PC 1
(44%) was comprised mainly of temperature, population and forest
cover, while PC 2 (30%) was comprised of precipitation, river flow
and sediment load. PC 3 (12%) was highly correlated with ENSO
(r=0.9) and moderately with precipitation (r = 0.2). Comparisons
of the PC’s in the two regions indicate similarities and differences.
Forest cover and population in both regions were highly prominent
in PC 1. However, hydrological variables and precipitation associ-

Table 1

Correlation coefficients between leading three PCs for each region and various
environmental and coral proxy time series. Bold values are statistically significant at
the 95% confidence level.

Principal components Northeast Southwest

PC1 PC2 PC 3 PC1 PC2 PC3
Contribution ratio (%) 394 29.3 15.1 43.7 304 11.6
Precipitation 0.6 0.7 0.3 0.0 0.9 0.2
Sediment load 0.7 0.5 -0.1 0.0 0.8 -0.1
River flow 0.6 0.8 0.2 -0.1 1.0 0.1
Forest cover -0.8 0.3 0.5 -0.9 -0.1 0.1
Population 08 -0.2 -0.5 0.9 0.1 -0.1
Air temperature 0.5 -0.7 0.1 09 -0.1 -0.1
Sea surface temperature 04 -0.6 04 09 0.0 0.0
Nifio3.4 index 0.5 -04 0.6 0.3 -0.1 0.9
Ba/Ca MAS1 (GRT1) 0.6 -0.2 -03 0.4 0.2 0.0
Ba/Ca MAS 3 (GRT2) 0.3 -0.1 -0.3 0.1 0.1 0.0
G/B MAS1 0.6 -0.1 -0.2
G/B MAS 3 0.1 0.0 -0.1
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Table 2

Generalized linear model (GLM) outputs showing models that significantly explain
the variation in each of the coral proxy variables in the NE and SW regions. GLM
selects variables for deletion or inclusion based on Akaike Information Criterion
(AIC)"; given a set of models for the data, the preferred model is the one with the
minimum AIC value.

Dependent variable Model AIC Predictor t-value p
Northeast
Ba/Cas2) 326 Precipitation 4.2 0.00
327 Sediment load 3.2 0.00
329 River flow 4.1 0.00
G/B(1+0) 347 Air temperature 3.5 0.00
Precipitation 1.9 0.05
Nifio3.4 index -2.0 0.05
349 Air temperature 3.59 0.00
Sediment load 248 0.01
Nifio3.4 index -1.85 0.07
350 Air temperature 35 0.00
River flow 1.7 0.095
Nifio3.4 index -1.9 0.06
G/B(1+2) 338 River flow 3.1 0.00
338 Sediment load 3.1 0.00
340 Precipitation 2.7 0.01
Southwest
Ba/Cas1) 182 Air temperature 3.0 0.00
Nifio3.4 index -3.5 0.00

(i) Northeast
(a)

|
|
|
|
| 2002
|

Environment:
PC 1 (39.4%)

Environment:
PC 2 (17.3%)

Environment:
PC 3 (9.2%)

PC 1 (65.2%)

PC2 (17.3%)

Coral runoff proxy: Coral runoff

Coral runoff proxy: Coral runoff proxy:

1880 1880

2000

1950 1960 1870

2010

ated with PC 1 in the NE were replaced by AT and SST in the PC1 in
the SW.

Coral proxies, except G/B MAS 3, correlated highly with envi-
ronmental PC 1, while Ba/Ca also correlated marginally with PC
3. For the SW, only one of the two Ba/Ca records (GRT1) correlated
significantly with PC 1 and PC 2 (Table 1). For the NE, both proxies
in MAS 1 highly (positively) correlated with PC1, while MAS3 Ba/Ca
was moderately correlated with PC1. G/B and Ba/Ca in MAS1 were
negatively correlated to PC2, which is mostly dominated by tem-
perature, precipitation and river flow. Environmental proxies in
both cores were also negatively associated with PC3, dominated
mostly by ENSO, temperature, forest and land cover. For the SW,
only one of the two Ba/Ca records (GRT1) correlated significantly
with PC 1 (dominated by AT, SST, ENSO, forest cover and popula-
tion growth). The same core showed significant but relatively low-
er correlation with SW PC2 (dominated by river flow, sediment
load and precipitation, Table 1). These results suggest that precip-
itation and hydrology, both influenced by anthropogenic catch-
ment alteration, are the key environmental drivers in the NE, but
a significant contribution of temperature and ENSO is also evi-
denced. In the SW, forest cover, population growth, AT, SST and
ENSO represent the main environmental drivers.

Change point analysis of environmental and coral proxies PCs
for the respective regions revealed significant changes at various
points in the time series (Fig. 3). In the NE, environmental PC 1

1 (i) Southwest
® ‘ ‘

Environment:
PC 1 (44%)

Environment
PC 2 (30.4%)

Environment
PC 3 (12%)

proxy:

PC 1 (82%)

N

)]

PC2 (18%)
©c o o = =
o O O O !

I
| I
11989 |
: - =

1880 1990 2000 2010

-1.0
1950

T T

1860 1870

Fig. 3. Long term trend and change-point analysis of the first three principal components of the environment data time series (a, b, ¢, f, g, h); and of coral proxies for river flow
and sediment load (d, e, i, j) with Rodionov’s sequential t-test for (i) NE, and (ii) SW regions. The grey line indicates the regime and significance shifts are at p < 0.01, while the

vertical dotted lines depict points of significant shifts in any of the PC’s.
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shows positive change points in 1958, 1982, 1991, 2002 (Fig. 3a).
The 1991 and 2002 change points did approximately correspond,
albeit with a lag of 2-3 years, with coral proxy PC 1 (65%), which
showed positive shifts in 1988 and 2000 respectively (Fig. 3a and
d). The 1958-change point appeared in both environmental param-

4 T

eters’ PC 1 and coral proxies PC 2 (18%) (Fig. 3a and e). NE forest
cover was negatively associated with environment PC 1, while
the other variables were positively associated with PC1 (hydrology,
precipitation, and population, Table 1). Thus, the stepwise change
in hydrology, precipitation, and population growth reflects an
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Fig. 4. Annual standardized time series of environmental variables and coral proxies for the NE. The grey line is an environmental variable, while the thin line is a Ba/Ca or G/B
repeated on all plots. The two coral Ba/Ca, and G/B time series were averaged by calculating the arithmetic mean of the standardized time series.
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Fig. 5. Annual standardized time series of environmental variables and coral proxies for the SW. The grey line is an environmental variable, while the thin line is a Ba/Ca
repeated on all plots. The two coral Ba/Ca time series were averaged by calculating the arithmetic mean of the standardized time series.

increasing trend while a declining trend is observed for forest cov-
er (Figs. 4 and 5). In the SW, PC 1 showed step-like positive changes
during 1969, 1977, 1987, and 1997 (Fig. 3f). The last two change
points approximately corresponded with those depicted by the
trends in the two coral proxies in 1989 and 1999 (Fig. 3i and j).
The positive step like change in PC1 represents an increasing trend
for temperature and population growth and a decrease in forest
cover.

3.3. Seasonal variability in observational, modeling and coral data

Fig. 6 illustrates the seasonal dynamics of the modeled dis-
charge, the coral proxies and several other environmental indica-
tors for both catchments. Visual inspection of the seasonal
dynamics indicates high synchrony among the hydrological vari-
ables (Fig. 6a and b), precipitation and discharge, and between
the two regions, with peak values during the wet season between
January and March and lowest values in the dry season between
September and October (Fig. 6a and b). Climatic differences be-
tween the NE and SW in hydrological variables are also evident.
During wet months, precipitation and discharge is higher in the
NE than in the SW (Fig. 6a and b). The NE is wet throughout the
year with relatively high discharge. The discharge in the SW shows
a sharp peak around February whereas peak discharge in the NE is
more evenly distributed throughout the rainy season (Fig. 6b). AT
and SST showed an almost similar seasonal timing as hydrological
variables: the highest temperatures occurred between January and
March and the lowest temperatures between August and Septem-

ber (Fig. 6e and f). The average SSTs of the warmest and coldest
months in the NE region were higher than in the subtropical SW
region, which has higher temperature variability than the NE. From
October to March, AT is higher in the SW than the NE (Fig. 6f).
Coral Ba/Ca (for NE and SW cores) and G/B (for NE cores only)
show a seasonal pattern of high values between January and April,
which were also the wettest and warmest months of the year with
high rainfall/discharge (Fig. 6¢ and d). Coral proxy signals were
lowest for September and October in the NE and SW consistent
with the peak dry season in hydrological variables. The contrast
between the wet and dry season in Ba/Ca is strongest for the
GRT1 core in the SW (Fig. 6¢). The G/B ratio (only available for
the NE cores) displays a more pronounced seasonal signal
(Fig. 6d). Overall, the seasonal signals of both coral proxies are in
line with the seasonal discharge and precipitation patterns. Ba/Ca
and G/B signals remain relatively high for the months following
the peak discharge. Proxy signal differences between the NE and
SW were also evident. Ba/Ca signals observed in the SW were high-
er than in the NE during the peak runoff season (Fig. 6¢).
Autocorrelograms for hydrological variables, precipitation, tem-
perature, and coral proxies clearly showed a pronounced sine-like
waveform and correlation coefficients (secondary y-axis) that at-
tain a minimum at a lag of 6 months and a maximum at lags 1
and 12, typical of annual seasonal cycle (Fig. 6, right panel). The
maximum value of the graphed autocorrelation coefficient (R),
when statistically significant, indicates the periodicity of the time
series. All R-values were significant, indicating high similarity
within respective months. Pairwise Pearson’s correlation coeffi-
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Fig. 6. Average seasonal cycles of environmental parameters and coral geochemical proxies for NE and SW regions in Madagascar. Note that G/B (panel d) is only available for
NE. Panels on the right are the autocorrelograms for each variable, with autocorrelation coefficients indicated on the secondary y-axis. Thirteen periods are shown on the
autocorrelograms to illustrate that maximum value occurs at period 12 indicating an annual seasonal cycle and periodicity of the time series.

cients between individual cores (G/B, Ba/Ca) and environmental
variables are also reported in Si4.

Multiple regressions to investigate environmental drivers of
coral proxies from the NE catchment indicate that precipitation,
sediment load, and river flow (in this order of importance) best ex-
plained the yearly changes in Ba/Ca (Table 2). These results were
obtained atlag=t+2,aslag=t+0...t+1 yielded no significant re-
sults. When multiple regressions were repeated with G/B as the re-
sponse variable, three variable combinations were found to
significantly explain the yearly variability in G/B (lag =t + 0), sedi-
ment yield (interchangeably with precipitation and river flow), AT
and ENSO (Table 2). In these three models, ENSO has a negative
influence on G/B while sediment load and temperature showed a
positive influence (Table 2). Regressions at lags =t +0...1 showed
no significant results, while at lag =t +2, only hydrological vari-
ables and precipitation significantly explained the variability of
Ba/Ca (Table 2). In the warmer and drier SW catchment, AT and
ENSO form a model that significantly explains the variability in
Ba/Ca, having opposite effects (at lag =t + 1). Unlike in the NE, sed-

iment yield and discharge do not significantly explain the variabil-
ity of Ba/Ca. This is consistent with the PCA results using un-
detrended data, which showed a less dominant role of hydrological
variables relative to temperature in the SW.

4. Discussion

We investigated the linkages between watershed characteris-
tics (climate, land use, population, and hydrological variability),
and environmental proxy records derived from coral skeletons
(Ba/Ca and G/B) in NE and SW catchments of Madagascar, in the
SW Indian Ocean. Previous studies have found correlation between
precipitation, river discharge and suspended sediment load with
the coral river runoff proxies (luminescence intensity, Ba/Ca), the
concept underpinning reconstructions of historical rainfall, river
flow and the amount of sediment in river flow (e.g., McCulloch
et al,, 2003; Lough, 2011). We analyzed for potential or likely asso-
ciation between these variables in Madagascar and investigated
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possible causative roles of environmental drivers of changes that
have occurred over the past five decades.

We confirm that in Madagascar catchments, precipitation, sed-
iment load and river flow are associated with coral proxies from
adjacent reefs at historical time scales, further extending the work
of Grove et al. (2010, 2012) in the NE catchments. We established
that the seasonal river discharge signal is well recorded in both Ba/
Ca and G/B ratios, where coral proxies values remain elevated dur-
ing several months after the peak discharge has occurred (Grove
et al., 2012). This is possibly due to the time delay in plume disper-
sion and the incorporation of the proxies into the coral skeleton.
Similar results were reported by Barnes and Lough (1993) and Jupi-
ter (2006) for the Great Barrier Reef.

Results indicate, overall, that there is significant covariance be-
tween forest cover, population, river flow, sediment load, and the
coral environmental proxies at annual and seasonal time scales.
For the NE, changes in river discharge, sediment yield, precipita-
tion, ENSO and temperature (AT, SST) were the main predictors
of the variability in Ba/Ca and G/B; for the SW, changes in AT and
ENSO were the significant predictors. Strong coral proxy signals
were associated with increases in precipitation and hydrological
indices (Table 2) in the NE. In both regions, while ENSO negatively
influenced the variability in coral proxies, AT positively influenced
the variability of Ba/Ca. Relationships between river discharge and
coral proxy signals have been confirmed in other regions, (e.g.,
Jupiter, 2006; McCulloch et al., 2003; Prouty et al., 2010), but the
role of temperature (AT, SST) and ENSO in determining such prox-
ies has not been clearly established. Earlier studies (e.g., Lea et al.,
1989; Shen et al., 1992; Fallon et al., 1999) have proposed, yet not
verified, that the Ba distribution coefficient between coral and sea-
water is temperature dependent. Our study does confirm a causa-
tive role of temperature (AT, SST) and ENSO in both regions, albeit
through different processes: NE corals may be responding to more
extreme discharge, whereas in the SW coral Ba/Ca is responding di-
rectly to temperature (AT and/or SST) changes, which are directly
sensitive to ENSO (Nicholson and Selato, 2000).

The hydrological variables (precipitation, discharge, sediment
yield), and coral proxies for the NE were highly synchronized in
terms of the long-term trends as revealed by the time series plots
(Figs. 4 and 5) and by the PCA analyses (Table 1, Fig. 3). The in-
crease in sediment yield since the late 1970s/early 1980’s in the
NE is also reflected in precipitation and river discharge, consistent
with both coral Ba/Ca and G/B (Fig. 4). This adds confidence to our
coral proxy reconstructions in terms of the changes in the long-
term trends in sediment yield. We can confirm that the postulated
increase in Ba/Ca and G/B by Grove et al. (2010) is indeed related to
an overall increase in sediment yield.

In the SW, Ba/Ca indicates a lower baseline signal from the late
1980’s to mid 1990’s, and a sharp increase in late 1990’s, possibly
related to the wetter conditions following the dry 1997/98 El Nifio
year (Fig. 5) (Zhong et al., 2005). PCA revealed significant covari-
ance of precipitation, sediment and discharge with only one core
(GRT1). Further, the temporal trend of the averaged SW cores
(Fig. 5) corresponds to those of sediment and discharge during
the late 1980’s and early 1990’s, which was a relatively dry decade
with low sediment yield and river discharge. Unlike in the NE, sed-
iment yield, discharge and precipitation did not significantly ex-
plain Ba/Ca variability in the two SW cores. However, given that
ENSO explained the Ba/Ca variability in this region (Table 2) and
its known influence on precipitation (Nicholls, 1988), a role of pre-
cipitation and hydrology on Ba/Ca changes can still be inferred for
this region.

The seemingly lack of explanatory power by the hydrology and
precipitation in the SW may be explained by the vast extent of the
SW watershed, which ranges from the eastern mountains with an-
nual rainfall of 1200 mm, to the lowland coastal plains with only

100 mm (Fig. 1). The rivers Onilahy and Fiherenana, which drain
the SW watershed, originate from the eastern plateaus and trans-
port sediment loads even when most of the SW region is dry.
The Onilahy River is likely the most important source of sediments
reaching the GRT, due to the main direction of southerly winds that
distribute the river plumes northwards. The SW reefs have a com-
plex and shallow architecture, with large intertidal zones. These
provide ideal conditions for resuspension of fine sediments, driven
by the strong tidal currents, sea winds and the frequent cyclones
(Bruggemann et al., accepted for publication). In contrast, cores
from the NE are from a reef with a much simpler structure, in form
of a shallow fringing reef surrounding a small island and directly
exposed to the river plume that disperses towards that fringing
reef. Given that the NE and SW regions are prone to frequent
storms and cyclones (Nassor and Jury, 1998), sediment resuspen-
sion could lead to ‘committed sedimentation’ from accumulation
of the past sediment deposits whose signals can be recorded by
corals at the time of resuspension, even when there is no rainfall
or new deposition (Jupiter et al., 2008; Prouty et al., 2010). Resus-
pension of sediments could be a secondary source of dissolved Ba
for the corals in the SW enhancing Ba/Ca seasonality, and may con-
tribute to temporal mismatch and lack of correlation between
hydrology and proxy signals. Coral Ba/Ca in areas not influenced
by terrestrial discharge are known to display seasonal signals that
have been related to seasonal upwelling (Tudhope et al., 1996; Lea
et al., 1989), which can be generated by zonal winds that are influ-
enced by ENSO cycles (Fallon et al., 1999). However, upwelling as a
secondary driver of high Ba/Ca seasonality in the SW is not sup-
ported by recent monitoring data for the same region (Brugge-
mann et al., accepted for publication).

We observed mismatches between the interannual variability
in either river discharge or sediment load and coral runoff proxies
(Figs. 4 and 5). These were also evident in the GLM’s where predic-
tor variables performed better with the introduction of 1-2 year
lags (Table 2), indicating possible alignment errors in the time ser-
ies data and/or physical process in the hinterland and differences
in local environmental influences. Similar results were observed
for the Great Barrier Reef (McCulloch et al., 2003), e.g., when dry
years were followed by wet years, the erosive potential increased
due to the loss of groundcover. Consequently increased suspended
sediment loads and elevated coral Ba/Ca signals were observed
even in years with average precipitation and river discharge
(McCulloch et al., 2003). Examples in our coral proxy data time ser-
ies in the NE (Fig. 4) include the dry mid 1950s which was followed
by wet years in late 1950s leading to a spike in sediment load, and
the dry 1997/1998 period which was followed by a relatively wet
period and high sediment yield. These drought-breaking rain and
floods that increase sediment discharge can distort the otherwise
linear relationship between river discharge, sediment yield and
coral proxy signals. Similarly, consecutive wet years result in lower
erosion due to the soil saturation and subsequently low runoff
proxy signals during wet years (Alibert et al., 2003; McCulloch
et al., 2003). Our results for the NE and SW catchments show evi-
dence for non-linear relationships between precipitation and sed-
iment yield on inter-annual, decadal and longer time scales
(Figs. 4 and 5).

The timing of the change points in environmental variables (NE:
1958, 1991, 2002; SW: 1987, 1997) did roughly correspond to
those observed in river runoff proxies (NE: 1958, 1988, 2000;
SW: 1989, 1999), although within 2-3 years lag times in response
to environmental changes (Figs. 4 and 5). These alignment errors
can also be due to uncertainties from proxy dating; time averaging
of proxy signals with skeletal growth; and catchment soil moisture
characteristics. Coincidentally, the years 1977, 1982, 1987, 1991,
1997, and 2002 were strong El Nifio years, while 2000 was a La
Nifia year (Chen et al., 2004). It appears that some of the significant
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change points are associated with ENSO, further highlighting the
role of ENSO on tropical coastal ecosystems in the western Indian
Ocean (Zinke et al., 2004, 2005).

Indeed, the tropical Pacific imparts substantial climate variabil-
ity to the western Indian Ocean (Zinke et al., 2005), where the
warm phase of ENSO is associated with droughts, while the cold
phase is associated high rainfall (Zhong et al., 2005). ENSO’s indi-
rect influence on rainfall has been shown to occur most consis-
tently in south-western Africa (15-32°S) (Nicholson and Selato,
2000; Zhong et al., 2005). The ENSO/rainfall relationships are man-
ifestations of the influence of ENSO on these Indian and Atlantic
oceans (Nicholson, 1997; Goddard and Graham, 1999; Nicholson
et al.,, 2001). During the first half of La Nina episodes (warm phase),
there is a tendency for anomalously dry conditions. As with El
Nino, the La Nina signal is strongest during the second half of the
episode (cold phase), but in contrast to El Nino, the rainfall is
abnormally high (Nicholson and Selato, 2000).

Our results show that in both regions, the ENSO cycle is an
important factor in explaining the variability of coral runoff prox-
ies (G/B in the NE; Ba/Ca in SW) (Table 2). Given that ENSO is not
highly correlated with rainfall (Table 1), it appears that ENSO influ-
ence is most significant during extreme high or low runoff in spe-
cific years that are associated with either phases of the ENSO.
Similarly, Ward et al. (2010) found that ENSO has a greater impact
on extreme discharge years than on years with mean annual dis-
charge. ENSO variations have been shown to correlate with dis-
charge in many parts of America, Australia, northern Europe, and
parts of Africa and Asia (Dettinger et al., 2000), reinforcing the pos-
tulation that global weather patterns captured by the ENSO have a
significant forcing on both stream-flows and coastal ecosystems
around the world (Ward et al., 2010). Recent work in Madagascar
(Ingram and Dawson, 2005) and in continental Africa (Anyamba
et al.,, 2001) showed a negative influence of ENSO on vegetation
cover. Further, Zinke et al. (2004) showed evidence for the influ-
ence of ENSO on SST in the nearby Ifaty lagoon in the SW of Mad-
agascar, where ENSO years after the 1970’s were characterized by
high SST and low rainfall. This is consistent with our GLM results,
which showed a negative impact of ENSO on coral Ba/Ca in the SW.

Overall, our results corroborate the hypothesis that there are
strong linkages between watersheds’ climate variability, hydrol-
ogy, forest cover, population growth and the adjacent coral reefs.
Changes in forest cover in the respective watersheds and popula-
tion size were not directly connected to coral runoff proxies, and
they did not significantly predict the variability in coral proxy sig-
nals in both regions as shown by the regression models. They did
however highly co-vary with coral runoff signals and with the
hydrological variables. This suggests that changes in land use and
increased population density might govern the long-term trends
in sediment yield and coral environmental proxy data, but that
these are slow processes. They interact with climatic changes
through precipitation to influence the amount of sediment trans-
ported through river runoff, which is subsequently deposited in
coastal waters and reflected in elevated Ba/Ca and G/B in corals.
This reinforces the need to incorporate terrestrial land use man-
agement in the design of coral reef protection networks.
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