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Abstract

Ongoing human activities are known to affect nitrogen cycling on coral reefs, but the
full history of anthropogenic impact is unclear due to a lack of continuous records. We have
used the nitrogen isotopic composition of skeleton-bound organic matter (CS-8"°N) in a
coastal Porites coral from Magnetic Island in the Great Barrier Reef as a proxy for N cycle
changes over a 168 year period (1820 — 1987 AD). The Magnetic Island inshore reef
environment is considered to be relatively degraded by terrestrial runoff; given prior CS-8*°N
studies from other regions, there was an expectation of both secular change and oscillations
in CS-5"N since European settlement of the mainland in the mid 1800’s. Surprisingly, CS-
8N varied by less than 1.5%o despite significant land use change on the adjacent mainland
over the 168-year measurement period. After 1930, CS-5""N may have responded to changes
in local river runoff, but the effect was weak. We propose that natural buffering against
riverine nitrogen load in this region between 1820 and 1987 is responsible for the observed
stability in CS-8"°N. In addition to coral derived skeletal >N, we also report, for the first
time, 8*°N measurements of non-coral derived organic N occluded within the coral skeleton,
which appear to record significant changes in the nature of terrestrial N inputs. In the context
of previous CS-5"°N records, most of which yield CS-8"°N changes of at least 5%, the
Magnetic Island coral suggests that the inherent down-core variability of the CS-5"°N proxy

is less than 2%o for Porites.



1.0 Introduction

Every year, 70-100 Tg of anthropogenic fixed N is transported into the coastal ocean
through either riverine transport or atmospheric deposition (Fowler et al., 2013). The release
of inorganic reactive N is thought to be a major driver of coastal ecosystem decline
worldwide (Elser et al., 2007), and coral reefs of naturally oligotrophic tropical waters would

seem particularly vulnerable (Carpenter et al., 1998).

It is generally accepted that coastal reef systems, including those of the Great Barrier
Reef (GBR), are highly susceptible to eutrophication associated with terrestrial runoff
(Brodie et al., 2011). Evidence to date suggests that agricultural activity since European
settlement in the mid 1800’s has increased the flux of sediments and nutrients to the near-
shore GBR (Furnas, 2003; Kroon et al., 2012; McCulloch et al., 2003). Furthermore, spatial
changes in coral reef composition have been associated with declining water quality gradients
(Fabricius et al., 2005), with many inshore reef systems already considered eutrophic (Bell,
1992; Bell and Elmetri, 1995; Brodie et al., 2011). However, in the GBR, there is still no
clarity as to the historical changes that have occurred as a result of anthropogenic nutrient
inputs, mostly due to a lack of long term records of coastal water quality (Fabricius et al.,

2005; Koop et al., 2001; Wooldridge et al., 2006).

Changes in N availability are typically accompanied by shifts in the isotopic
composition of the N (8'°N (in permil, %o) = 1000*((**N/"*N)sample/ (°N/**N)reference—1), Where
the >N/*N reference is N in air). This is particularly true if the isotope signature of the N
source changes; for example, an increase in fertiliser runoff is often associated with a drop in
the 8'°N of fixed N dissolved in the coastal water column and particulate N suspended in it
(Kendall et al., 2007). Numerous studies have suggested that these anthropogenically induced
shifts in 5'°N are recorded by benthic marine organisms such as corals (Baker et al., 2010b;
Hoegh-Guldberg et al., 2004; Sammarco et al., 1999; Sherwood et al., 2010), and macroalgae
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(Costanzo et al., 2001). The 3*°N signal of boulder forming hard coral tissue is well preserved
within the skeleton (Muscatine et al., 2005; Yamazaki et al., 2013), and several studies have
now used the 8*°N of hard coral skeleton-bound organic N (CS-5"°N) to try and detect
temporal and spatial changes in the §'°N anthropogenic N discharges (Jupiter et al., 2008;

Lewis et al., 2012; Marion et al., 2005; Yamazaki et al., 2011).

However the CS-8'°N of hard corals will also respond to ecosystem shifts driven by
changes in N availability. For instance, increased N loads to coral reefs lead to changes in
microbial community structure (Furnas et al., 2005) and prey availability for higher trophic
levels, which can cause changes to the 8*°N of zooplankton (McClelland and Montoya,
2002). Food-web structure in a marine ecosystem therefore affects the §'°N of the different
components of that ecosystem (Michener and Kaufman, 2007), some of which are accessed
during feeding by corals. Moreover, and separate from any '°N change in a given prey item,
both physiological and trophic changes in zooxanthellate corals can alter their tissue *°N
(Erler etal., 2015; Reynaud et al., 2009; Wang et al., 2015). Anthropogenic N enrichment
therefore works to alter CS-8"°N in multiple ways, including: (1) changes in the §'°N of the
source of inorganic and particulate N to a system; (2) changes in the §"°N of N available to
the coral through shifting food-web structure; and (3) changes in the internal cycling of N
between coral and symbiont as a result of coral feeding rate and/or zooxanthellae growth rate
(Table 1). Given all of these factors, barring a remarkable coincidence of offsetting effects,
an ecologically consequential anthropogenic nutrient enrichment on a coral reef will cause a

measurable change in the CS-8"°N of resident corals.

Most of the previous tropical hard coral CS-8"°N records appear to support the view
that anthropogenic activity has significantly altered coastal ocean N cycling (Jupiter et al.,
2008; Marion et al., 2005; Yamazaki et al., 2011; Yamazaki et al., 2015). However, many of

the analytical protocols previously used did not sufficiently clean the coral skeletal samples



to remove potential contaminants from non-coral derived organic N, or foreign organic N
(FON), that become occluded within the coral skeleton during calcification. Furthermore
many of the previous studies isolated only the acid insoluble organic fraction of the skeletal
organic material, causing potential bias in their CS-8"°N records. Both these factors could
have limited their capacity to support detailed historical studies of coral skeletal 5°N as a

proxy of environmental change.

Recently a new method was developed in which the organic N from small quantities
(e.g. 5 mg) of aggressively cleaned coral powders is oxidised and bacterially converted to
N,O for analysis of §'°N via isotope ratio mass spectrometry (Wang et al., 2015). The new
method for CS-8"°N analysis is adequately precise (1 6 = 0.2%o) to capture even modest
changes in CS-8"°N(Wang et al., 2015). Further, it has already been shown that CS-8"°N
measured in this way can be used to trace small (~1%o) spatial fluctuations in external water
column 8"N (Erler et al., 2015). The natural progression in the development of this new
proxy is the reconstruction of long-term (> 100 yr) temporal CS-8"°N records at semi-

annual/annual resolution.

In this study we have applied the new CS-8"°N technique to try and detect changes in
the N cycling dynamics of a coastal reef in the GBR (Fig. 1) from 1820 to 1987 AD, testing
the hypothesis that CS-5'°N from a coastal GBR coral has been altered substantially by the

previously reported increases in the input of anthropogenic fixed N over that period.

2.0 Methods

2.1 Coral cores
This work is based on the analysis of coral skeleton organic material from four coral

colonies. The main coral core used in this study was drilled from a large Porites colony



situated in Geoffrey Bay, Magnetic Island (19.15°S, 146.87°E) (Fig. 1) in 1987. Magnetic
Island is a 52 km? inshore continental island within the central portion of the GBR lagoon.
The island lies roughly 8 km offshore from the city of Townsville, and in the path of flood
plumes debouched from the Burdekin River, the largest source of freshwater to the GBR
lagoon. The water quality of the Magnetic Island reef system is considered to be relatively
degraded and this has been attributed to anthropogenic activity on the adjacent mainland, and
in particular to nutrient and sediment discharge from the Burdekin River (Brodie et al., 2011,
Devlin and Brodie, 2005; Furnas, 2003; Lewis et al., 2007; Wooldridge et al., 2006). While
particulate N released from the Burdekin River is known to be removed within 10 km of the
river mouth, dissolved inorganic from terrestrial runoff and sediment mineralisation is

transported as far as Magnetic Island during heavy rainfall events (Bainbridge et al., 2012).

Additional Porites cores were collected from three reefs in the northern section of the
GBR (Fig. 1, top inset), a region still considered to be in pristine condition (De’ath et al.,
2012). The three northern GBR cores (NR1, 2 and 3) were collected in 1990 from reefs
situated 14, 43 and 40 km from the mainland respectively (12.51°S 143.52° E, 12.38°S
143.74°E, 13.3°3S 143.96°E). All cores were collected by the Australian Institute of Marine

Science (AIMS). Collected cores were sectioned into 7 mm slabs at AIMS.

2.2 CS-6"N measurement

Coral slabs were x-rayed to identify annual growth bands, sonicated to remove
surface contamination, and then dried. Between 5-10 mg of skeletal material was drilled from
each annual high and low density band with a hand held drill after the surface aragonite
(about 1 mm) was ground away to reveal clean skeletal material beneath . For the Magnetic
Island core, an additional high and low density band was sampled from every fifth year of
skeletal growth to determine the precision of the analytical method. The age model was

determined by counting the growth bands. The age of the Magnetic Island core was



calculated to be 168 years old (1820 to 1987) while the three northern GBR cores were 17
(1974 — 1990), 18 (1973 — 1990) and 16 (1975 — 1990) years old (NR1, NR2 and NR3
respectively).

The detailed protocol and method validation for the extraction and analysis of CS-
8N is described by Wang et al. (2015). Briefly, coral powders were cleaned with sodium
hypochlorite to remove any contamination, washed, dried and dissolved by reaction with
HCI. Samples were oxidised with persulphate to yield NOs’, the §'°N of which was measured
following conversion to N,O via the denitrifier method (Sigman et al., 2001). Results from
the high- and low-density bands from each year were averaged to give annual data points.
The precision of the method, calculated from the replicate measurements (n = 4) made every

fifth year of growth, was 0.2%o (1 6).

2.3 Foreign organic nitrogen in the coral skeleton

In this study we measure the N content and 8"°N of FON in a coral skeleton by
comparing cleaned and uncleaned coral powders from the Magnetic Island core. The
distinctive luminescent banding observed within coral skeletons has been linked to the
discharge of terrestrially derived humic acids (Grove et al., 2010; Isdale, 1984; Lough, 2011)

and we chose these most intense luminescent intervals to perform the comparison.

Using a UV light, the 40 most intense luminescent lines were selected in the Magnetic
Island core. About 20 mg of coral powder was drilled from these growth bands. Half the
powder from each of the selected luminescent lines was bleach cleaned to remove entrapped
non-coral-native organic N (Ramos-Silva et al., 2013), and the other half remained
unbleached. Both samples were then analysed as above for §*°N. A replicate set of powders
was collected and analysed from every 4™ luminescent line. A simple mixing calculation,

equation (1), was used to determine the *°N content of the FON (FON-8"°N).



(UC-8"N)x (UC-N)-(CL-8 "> N)x (CL-N)
(UC-N)-(CL-N)

FON-§1°N= Equation (1)

Where UC-8"N is the §'°N of the uncleaned skeletal organic material; UC-N is the total N
content of the uncleaned sample (umol N g™); and CL-N is the N content of the cleaned
sample. Error propagation during the calculation of FON-5"°N was determined using the

results from the replicate analysis and the equations of Hayes (Hayes, 1983).

2.4 8'%0 and linear extension rates

For the analysis of the 820 signature of the carbonate material from the Magnetic
Island coral, 100 to 150 pg of milled powders were analysed with a Thermo GasBench 11
coupled to a Thermo Delta V plus mass spectrometer using published protocols (Breitenbach
and Bernasconi, 2011). External reproducibility (15) of carbonate standards was better than
+0.06%o during the analysis. Isotope values were calibrated to the Vienna Peedee Belemnite

scale (VPDB) with the NBS-19 carbonate standard.

Linear extension rates were determined after analysis of density banding in coral core
x-rays. Analysis was performed with Coral-XDS® (\V3.0) software. Extension rates were
calculated from measured distances between adjacent high density growth bands. Burdekin
River discharge data for the period 1820 to 1987 were based on previous reconstructions
(Lough, 2007), and for the period 1920 to 1987 from instrumental records in the Queensland
government archives (www.dnrm.gld.gov.au/water).

2.5 Statistical Analysis
Comparison of the variances in CS-8"°N between the four coral cores was performed

with Levine’s test for homogeneity of variances in SPSS. Comparisons were made between

data from the three northern GBR cores (1974 — 1990, 1973 — 1990 and 1975 — 1990 for



NR1, NR2 and NR3 respectively) and the Magnetic Island core data for the period 1820 —
1987.

The strength of correlations between CS-8'°N and the other parameters (5'°0, LER,
and Burdekin River discharge) were determined using the Spearman’s rank-order correlation
test on normalised data. For the correlation analysis, data were normalised to the average
value between 1820 and 1840 and, in the case of the instrumental Burdekin River discharge

data, to the average value between 1820 and 1830.

3.0 Results

3.1 Coral skeletal 6'°N

The yearly and Gaussian filtered (5 year) CS-5"°N data from the Magnetic Island core
are shown in Fig. 2a. The range in the Magnetic Island CS-8"°N record was less than 1.5%o
over the 168 year measurement period. In the first 40 years of the record (1820 — 1860), the
CS-5"N remained within a ~ 0.6%o range, with an average value of 6.65 + 0.15%o (1 o). After
1860, the variation in CS-5""N became more pronounced, but CS-5"N still remained within
the 1.5%o range, averaging 6.80 £ 0.30%o (1 o) for 1860 to 1987. Below, we describe the
results of the correlation analysis between CS-5"°N and other properties over the record, but
we emphasize here that our measured CS-8"°N variation is minor in comparison to modern
spatial 8*°N variation in corals and other reef N pools (Marion et al., 2005; Risk et al., 2009a;

Risk et al., 2009b; Yamazaki et al., 2011).

There is no significant correlation between Burdekin River discharge (Fig. 2b, from
the data of Lough (2007)) and CS-8"N between 1820 and 1987. However, for the period
1930 to 1987, the correlation between instrumental Burdekin River discharge (Fig. 2b) and
CS-5"N is significant and negative (rs = -0.33, p < 0.05). The carbonate 520 and the

measured linear extension rate (LER) for the Magnetic island core are plotted in Fig. 2c and
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2d respectively. Warm wet periods, reflected by lower 20, appear to coincide with high
Burdekin River discharge and lower CS-5"°N from 1936 onwards, but these correlations are
not significant. Similarly there is no correlation between LER and Burdekin River discharge

or CS-5"°N over the measurement periods 1820 to 1987 or 1930 to 1987.

The CS-8"N for the Magnetic Island core was compared with CS-8*°N from three
cores collected in the pristine far-northern section of the GBR (Fig. 1). The mean CS-5"°N
values from the four cores were all statistically different (p < 0.05) from each other (Fig. 3).
The mean CS-5"°N between 1980 and 1987 from the Magnetic Island core was statistically
higher than prior to 1980 (Fig. 3). Spatial differences in CS-5'°N may be indicative of reef-
specific N cycling, however, of greater relevance here is a comparison of the variance in CS-
8N over time between the far-northern corals and the Magnetic Island coral, which offers an
additional indication of whether the latter has experienced significant anthropogenic
disturbance. The variance in CS-8"°N for the Magnetic Island core and from two of the
northern reefs (NR1 and NR2) were not statistically different (p > 0.05) (Fig. 3), implying
that the level of disturbance in CS-8"°N from the Magnetic Island coral was similar to that in
two of the three corals collected from the pristine northern section of the GBR. Only

comparison with NR3 suggested a greater variance in the Magnetic Island core.

3.2 Potential contamination with non-coral derived N

Of earlier studies that report temporal records of CS-5"°N in tropical hard corals,
many did not clean the coral powders with an oxidising agent, such that non-coral derived
organic material, which we call foreign organic N (FON), may also have been included in the
analysis of CS-5"°N. Ramos-Silva et al. (2013) highlight the potential contamination of the
coral-native organic N occluded within the precipitated mineral phase with foreign organic
compounds entrapped in skeletal cavities. This FON can include endolithic algal remnants

and humic acids (Boto and Isdale, 1985; Titlyanov et al., 2008).
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The work of Wang et al. (2015) shows that uncleaned coral powders contain more N,
and can have different CS-8"°N, than cleaned powders. In the present study, we sought to
ensure that the sodium hypochlorite cleaning protocol was effective at removing FON from
the coral skeleton. Hence we ran a number of duplicate samples in which the powders were
not hypochlorite-cleaned. Powders from intense luminescent lines were chosen for the
comparison because luminescent lines are thought to be associated with the inclusion of
humic acid FON (Boto and Isdale, 1985; Susic et al., 1991), arguably increasing the potential
for observing a difference between cleaned and uncleaned samples. We measured the N
content and 8*°N of the uncleaned powders (Fig. 4a, blue symbols; N content not shown).
From these data and the data on CS-5""N and N content, the §"°N of FON (FON-5"°N) was

calculated (Fig. 4, red symbols; see section 2.3).

The "N of the uncleaned powders and thus the FON-5"N had a long term trend,
with a FON-8"N difference of 9.7%o between the lowest (1847) and highest (1961) values
(Fig. 4a, blue symbols), far in excess of the variability observed in CS-8'°N. Without the
removal of the FON from the coral powders, we could have erroneously concluded that *°N
in the coastal waters surrounding Magnetic Island has increased over the 170 year
measurement period (Fig. 4a). The amount of N associated with FON is consistently less than
the amount of N associated with the CS-8"°N, i.e. N extracted from cleaned coral skeleton
(Fig. 4b). While the concentration of FON shows no trend over the coral record (Fig. 4b), the

FON-8"N increases with time (R? = 0.58, P<0.001) (Fig. 4a).

4.0 Discussion

4.1 Comparison with other coral records of 8*°N
In this study we have used a newly developed isotopic technique to measure the CS-

8N in a 168 year old coastal Porites coral from the inshore GBR. The proxy has been
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applied to detect small (<3%o) spatial changes in CS-5"°N (Erler et al., 2015; Wang et al.,
2015) but this is its first application to a long lived coral skeleton. Given 1) the spatial
sensitivity of the new CS-8"°N proxy, 2) that the inshore GBR is considered to be relatively
degraded by increases in terrestrial nutrient runoff since the mid-1850’s, and 3) that
perturbations to N cycling affect the 5'°N of resident organisms, we expected to observe
significant shifts in CS-8"°N over the 168 year measurement period. However, surprisingly,
the CS-8"°N record from the Magnetic Island coral was largely stable over the 168 year

measurement period.

The stability of the Magnetic Island CS-8"°N record is in stark contrast to all previous
temporal CS-5"N records derived from boulder forming hard corals (Fig. 5a) which can
show changes of ~10%o within a single colony (Jupiter et al., 2008; Marion et al., 2005;
Yamazaki et al., 2015). Jupiter et al. (2008) found that the CS-5"°N (of the acid insoluble
fraction of coral skeletal organic N) was abruptly elevated during two major flood events in
the Southern GBR. Based on our analyses, which yielded values up to 10%. in FON-8"N, we
raise the possibility that the flood induced elevation of the insoluble CS-3"N reported by
Jupiter et al. (2008) is caused by the presence of FON trapped in the skeleton and not a direct
result of changes to the coral-native N. This may also account for some of the large variations
in 8*°N observed in other past studies based on the measurement of insoluble organic matter
from uncleaned or weakly cleaned skeletal material (Lewis et al., 2012; Marion et al., 2005)
(Fig. 5a). To be clear, we have no direct evidence that such effects have been important in
any prior study. However, our data show clearly that the presence of FON can be a significant

driver of noise and possibly of secular trends in a CS-5"N record.

With regard to our own data, the lack of correlation between FON-5"°N and CS-5"°N
argues that CS-8"°N is not affected or contaminated by environmentally derived organic

matter associated with the coral skeleton. More generally, the reported CS-8*°N record
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indicates that the inherent variability of the CS-8"°N proxy is low, <2%o and probably <1%,
suggesting that relatively subtle isotopic signals should be recoverable using this developing
technique. Because of the large 8*°N changes observed in previous studies, up to this time,
the inherent stability of CS-6'°N in the context of a down-core record has not been clear. At
the very least, this study has successfully demonstrated that the new technique is applicable
to long lived coral cores, and is immune to the very large swings in CS-8"°N observed in
previous studies. We are confident that moving forward the described CS-8"°N proxy will be

an important tool in the study of N cycling on coral reefs.

4.2 Foreign organic N
As well as CS-5"N, we also measured the §'°N of foreign organic N (FON-8"°N)

within the Magnetic Island coral core. Initially our intention was to demonstrate the utility of
sodium hypochlorite cleaning on CS-8"°N, however the pattern observed in the FON-5°N
record illustrates that in itself it may be an important new proxy record of anthropogenic

change in coral reef environments.

We found that the FON-5"N increases dramatically over the time period covered by
the coral core. Beyond its methodological implications, this increase may have an important
environmental cause. Providing an explanation for the increase in FON-8"N relies on
understanding the source of the FON, and this is not clearly constrained by our data set.
However, given that we chose the most intense luminescent lines in the coral skeleton, we
propose that humic acids provided the bulk of the FON, and that changes in the §*°N of

humic acids are responsible for the observed change in FON-&"N.

Early studies (Boto and Isdale, 1985; Susic et al., 1991) found strong correlations
between river run-off and luminescent bands. This included the observation that elevated

concentrations of humic acids were associated with coral skeleton luminescent lines and that

14



the humic acids were similar to those derived from soil (Susic et al., 1991). However, others
have argued that the luminescent lines in offshore corals, mostly removed from terrestrial
sediment input, point to salinity induced changes in skeletal density as the cause of
luminescence (Barnes and Taylor, 2001). Based on the evidence to date, it appears that the
brighter more distinct lines present in coastal corals are caused by changes in skeletal
chemistry, including the incorporation of humic acids during high runoff events (Barnes and
Taylor, 2005; Grove et al., 2010; Lough, 2011). Llewellyn et al. (2012) present a model in
which humic acids diffuse through the coral tissue layer into the calicoblastic fluid, where
they then become incorporated into the skeleton. If so, humic acids contribute to the pool of
contaminants that are trapped in the skeletal voids during calcification. Such material would
be removed via the sodium hypochlorite treatment (Ramos-Silva et al., 2013), fitting our

observations.

If the FON measured in this study is largely composed of humic acids, then a
potential explanation arises for the increase in FON-5"N since the early 1800’s. Humic acids
in coral skeletons are regarded as a proxy for humic acid runoff and related changes in
catchment precipitation and soil erosion (Grove et al., 2010). The §"°N of humic acids is
known to increase with age (Kerley and Jarvis, 1997); this has been related to the finding that
in soil profiles, the deeper more refractory humic material is higher in 8*°N than leaf litter in
a given terrestrial environment (Hobbie and Ouimette, 2009; Huygens et al., 2008). This
raises the possibility that the rise in FON-8"N signals an increase in the age of humic
material delivered to the Magnetic Island reef due to the erosion of deeper soil layers
exacerbated by agriculture. This would be consistent with the expectation that the topsoil in

the Burdekin catchment is not being replenished at a rate equivalent to that of soil loss.

Potential explanations for the FON-8"°N rise aside, the rise itself has implications for

coral N biogeochemistry. Specifically, the CS-5"°N shows no indication of paralleling the rise
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in humic acid 8*°N. This is consistent with the view that these humic inputs are not an
important N source to this Magnetic Island coral or its ecosystem. The increase in FON-3"°N
also stands to highlight the stability in the CS-8"°N from the Magnetic Island core against a

reported backdrop of increased terrestrial nutrient discharge in the region.

4.3 The Magnetic Island CS-8"N record in the context of coastal changes since 1820

Numerous studies of proteinaceous corals and organic-rich components of other
organisms from coastal regions typically show significant §°N shifts as a result of
anthropogenic activity (e.g., due to sewage discharge or fertiliser runoff) (Fig 5b) (Baker et
al., 2010a; Baker et al., 2010b; Dailer et al., 2010; Heikoop et al., 2000; Lapointe et al., 2010;
Risk et al., 2009b; Sherwood et al., 2010; Ward-Paige et al., 2005). Corals are sensitive ‘bio-
indicators” because they record '°N changes in both the inorganic and organic N fractions
(Hoegh-Guldberg et al., 2004), and many studies have capitalised on this to demonstrate the

spatial and temporal extent of anthropogenic N enrichment (Fig. 5).

In relation to boulder forming hard corals, changes in N cycling such as shifts in
plankton abundance can also be registered in CS-8"°N. For example, using the same methods
as employed here, a 3% increase was observed in the CS-3"°N of Diploria labyrinthiformis
from the rim reef of the Bermuda pedestal to the inner lagoon (Wang et al., 2015), a gradient
mostly explained as the result of productivity-driven differences in the coral host/symbiont N
cycle. In Porites lutea and Favia stelligera , Erler et al. (2015) observed a ~1%o change in
CS-5"N across a 250 m reef flat transect, in this case resulting from a water column gradient
in dissolved and particulate *°N. Using similar methods but with a sodium hydroxide (not
specifically oxidative) cleaning, Yamazaki et al. (2011) connected a 5.6%o cross-reef gradient
in CS- 8N to the 5™°N of nitrate originating from a river mouth, and variations in CS-6"°N

of up to 14%o from a 52 year old Porites coral off the Ryukyu Islands in Japan (Yamazaki et
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al., 2015) (Fig. 5a, green circles). As described in Table 1, increasing anthropogenic N loads

can influence coral 5'°N in numerous ways and should change the CS-5"°N of local corals.

For the GBR, anthropogenic changes in land use since the 1800’s are thought to have
increased the flow of terrestrial sediments (Lewis et al., 2007; McCulloch et al., 2003;
Wooldridge et al., 2006) and N loads (Brodie et al., 2011; Devlin and Brodie, 2005; Furnas,
2003) into the coastal GBR lagoon. Chlorophyll and inorganic N concentrations in waters
surrounding Magnetic Island are considered to be above eutrophication thresholds (Bell,
1992; Brodie et al., 2011; Wooldridge et al., 2006) as a result of increased riverine N input
associated with flooding in the Burdekin River catchment (Brodie et al., 2007; Devlin and
Brodie, 2005; Wooldridge et al., 2006). We were therefore surprised to find no discernible
trend toward lower or higher CS-8"N over the 168 year measurement period, this includes
during periods of obvious impact from anthropogenic land-use change such as those
associated with the introduction of sheep and cattle grazing to the Burdekin River catchment
in1860 (Fig. 2e). Such land use changes are captured in the Mn and Y record of a coral
skeleton collected in Geoffrey Bay, Magnetic Island (Fig. 2f; Lewis et al. (2007)) but do not

cause a corresponding change in CS-5"N in our core (Fig. 2a).

The lack of change in the Magnetic Island record could simply be due to low
sensitivity of CS-6"°N to N enrichment of the coral reef ecosystem. Yet in previous work we
have found that subtle changes in the 8°N of water column N, or N availability, are recorded
in CS-5"N over relatively short spatial scales (Erler et al., 2015; Wang et al., 2015).
Furthermore, numerous other studies have detected at least 2%o changes in CS-5"°N as a
result of anthropogenic N inputs (Marion et al., 2005; Yamazaki et al., 2015). Therefore
significant N enrichment should result in observable shifts to CS-8"°N. Nevertheless, the
magnitude of anthropogenic change required to cause a detectable change in CS-5"N is

unclear and probably varies among regions and environments.

17



In order to establish the degree to which anthropogenic change would affect CS-5"N,
we compared the variability in the CS-5"°N from the Magnetic Island core with three cores
from pristine reefs in the Northern section of the GBR. If the Magnetic Island CS-8"N record
is indicative of eutrophication and its inherent variability, then we would expect it to be
greater than the CS-8"°N variability in the Northern GBR records. However, we found no
difference between the variance in the CS-5"°N record from the Magnetic Island core and two

of the three records from the pristine northern section of the GBR (Fig. 3).

The average CS-8"N in the three Northern GBR cores vary from one another by
~1%o, possibly due to locally significant N contributions or productivity-driven N recycling
efficiency differences among the corals (Wang et al., 2015). The average CS-5"N in the
Magnetic Island coral is <2%o different from the three pristine Northern GBR cores
throughout the entire sampling period, implying the Burdekin riverine N input/land use
change did not change the N cycle in Magnetic Island waters significantly during the 168-

year study period.

Further support of this interpretation comes from the 5N of shallow subsurface
nitrate in the Coral Sea, which reflects the 5'°N of the supply of oceanic nitrate to the
euphotic zone in the region. This nitrate 8°N is ~6%o (Yoshikawa et al., 2015), such that the
CS-5"N of the Magnetic Island coral is roughly 1%o higher. Similarly, CS-8'°N from the reef
margin of the island of Bermuda is ~1%o higher than the 8*°N of shallow subsurface nitrate in
the Sargasso Sea (Wang et al., 2015). Since the mean 8*°N of plankton are observed to have a
8N similar to (or slightly higher than) the nitrate supply to the oligotrophic surface ocean
(Montoya et al., 2002), the absolute value of the CS-5"°N in Bermuda coral are consistent
with the coral feeding from an upper ocean N cycle fuelled with nitrate imported from below
(Wang et al., 2015). Following the same logic, the absolute value of CS-5"°N in the Magnetic

Island coral is consistent with expectations if the open ocean is the dominant source of N to
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this region, which in turn suggests the riverine N input changes have not significantly altered

the water column N cycle of Magnetic Island.

An alternative explanation for the lack of trend in the Magnetic Island CS-5"N is that
multiple changes to ecosystem N cycling could have had opposing effects on CS-8*°N. As
one scenario, an increase in the 5'°N of water column N associated with sewage discharge
could increase phytoplankton abundance and reduce the mean trophic level of corals’ food
source, the latter tending to lower the §'°N of the coral. Overall, such countering effects may
yield a lack of change in CS-5"°N. However, this alternative explanation relies not on only
one coincidence but rather on many coincidences over the length of the record, as there have
been multiple modifications of the Burdekin River catchment over the measurement period

(Fig. 2e, 1).

A third possibility is that the 8*°N of the riverine discharge is similar to the >N of
oceanic N supplied to the reefs. There are no direct >N measurements in the Burdekin
River, but the 8"°N of particulate organic matter from another anthropogenically affected
system (the Pioneer River, ~400 km south of the Burdekin River ) is ~9%. (Jupiter et al.,
2008), this is higher than the CS-5"°N of the Magnetic Island coral and also the apparent
oceanic nitrate supply to the GBR (~6%o ) (Yoshikawa et al., 2015). Bulk suspended
particulate organic matter tends to have a low "N relative to the other major N pools in both
the open ocean and many coastal systems (Altabet, 1988; Erler et al., 2015; Knapp et al.,
2011; Montoya et al., 2002). Speculatively, if the Burdekin riverine discharge has a similar
particulate *°N signature to that of the Pioneer River, then we could expect that the total
8N for Burdekin riverine N input would be even higher than 9%.. As such the dominance
of a stable N input from the Burdekin River to Magnetic Island is unlikely to explain the CS-
8N record. Further, riverine discharge is strongly controlled by rainfall and catchment

specific management, and the 8*°N of riverine discharge therefore is unlikely to be as stable
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as the 5™N of oceanic N, especially at seasonal timescales (i.e. our sampling resolution).
Even if the annual average "N of the Burdekin river discharge was similar to the §°N of
oceanic N, the reported changes in riverine N delivery to the region would still be expected to
drive changes in the 3"°N of the N supply to the Magnetic Island reef, at least on seasonal

timescales (Table 1).

It is also possible that acute changes in CS-8*°N could be obscured by the bi-annual
sampling resolution. The drill holes used to collect coral powder samples were roughly 5 mm
in diameter, for a coral growing ~1.5 cm a year, this represents about 4 months of coral
growth. Hence large and sudden (sub-annual time scale) swings in CS-6">N may have been
dampened in the record. However, if anthropogenic N input has significantly changed
ecosystem N cycling since European settlement then we would expect to see changes in CS-
8"N on various time scales over the 168 year old record, or at least a higher variability in CS-
8"N relative to the Northern GBR cores. We did not observe either of these, suggesting that
1) CS-3"N has been stable over the 168 year measurement period, and 2) that apparent
nutrient enrichment of the Magnetic Island reef waters has not been of significant magnitude
to change ecosystem &"°N or coral host/symbiont N cycling. If this is correct, and we must
stress that we only have one coral core showing this stable temporal trend, then it directly
contradicts past studies that indicate the region is suffering from declining water quality with

respect to N enrichment.

The earliest measurements of water quality around Magnetic Island revealed
concentrations of dissolved inorganic N and chlorophyll above the eutrophication thresholds
estimated for other reef systems (1 umol L™ and 0.4 pg L™ respectively) (Bell, 1992; Muslim
and Jones, 2003). Using measurements of coral tissue §°N, Sammarco et al. (1999)
suggested that Magnetic Island corals were affected by anthropogenic nutrient enrichment.

However, despite all the presented evidence that Magnetic Island water quality is degraded,
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it is still unclear whether current concentrations of dissolved N and chlorophyll are elevated

relative to historical values.

The stability of the Magnetic Island CS-3"°N record indicates that regional N cycling
has not changed significantly over the 168-year measurement period. This could be explained
by the long term resilience of inshore coral reefs against anthropogenic change which has
previously been documented by Perry et al. (2008). Furthermore, nutrient budget studies for
the GBR show that, despite the fact that inshore regions receive significantly greater riverine
loads, N accumulation is similar between inshore and offshore regions (Furnas et al., 2011). It
has been suggested that high rates of mineralisation and denitrification in coastal areas
prevents N accumulation (Alongi and McKinnon, 2005; Alongi et al., 2007), and thus
stabilizes regional ecosystem N dynamics. The CS-8"N record from the Magnetic Island
coral core suggests that ecosystem N dynamics have been largely stable over thel168 year
measurement period on this particular reef. This may be due to the ability of the ecosystem to

attenuate anthropogenic N.

Nevertheless, this finding is qualitatively different from most other studies of coastal
coral reef benthic organism &'°N (Fig. 5). For instance Risk et al. (2009b) showed a 3%
increase in the 8™°N of proteinaceous coral skeleton material as a result of urbanisation and
sewage discharge (Fig. 5b, red symbols), whereas Baker et al. (2010b) observed a long term
decrease in the 8*°N of octocoral skeletons as a result of increasing fertilizer usage (Fig. 5b,
light blue symbols). Moreover, previous CS-5"°N measurements from boulder forming hard
corals show great temporal variability, which the authors linked to anthropogenic activity
(Fig. 5a). In contrast, our study shows a prolonged stability of CS-8*°N and suggests that
some inshore reef systems are more resilient to anthropogenic N input than previously

thought.
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While we do not observe any clear long-term changes in the CS-8"°N of the Magnetic
Island core, we observe periods of lower CS-8"°N in the latter half of the record that may well
be attributable to anthropogenic change. While there was no clear relationship between CS-
8N and 80 in the Magnetic Island core, perhaps because the §'°0 of coral skeletal
material responds to both temperature and salinity, the minima in CS-8"°N for the Magnetic
Island core appear linked to high runoff events in the nearby catchment during wet periods
starting in the 1930s (Fig. 2a,b). This is supported by previous studies showing that Burdekin
River runoff is clearly detected in Magnetic Island corals (Cantin and Lough, 2014; Lewis et
al., 2007). Studies of flood plume nutrient transport show that much of the particulate N
discharged from the Burdekin River is deposited within 10 km of the river mouth (Bainbridge
et al., 2012). However inorganic N, including that derived from terrestrial fertiliser runoff as
well as nutrients generated from remineralisation of settled particulates, is known to reach
Magnetic Island and beyond (Bainbridge et al., 2012). It is not clear whether the CS-6*°N
minima observed in the Magnetic Island core are the result of increased fertiliser usage since
1930 (Furnas, 2003; Pulsford, 1993), or perhaps the result of phosphorus driven changes in N
fixation (Bell et al., 1999). Nevertheless, the CS-8"°N changes are minor and do not remain

depressed beyond the periods of high rainfall.

Evidence to date appears to show that the growth rate of inshore corals in the GBR,
monitored here by the linear extension rate (LER), has been relatively stable up until 1990
(Cooper et al., 2008; De'ath et al., 2009). For the Magnetic Island core, the decreases in CS-
8N that accompany large rainfall events after 1930 were not correlated with any change in
linear extension (Fig. 2c¢). Hence the biogeochemical changes reflected by the post-1930
minima in CS-8"°N do not appear to have influenced the linear extension of the studied
Porites corals from Magnetic Island. Two large thermal bleaching events after 1990 did

reduce calcification by up to 13% relative to baseline rates, but with good recovery in coral

22



growth following the bleaching events (Cantin and Lough, 2014). Cantin and Lough (2014)
argue that the post-bleaching recovery of the Magnetic Island corals is evidence that the reefs
are not suffering from local anthropogenic impacts and that inshore reefs are more resilient to
anthropogenic change than previously thought, a view supported by our CS-8"°N record. At
face value, the bleaching events after 1990 also raise the possibility that ongoing
environmental changes on Magnetic Island reefs may have reached the point where the corals
are now vulnerable. The measured increase in CS-5"°N from the Magnetic Island core after
1980 (Fig. 3) may be a sign that cumulative anthropogenic changes are beginning to alter
ecosystem &'°N beyond the historical norm. These speculations await measurement of CS-
8N from Magnetic Island coral skeletons produced after 1987 and comparison with CS-8"°N

from other inshore reef systems.

4.4 Conclusions
In this study we have used a new and highly precise method to reconstruct one of the

longest, most highly resolved, continuous records of tropical hard coral skeleton N isotopic
content. This record reveals a remarkable stability in the N cycle of an inshore coastal reef
over 168 years, contrary to most other temporal hard coral §°N reconstructions. Using a new
approach we have also measured the isotopic content of foreign organic N trapped within a
hard coral skeleton, finding that this material has become N enriched over the 1900’s and
possibly tracking anthropogenic changes in the composition of continental runoff. Now that
we have established the robustness of our CS-5"°N technique, the challenge is to determine if
the observed resilience to anthropogenic N discharge on the studied reef system continues
beyond 1990, and to establish if similar CS-5"N stability exists for other coastal reef systems

within the GBR.
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Tables

Table 1. The expected influences of anthropogenic changes to coastal reef N supply and N

cycling on the CS-8"N of resident Porites corals (DIN is dissolved inorganic N and PON is

particulate organic N)

Anthropogenic change

Effect on CS-6"°N

Shift in the ©°N of source DIN and
PON to reefs

Uptake of DIN by zooxanthellae, uptake of DIN by microbes
which are then consumed by the coral, or direct consumption of
PON, all change CS-3"°N in the direction of the 5"°N shift
(Erler etal., 2015; Hoegh-Guldberg et al., 2004; Wang et al.,
2015)

Increase in DIN supply

Increase in phytoplankton abundance and corresponding trophic
level changes in 8'°N are recorded in CS-5"°N (Sherwood et al.,
2011)

Increase in PON (coral food

source) supply

Changes in N recycling efficiency and increased ammonium
leakage increases CS-6"°N (Wang et al., 2015)

Increase in turbidity

Decreased zooxanthellae activity, less DIN uptake and lowering
of CS-8"N (Heikoop et al., 1998)

Sedimentation

Reduced zooxanthellae numbers, possible bleaching and
increased CS-8"°N (Bessell-Browne et al., 2014)
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Figure Legends

Figure 1. Map of the coral core collection sites in relation to the Australian mainland and the
Burdekin River. One core was collected from Geoffrey Bay, Magnetic Island (19.15°S,
146.87°E) in 1987, while three other cores were collected in the far northern section of the

GBR in 1990.

Figure 2. (a) Annual CS-8"N (%o) + SD (1) of a 168 year old Porites coral core from
Magnetic Island in the GBR, 5 year Gaussian filtered data and the average CS-8"°N for the
period 1820 — 1840 (grey line) are also shown. (b) Reconstructed Burdekin River discharge
between 1820 and 1987 (Lough, 2007) and instrumental Burdekin River discharge between
1920 and 1987 (5 Gaussian filtered). (c) Annual 5'%0 (%.) (Gaussian filtered, 5 years) and
average &'20 for the period 1820 to 1840 (grey line). (d) Linear extension rates (cm)
(Gaussian filtered, 5years) and average LER for the period 1820 to 1840. (e) Sheep and cattle
numbers (millions) in the Burdekin River catchment between 1820 and 1987, data from
Lewis et al. (2007). (f) Concentrations of Mn (ppm) and Y (ppb) in a Magnetic Island coral

core between 1820 and 1987, data from Lewis et al. (2007).

Figure 3. Plot of annual mean CS-8"°N (+ SD) for the three northern GBR corals (NR1, NR2
and NR3) the complete Magnetic Island coral core (Mag. Isl. complete), the Magnetic Island
coral before 1980 (Mag. Isl. <1980) and the Magnetic Island coral core after 1980 (Mag. Isl.
>1980). The ages of the northern GBR cores were 1974 — 1990, 1973 — 1990 and 1975 —

1990 for NR1, NR2 and NR3 respectively. Records with a statistically similar annual mean
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CS-3"N share capital letters while records with a statistically similar variance share lower-
case letters. The significance level is 0.05. The values are the actual mean yearly CS-5"°N

values for each record.

Figure 4. (a) The 8"°N (%o) of cleaned and uncleaned coral skeleton powders, as well as the
calculated "N of the foreign organic nitrogen (FON), in 40 of the most conspicuous
luminescent bands from the Magnetic Island coral core. The FON-5"°N is the difference
between cleaned and uncleaned powders corrected for N content, see equation (1) in text.
Cleaned 8™N is the same as CS-8"°N. The lines are the linear regressions of the three
parameters with the regression coefficients presented in the legend, black = cleaned §*°N (R?
~ 0, not shown in legend), blue = uncleaned §°N (R? = 0.49), red = FON-3"°N (R? = 0.58).
Error bars for the cleaned and uncleaned powders are SD (1) calculated for every 4™
luminescent band, and for the FON-8"°N the error bars are the propagated errors calculated
according to Hayes (1983). (b) The nitrogen content (umol N g™) + SD (1c) of the cleaned
coral skeletal powder and the calculated FON content (i.e. the difference between the N

content of uncleaned and cleaned skeletal powders).

Figure 5. (a) Comparison of published temporal CS-8"°N records derived from boulder
forming hard coral cores with the Magnetic Island record. Records are from Keswick (GBR)
Island (Jupiter et al., 2008), Whitsunday Islands (GBR) (Lewis et al., 2012), Bali (Marion et
al., 2005), and Ryuku Islands (Yamazaki et al., 2015). (b) Comparison of CS-5'°N from this
study with published proteinaceous coral skeletal §'°N records. Records are from the
Caribbean (Baker et al., 2010b), Jeddah (Risk et al., 2009b), Florida (Ward-Paige et al.,

2005), Mexico (Baker et al., 2010a), Gulf of Mexico (Prouty et al., 2014), Hawaii (Sherwood
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et al., 2014), Nova Scotia® (Sherwood et al., 2011), Nova Scotia® (Sherwood et al., 2005),
Tasmania (Sherwood et al., 2009), and the S.E coast of the USA (Williams and Grottoli,

2010).
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