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Abstract Long-term monitoring data show that hard coral
cover on the Great Barrier Reef (GBR) has reduced by
>70 % over the past century. Although authorities and many
marine scientists were in denial for many years, it is now
widely accepted that this reduction is largely attributable to
the chronic state of eutrophication that exists throughout
most of the GBR. Some reefs in the far northern GBR where
the annual mean chlorophyll a (Chl @) is in the lower range of
the proposed Eutrophication Threshold Concentration for
Chl a (~0.2-0.3 mg m~>) show little or no evidence of
degradation over the past century. However, the available
evidence suggests that coral diseases and the crown-of-
thorns starfish will proliferate in such waters and hence the
mandated eutrophication Trigger values for Chl
a (~0.4-0.45 mg m73) will need to be decreased to
~0.2 mg m ™ for sustaining coral reef communities.

Keywords Coral reefs - Eutrophication - Corallivores -
Coral skeletal disease - Coral bleaching

INTRODUCTION

Results from long-term monitoring by the Australian
Institute of Marine Science (AIMS) show that the abun-
dance of hermatypic (hard reef-building) corals in the
Great Barrier Reef (GBR) has reduced by ~51 % since
1985 and that two-thirds of that decline has occurred since
1998 (De’ath et al. 2012). Further analysis of the available
data (see below) suggests that >70 % reduction in herma-
typic coral cover has occurred over the past century. The
principal proximate causes of the loss of hermatypic corals
have been attributed to storm damage, coral bleaching
events, widespread growth of corallivores (e.g., crown-of-
thorns starfish, COTS), and coral skeletal diseases (CSDs).
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A number of CSDs have been identified in the GBR, e.g.,
Black Band Disease (BBD), Brown Band syndrome (BrB),
White Syndrome (WS), Atramentous Necrosis (AN),
Skeletal Eroding Band (SEB), Pigmented Spots on Porites
(PS) (Willis et al. 2004; Boyett 2006; Haapkyla et al.
2011). It is now widely accepted that the lack of recovery
of the reefs and the proliferation of COTS are largely
attributable to eutrophication (GBRMPA 2010; Brodie and
Waterhouse 2012). Also evidence is emerging that CSDs
and coral bleaching events are also promoted by eutro-
phication (see below).

An increase in the fertility/productivity of the sediments
and water column of the GBR lagoon in recent times
should be of no surprise when one considers that the annual
exports of nutrients (e.g., nitrogen, N and phosphorus, P)
from most coastal catchments, including many in the
remote Cape York region, have probably increased sever-
alfold since European settlement (Bell and Elmetri 1995;
Kroon et al. 2012). In addition, there is evidence that
Trichodesmium and other N-fixing organisms introduce
large loads of N into the system; the magnitude of which is
estimated to be far higher now than in the past and similar
to that introduced by the rivers (Bell and Elmetri 1995;
Bell et al. 1999). However, it is noted that many scientists
were in denial for many years that significant impacts of
eutrophication were manifest throughout the GBR (e.g.,
Walker 1991; Kinsey 1991; Wachenfeld 1995; McCook
et al. 1997) although the available data suggested that the
problem was approaching a chronic situation several dec-
ades ago (e.g., Bell 1991, 1992; Bell and Gabric 1990,
1991; Bell and Elmetri 1995).

As noted by Risk (1999), the misunderstanding/under-
valuing the importance of eutrophication by coral reef
scientists has contributed significantly to the ineffective
monitoring, evaluation, and remediation protocols/
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procedures now generally adopted in coral reef regions.
Indeed such misunderstandings led to the adoption of
inappropriate management practices by the Great Barrier
Reef Marine Park Authority (GBRMPA) for many years
(e.g., see Brodie and Waterhouse 2012). Also such mis-
understandings led GBRMPA to fund the poorly designed
ENCORE project (Larkum and Steven 1994). This study
came to the conclusion that increased nutrient loads would
not promote algal growth in a pristine coral reef system
(Koop et al. 2001) even though all reefs used in the
experiment exhibited extensive macroalgal cover by the
end of ENCORE (Bell et al. 2007).

Despite the failure of ENCORE, GBRMPA has finally
recognized the problems posed by eutrophication; GBRMPA
has recently defined eutrophication Trigger values for various
water quality parameters (GBRMPA 2010) and has imple-
mented significant action on the management of nutrient
loads associated with river runoff. However, insufficient
attention has been paid to the management of point-source

discharges and factors promoting N-fixation (Bell et al. 2007).
Of particular concern are the large loads of P discharged from
the waste-water treatment plants (WWTPs) located in coastal
regions adjacent to the GBR and even from those located well
to the south of the GBR region. For example ~ 300 tons of P
per year are discharged from the Luggage Point WWTP in
Brisbane (Wulff et al. 2011); most of this P load is readily
bio-available phosphorus (i.e., soluble reactive phosphorus,
P-PO,). This P-PO, load is equivalent to about one-fourth of
the total P-PO, load in runoff emanating from all of the GBR
coastal-river catchments (Kroon et al. 2012). The Luggage
Point WWTP discharge and many others feed into the often
Northerly flowing coastal plume which impacts directly onto
the corals in the Capricorn Bunker Group (CBG) (located
>70 km from the coast) and even the Swains Group (SG)
(located 100-200 km from the coast) in the Southern GBR
(see Fig. 1; Middleton et al. 1994; Bell et al. 2012). Many
CBG and SG reefs and particularly those in less-well-flushed
regions (e.g., see Fig.2), are characterized by algal
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Fig. 1 SeaWiFS data (16-7-2000) showing variations of chlorophyll a (Chl a) concentrations in the Southern GBR and coastal plume that
impinges on the GBR. The effects of the East Australian Current (EAC) and alongshore transport are shown
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Fig. 2 Coral and algal cover on coral mounds on Heron Is transect: a inner-lagoon; b mid-lagoon; ¢, d outer-lagoon; e outer Heron Is in Sykes
Channel; f inner-lagoon Wistari Reef; g outer-lagoon Wistari Reef. Images captured from video taken by S. Bettridge January 2011

overgrowth, attacks by corallivores and CSDs. Extensive reef- This paper reviews data pertaining to eutrophication and
degradation has occurred in this region over the past 50 years its effects on coral reefs and in particular, to its destructive
and it has been hypothesized that WWTP discharges have  effects on the GBR. The importance of factors such as
contributed significantly to this degradation (Bell et al. 2007).  grazing pressure, hydrodynamic/flushing conditions, and
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N-fixation on the effects of eutrophication and how
eutrophication can promote the spread of CSDs and co-
rallivores are also discussed. We also discuss the concept
of threshold values for water quality parameters that best
define the degree of eutrophication. We note that in the
initial stages of eutrophication chlorophyll a (Chl a) is
considered the best indicator of the degree of eutrophica-
tion of the water column; the reason being that the soluble
inorganic nutrients are taken up rapidly by the algae and
hence their concentrations will generally be quite low
(Laws and Redalje 1979). A significant advantage in being
able to use Chl a as the indicator of the degree of eutro-
phication is that it is relatively cheap and easy to measure
and can be detected remotely, even by satellite.

EUTROPHICATION AND CORAL REEFS

Unimpacted coral reef communities exhibit relatively high
gross productivity even though the surrounding waters
contain low concentrations of nutrients; the net import of N
and P is usually low to negligible and, in the case of N is
often negative due to N-fixation (e.g., see Webb et al. 1975;
Bell et al. 2007). The maintenance of this high gross pro-
ductivity therefore requires high rates of supply of recycled
nutrients. The recycling of nutrients is achieved by the
interaction of various symbiotic relationships within par-
ticular reef sectors and between sectors. The maintenance
of the complex interactions between the various compo-
nents of coral reef systems and hence ultimately their
structure actually depends on the maintenance of the
existing nutrient recycling pathways (Falkowski et al.
1993; Bell et al. 2007). The addition of nutrients to such a
complex system will tend to breakdown the necessity for
the natural symbiotic/recycling processes and in doing so
will lead to a reduction in the stability of the system and
leave it poised in a relatively unstable state of equilibrium
and thus prone to sudden phase shifts.

Typical triggers for such phase shifts would be events
that lead to the physical damage of the coral matrix, e.g.,
hurricanes/cyclones, bleaching events, and attacks by co-
rallivores (e.g., COTS). If the system were not eutrophic
the corals and the associated complex structure would most
likely re-establish over time, i.e., the hermatypic corals in
such a system could be considered robust (Bell and Elmetri
1995; Bell et al. 2007). However, if the system is eutrophic
there will be increased competition for space by other
organisms (e.g., algae and filter feeders such as soft corals,
sponges, and bivalves) that will now flourish in the more
fertile/productive waters. Under such a situation it is less
likely that the hermatypic corals will re-establish to dom-
inate the benthos as before. Hence in eutrophic conditions
the hermatypic corals should be considered as being fragile
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and the system overall would exhibit a low resilience (Bell
et al. 2007; Littler et al. 2009).

The impact of increased nutrient loads on hermatypic
corals may be direct or indirect. Direct toxic effects will
occur if the nutrient concentrations are high enough,
however, these effects will not be discussed here. The main
indirect effects result from increased growth of autotrophs
(e.g., planktonic and benthic algae) and associated
heterotrophs.

Effects of Increased Growth of Algae
and Heterotrophs

The addition of nutrients to a pristine coral reef region will
stimulate the growth of phytoplankton, benthic algae
(including the symbiotic zooxanthellae), and heterotrophs
(e.g., bacteria, viruses, and zooplankton including protozoa
such as ciliates); this stimulated growth can cause signifi-
cant changes in the coral reef community structure (e.g.,
see Smith et al. 1981; Tomascik and Sander 1985, 1987;
Lapointe 1989, 1997; Bell 1992; Littler et al. 2009). For
example, the phytoplankton compete with the symbiotic
zooxanthellae for light and thus can interfere directly with
coral growth. Also the stimulated growth of the zooxan-
thellae can lead to a reduction in calcification rates and
promote coral bleaching (Marubini and Davies 1996;
Nagelkerken 2006; Wooldridge and Done 2009). The
benthic algae can act as sediment traps, compete directly
with corals for space, inhibit settlement and survival of
coral spats, weaken the coral structure by their boring into
the coral matrix and alone, or together with a variety of
heterotrophs, promote CSDs; further discussion on eutro-
phication as a promoter of CSDs is given below.

Algal growth also adds significantly to the production of
dissolved organic matter (DOM) and particulate organic
matter (POM). The sedimented POM will have a number of
localized impacts, e.g., it will (i) promote the growth of
other filter feeders which will compete directly with the
hermatypic corals for space, (ii) through grazing and decay
add to localized DOM and soluble nutrient loads which in
turn will promote the localized growth of algae and het-
erotrophs, (iii) directly stress the corals by requiring them
to increase their mucus production for cleansing purposes.
Such increased mucus production together with the
increased POM/DOM production will further stimulate the
growth/virulence of various heterotrophs.

It is noted that phytoplankton growth in a polluted or
eutrophic system is often accompanied by changes in the
phytoplankton class structure (Greve and Parsons 1977;
Ryther and Officer 1981). There is evidence that such
changes have occurred in the GBR lagoon and that these
changes have promoted the growth of jellyfish and coral-
livores such as the COTS (Bell and Elmetri 1995, 1998).
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Further discussion on eutrophication as a promoter of such
growth is also given below.

Importance of the Hydrodynamic Regime

We hypothesize that corals growing in more sheltered
regions will be more susceptible to the effects of eutro-
phication/sedimentation (including the proliferation of
CSDs) and hence will require a better water quality (i.e.,
less eutrophic) than those in better-flushed regions. Results
from a recent study in the GBR (Boyett 2006) support this
hypothesis; laboratory results showed reduced water cir-
culation encouraged the proliferation of BrB and field
studies supported this finding. Also observations of the
distribution of CSDs in the Red Sea (Antonius and Riegl
1997) showed that CSDs were more prevalent in less-well-
flushed regions. It has been recorded that the building of
causeways in the Palmyra Islands restricted flows and this
led to the replacement of corals with algal communities
dominated by Lyngbya sp. (Bell 1992). Our observations of
reefs in the CBG namely, in the Heron Is. Lagoon (HIL)
and Wistari Reef Lagoon (WRL), support this hypothesis
(Fig. 2; Bell et al. 2012). The images in Fig. 2 show that:

e coral cover is far less and algal cover is far greater in
the less-well-flushed inner-lagoonal regions;

¢ in the better-flushed outer regions the diversity of corals
is far higher and in particular, plate-type corals are far
more abundant.

These images also demonstrate that CSDs and over-
growth of hermatypic corals by filamentous and calcareous
algae are significant in the outer better-flushed regions. The
poor state of development of the outer HIL. and WRL reefs
suggests that this Southern GBR region as a whole is
eutrophic. Indeed satellite images (e.g., see Fig. 1) and
field-collected Chl a data (Fig. 3) support this finding.

Importance of Grazing Activity

The competition between hermatypic corals and other taxa is
also influenced by the intensity of grazing fishes and
invertebrates. For example, the relative-dominance model
(RDM) (Littler et al. 2009) suggests that for eutrophic sys-
tems coralline algae will eventually dominate the hard
substrate if highly grazed and that frondose macroalgae will
eventually dominate if lowly grazed. Observations in the
GBR lagoon at Low Isles and on the reefs in the Cairns
region show that soft corals can also out-compete with
hermatypic corals in a highly grazed eutrophic system
(Endean and Stablum 1973; Bell and Elmetri 1995). It is well
documented that there are far fewer herbivorous fish on the
near-shore macroalgal-dominated reefs in the inner GBR
(Williams and Hatcher 1983; McCook et al. 1997; Delean
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and De’ath 2008) and this observation led McCook et al.
(1997) to adopt the simplistic “top-down” scenario, as was
done by Hughes (1994) and Hughes et al. (1999) in Jamaica,
for explaining the prolific algal growth there, i.e., the prolific
growth of the algae results simply from the lack of herbi-
vores and that nutrient enrichment did not play a role.
However, the RDM suggests that both nutrient enrichment
and reduced grazing pressure are important factors in pro-
moting such prolific growth of benthic algae. It has generally
been assumed that the low abundance of herbivores on the
inner GBR reefs is a natural phenomenon but evidence from
various studies suggests that this low abundance is a direct
result of the changed habitat (Littler et al. 1983, 2009;
Williams and Hatcher 1983; Bell and Elmetri 1998; Kerry
2011) which we propose has been promoted by the “bottom-
up” effects of eutrophication. For example, increased
growth of less palatable algae (e.g., Sargassum spp.) would
reduce the production of the more palatable turf algae and
hence would prove to be less attractive to grazing fish. Also
the change from a coral-dominated habitat to a macroalgal-
dominated habitat would be less supportive of the many reef
fishes which require corals for food, protection, and
recruitment (Kerry 2011). The recent underwater video data
collected in the HIL support this direct “bottom-up” sce-
nario on the effects of eutrophication on fish populations
(see Fig. 2). Indeed these data show that coral cover and fish-
population abundance/diversity both decrease dramatically
as one moves from the better-flushed, more structurally
complex, outer HIL to the inner-lagoon.

Importance of N-Fixation and Phosphorus

N-fixing bacteria and cyanobacteria (diazotrophs) fix a
substantial load of “new” nitrogen in coral reef regions both
in the water column and on a variety of benthic surfaces
(e.g., see Webb et al. 1975; Bell et al. 1999). In the GBR
region the “new” nitrogen input by Trichodesmium spp. is
estimated to be far higher now than in the past and similar to
that introduced by the rivers (Bell and Elmetri 1995; Bell
et al. 1999). Satellite data show that GBR waters become
progressively more productive as they flow through the reef
complexes (Fig. 1); this increased production is attributed
largely to benthic N-fixation (Bell et al. 2007).

Laboratory studies (Elmetri and Bell 2004; Fu et al.
2005) show that the N-fixation rates and growth rates of
various diazotrophs common to the GBR are proportional
to P-PO, concentrations in the low concentration range
(<0.3 uM). Such diazotrophs can also have high require-
ments for some trace compounds such as iron (Fe). Dis-
solved organics could also be important as they may
increase the availability of trace elements, for example,
through the chelation of Fe. Indeed various studies have
shown that the addition of treated sewage or the chelating

@ Springer



366

AMBIO 2014, 43:361-376

Lizard Is

X Low Wooded Is

= — Low Isles

Port Douglas

Cairns

Townsville

Bowen

Mackay

100 km
100 mi

Rockhampton

Chl a < 0.2 mg m?3

0.2 - 0.3 mg m?3
>0.3-0.5 mg m?3
>0.5 mg m?3

Stone Is

Swains
Group

Heron Is

Capricorn
Bunker
Group

Fig. 3 Summary of long-term GBR monitoring data (AIMS 2012); suggested region of chronic eutrophication is depicted by annual mean

chlorophyll a (Chl a) values >0.2 mg m

agent EDTA alone to coastal waters stimulates the growth
of Lyngbya majuscula (Bell and Elmetri 2007). Thus rel-
atively small increases in P-PO, and/or trace components
could lead to blooms of diazotrophs which in turn through
decay/grazing mechanisms would supply bioavailable dis-
solved inorganic nitrogen (DIN ~ NHy4-N + NO,-N) to the
water column and thus lead to blooms of other taxa. Indeed
there is evidence that elevated DIN concentrations in the
GBR lagoon follow Trichodesmium blooms and that these
increased concentrations lead to blooms of diatoms and
dinoflagellates (Revelante and Gilmartin 1982; Bell et al.
1999). This scenario suggests that the situation in the GBR
lagoon is potentially unstable in that large cyclical algal
blooms, elevated productivity and thus widespread eutro-
phication could be maintained even if external N loads are
reduced.

Eutrophication as a Promoter of CSDs

Results from various studies show that the prevalence of
many CSDs positively correlates to effects of
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anthropogenic development and in particular, to eutrophi-
cation (Lapointe 1989; Bell 1992; Antonius and Riegl
1997; Bruckner et al. 1997; Goreau et al. 1998; Kuta and
Richardson 2002; Aeby et al. 2011; Haapkyla et al. 2011).
Also results from controlled laboratory and field-based
studies show that addition of nutrients increases the rate of
CSD progression and host tissue loss (Bruno et al. 2003;
Voss and Richardson 2006). Voss and Richardson (2006)
showed that relatively small increases in the background N
and P concentrations to values around the proposed
Nutrient Threshold Concentrations (NTCs; Bell 1992; Bell
et al. 2007) increased the rate of expansion of BBD two-
fold. Kline et al. (2006) demonstrated that increases in
DOM concentrations can increase the bacterial concentra-
tions associated with coral surface mucopolysaccharide
layer by an order of magnitude and this can lead to CSD-
type conditions. Aeby et al. (2011) found that some CSDs
positively correlated with the degree of anthropogenic
development but also noted that Porites trematodiasis
(PorTrm) was more prevalent in more pristine regions; they
suggest that a more intact environment could be required
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for the spread of PorTrm. Haapkyla et al. (2011) found that
the incidence of AN in a near-shore GBR reef is positively
correlated to particulate organic carbon (and hence POM).
The authors suggest that higher availability of nutrients and
organic matter in runoff may increase pathogen virulence
and hence facilitate disease outbreaks. It is noted that
WWTP discharges not only promote eutrophication, they
also provide a direct source of DOM/POM and pathogens
that promote CSDs (Cervino et al. 2004; Nagelkerken
2006).

Eutrophication as a Promoter of Corallivores

Experimental evidence that demonstrated increased phy-
toplankton production due to terrestrial runoff, and in
particular increased production of nanno (2-20 pum)
phytoplankton, would promote the survival and devel-
opment of COTS larvae was available decades ago but
has only recently been accepted by the marine science
community at large and by GBRMPA (e.g., see Brodie
and Waterhouse 2012). For example, Lucas (1982)
showed in laboratory studies with cultured nanno-phy-
toplankton that COTS larvae require an equivalent food
source concentration corresponding to a Chl a value
>0.4mgm > to survive and develop. It is noted that
such high concentrations of nanno-phytoplankton do not
normally occur in GBR waters; the measured Chl a is
normally dominated by pico (<2 pm) sized phytoplank-
ton (Ayukai et al. 1997). However, there is evidence that
the abundance of nanno-phytoplankton has increased
severalfold in the GBR lagoon over the past century
(Bell and Elmetri 1995) and that relatively high con-
centrations of nanno-phytoplankton do occur following
river runoff events (Ayukai et al. 1997; Brodie et al.
2005). Also it is noted that other sources of food in
addition to phytoplankton (e.g., POM and DOM; het-
erotrophs including bacteria, protozoans, and dinoflagel-
lates) could be important food sources for COTS larvae
(Lucas 1982). This observation suggests that the critical
field-based Chl a value would be somewhat lower than
0.4 mg m~>. Indeed Olson (1987) showed that COTS
could survive and develop unhindered at field-based Chl
a levels ~0.25-0.28 mg m . More recent work (Fabri-
cius et al. 2010) shows that survival and development of
COTS larvae increases significantly above field-based
Chl a values of 0.28 mg m™>. These results suggest the
critical field-based annual mean concentration of Chl
a for survival and growth of COTS larvae would be
somewhat less than 0.3 mg rn73, i.e., towards the lower
end of the proposed coral reef Eutrophication Threshold
Concentration range for chlorophyll a (ETC-Chl
a ~02-03 mg m_3; Bell and Elmetri 1995; Bell et al.
2007).

© Royal Swedish Academy of Sciences 2013
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Eutrophication Threshold Model

Evaluations of time-series and spatial data from Kaneohe Bay
(Hawaii) and Barbados were used to derive the Eutrophication
Threshold Model (ETM) for coral reefs, i.e., Eutrophication
Threshold Concentrations for Chl a and nutrients (Bell 1991,
1992). Initially an ETC-Chl a corresponding to an annual
mean Chl a <0.5 mg m~> was chosen (Bell 1992); the cur-
rently mandated Trigger value for Chl a (T-Chl a)
~0.4-0.45 mg m > (GBRMPA 2010) essentially agrees with
this value. Further analysis of the Barbados data (Bell and
Elmetri 1995; Bell et al. 2007) and application of the ETM to
the demise of corals in the Florida Keys (Lapointe 1997;
Lapointe et al. 2004) suggested that an even lower ETC-Chl
a(~0.2-0.3 mg m~>) is applicable in regions that have a high
proportion of coral species that are sensitive to settlement of
POM (e.g., Acropora palmata and plate-type corals) and in
particular to regions that are subject to a low flushing regime
where settlement of POM and a build-up of DOM are pro-
moted. Initially we defined a chronic state of eutrophication to
exist in regions characterized by an annual mean Chl
a >0.3 mg m > (Bell et al. 2012). However, the above dis-
cussed findings that COTS larval growth is promoted in the
lower ETC-Chl a range 0.2-0.3 mgm " suggests that a
chronic state would be better defined at the lower end of this
range, i.e., >0.2 mg m . This value agrees with the ETC
value suggested by data for the wider Caribbean (Lapointe
et al. 2007; Lapointe and Mallin 2011).

The corresponding ETCs for soluble inorganic nutrient
concentrations (annual mean), i.e., NTCs, are relatively low:
the NTC for phosphorus (P-PO,4), NTC-P, is 3-6 ng P L,
i.e., 0.1-0.2 uM and that for DIN, NTC-N, is 14 uyg NL™",
i.e., 1 uM (Bell 1992). The magnitudes of the proposed NTCs
correspond to many reported values for the half-saturation
constants (Ks) for the Monod growth/N-fixation models for
algae or saturation constants (Kg) for the threshold/saturation
algal growth model (Bell 1992; Bell et al. 2007). Thus a
fundamental ecological property represented by the ETM is
that the growth rates and N-fixation rates of various associ-
ated algae are significantly affected at concentrations around
the NTCs. The relatively small magnitude of the NTCs, in
comparison with the nutrient concentrations in wastewater
discharges and even runoff, means that large nutrient dis-
charges (e.g., rivers) can affect reefs over vast distances, and
even very small discharges can affect nearby reefs (Bell
1992; Bell et al. 2007; Lapointe et al. 2007).

EVIDENCE OF LARGE-SCALE
EUTROPHICATION IN GBR

Previous applications of the ETM to the historical water
quality data and ecological data of the GBR lagoon support
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the conclusion that the nutrient pool and hence productivity/
fertility of the GBR lagoon had reached a critical level for
the survival of coral reefs in most, if not all, near-shore
regions some decades ago (Bell 1991, 1992; Bell and Gabric
1990, 1991; Bell and Elmetri 1995). The observed replace-
ment of hermatypic corals with other benthos (e.g., algae,
sponges, and soft corals) in these regions supports this
conclusion. Further analysis of the available data (see
below) suggests that many of the reefs in the mid-GBR
lagoon and the outer-GBR lagoon have also been experi-
encing the negative impacts of eutrophication for some time.

Degraded Water Quality
Elevated Nutrient Concentrations

Water quality surveys during the 1970s and 1980s showed
that elevated nutrient concentrations often corresponded to
low salinity periods both in the inshore and offshore
regions of the GBR demonstrating that riverine discharges
are a probable cause of elevated nutrient concentrations
(Bell 1991, 1992). For example, data collected off
Townsville (Revelante and Gilmartin 1982) show a close
correspondence between elevated P-PO, in the inner to
mid-GBR lagoon and low salinity. A comparison of these
data with those collected during the 1928-1929 expedition
to Low Isles suggests that the average P-PO4 values have
more than doubled in the Central GBR in the intervening
50 years (Bell 1992). Also a comparison of these data with
the suggested NTC-P range shows that the upper NTC-P
value is exceeded at all stations (Bell 1992).

The historical data also demonstrate that DIN concen-
trations in the inner to mid-lagoon off Townsville often
exceed the NTC-N value (Bell 1992). However, the ele-
vated DIN values do not always correspond to low salinity
periods which suggests that other DIN sources are impor-
tant. For example, it has been noted that elevated DIN
values occur following blooms of Trichodesmium spp. and
that blooms of other phytoplankton taxa soon follow
(Revelante and Gilmartin 1982; Bell 1992; Bell et al. 1999).
Also there is evidence that wind resuspension of sediments
is a significant source of DIN and hence could also lead to
elevated DIN values and consequently to increased phyto-
plankton concentrations (Bell 1992). Indeed studies in the
Northern GBR near to Low Isles have shown that there is a
strong positive correlation between wind strength and dia-
tom concentrations (Bell and Elmetri 1995).

Results from recent water quality monitoring surveys
(Brodie et al. 2007, 2010) show that nutrient concentrations
in riverine flood plumes in the GBR lagoon greatly exceed
the suggested NTC-P and NTC-N values and the resultant
Chl a values are 1-2 orders of magnitude higher than the
suggested upper ETC-Chl a concentration. The results also
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demonstrate an inverse relation between salinity and P-PO,
and some DIN species demonstrating that the river flow is a
probable source of readily bioavailable nutrients. However,
it is noted that despite the large amount of funding that is
now available for eutrophication related studies in the GBR
there is no regular (say every 1-2 weeks) integrated water
quality/ecological ~ (e.g.,  phytoplankton—zooplankton/
micro-heterotroph) cross-shelf monitoring program in
place. Only two such studies have ever been conducted in
the GBR: the 1928-1929 GBR Expedition study and that
conducted by visiting scientists to AIMS (Ikeda et al. 1980;
Revelante and Gilmartin 1982). Results from such studies
not only provide for important ecological and water quality
information on a seasonal basis but can also be used to
evaluate important processes, e.g., the results can be used
to (i) delineate the relative effects of river discharge, wind
resuspension of sediments, and ocean upwellings on the
input of nutrients and ultimately on algal blooms, (ii)
determine the relative importance of N-fixing cyanobac-
teria as a source of N and the effect of this on the blooms of
other algae (iii) provide information on the links between
eutrophication and the proliferation of the COTS larvae,
jellyfish, and CSD precursors.

Elevated Chl a Values

Previous analyses of historical data demonstrate that the
suggested upper threshold value ETC-Chl ¢ ~0.5 mg m
was exceeded some decades ago in the near-shore regions
in both the Northern and Central GBR lagoon and that such
elevated values often extend significant distances offshore
(Bell 1992; Bell and Elmetri 1995, 1998). The data also
show that the lower threshold range (ETC-Chl a ~0.2—
0.3 mg m ) was exceeded well beyond the mid-lagoon.
Previous work using CZCS satellite imagery (Bell and
Gabric 1990; Gabric et al. 1990; Bell and Elmetri 1998)
demonstrated that similar cross-shelf gradients of Chl
a occurred for the entire length of the GBR lagoon,
including sections of the remote Cape York, SG, and CBG
regions, more than 30 years ago (e.g., see Figs. 4, 5). More
recent satellite data provided by the SeaWiFS and MODIS
satellite sensors (e.g., see Fig. 1) confirm these earlier
findings (Bell et al. 2007, 2012; Brodie et al. 2007; Brando
et al. 2010).

As noted above, the ETM suggests that chronic eutro-
phic conditions will be initiated in waters with an annual
mean Chl ¢ >0.2 mg m—>. Results from long-term moni-
toring show that such conditions occur over most of the
GBR lagoon (see Fig. 3). We propose, as discussed below,
the widespread occurrence of CSDs, the proliferation of
COTS (and probably Drupella spp.) and the >70 %
reduction in coral cover, in the GBR lagoon are symptoms
of this chronic eutrophic state.

© Royal Swedish Academy of Sciences 2013
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Changes to Plankton Class Structure

A comparison of phytoplankton data collected during
1992-1993 from the mid-lagoon sampling station located 3
miles east of Low Isles (3ME) with those collected in
1928-1929 shows that this GBR region supports far higher
micro (>20 pum) and nanno (2-20 pm) phytoplankton
numbers now than in 1928-1929 (Bell and Elmetri 1995).
The growth of the N-fixing blue-green algae Trichodes-
mium spp. has also increased dramatically in the Northern
GBR since the 1928-1929 Expedition to Low Isles (Bell
and Elmetri 1995; Bell et al. 1999). Even higher concen-
trations of Trichodesmium and the nanno 4 micro-phyto-
plankton are typical of the Central GBR near to Townsville
(Revelante and Gilmartin 1982).

The results of Bell and Elmetri (1995) also suggest that
a significant reduction in the diatom/flagellate ratio and a

© Royal Swedish Academy of Sciences 2013
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down-shift in the average size of the micro + nanno-phy-
toplankton have occurred in the Northern GBR lagoon
since 1928-1929. Such changes in phytoplankton popula-
tions have been observed in other marine environments
subjected to progressive anthropogenic eutrophication and
other pollution (Bell and Elmetri 1995). It has been
hypothesized that such changes would lead to the increased
production of smaller secondary producers which could
destabilize the food chain. One proposal is that such
changes could lead to an increase in the number of jelly-
fish, because the smaller average food size and longer food
chain, is more favorable for jellyfish than for fish (Greve
and Parsons 1977; Richardson et al. 2009). There is some
evidence that such ecological changes have occurred in the
GBR lagoon. Indeed a comparison of the cross-shelf Chl
a data with the net-zooplankton data collected off
Townsville in 1977 (Fig. 6) shows that prolific growth of
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medusae occurs in the Chl a rich (i.e. eutrophic) nearshore ~ This finding provides supporting evidence of a link
waters (Ikeda et al. 1980; Revelante and Gilmartin 1982);  between the proliferation of jellyfish (and hence possibly
these nearshore waters are characterised by an annual mean  the toxic box jellyfish) in the GBR lagoon and eutrophi-
Chl a greater than the upper ETC-Chl ¢ i.e.>0.5mgm >.  cation. Also, as discussed above, there is evidence that the
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recorded changes in phytoplankton class structure will
promote the growth of troublesome corallivores such as the
COTS (and probably Drupella spp.).

Proliferation of Corallivores

Significant damage has occurred to GBR reefs over the past
50 years due to the widespread proliferation of troublesome
corallivores (e.g., COTS). Large-scale monitoring data show
that COTS have impacted most regions of the GBR (Sweat-
man et al. 2008; Osborne et al. 2011); it is estimated that 42 %
of all coral loss in the GBR since 1985 is due to COTS (De’ath
et al. 2012). As noted above, there is experimental evidence
that demonstrates the critical Chl a concentration for survival
and growth COTS larvae is within the lower ETC-Chl a range
~0.2-0.3 mg m ™ and hence supports the hypothesis that the
outbreaks of COTS can be linked directly to the degree of
eutrophication and in particular to relatively low values
around the now defined chronic eutrophic state i.e. an annual
mean Chl @ >0.2 mg m . Itis noted that Drupella spp. which
also appear to be enhanced in eutrophic conditions (Moyer
et al. 1982; Bell 1988) is now quite common in a number of
GBR regions (Sweatman et al. 2008) including some outer-
GBR regions which have an annual mean Chl
a<03mgm >, e.g., Lizard Is. These observations suggest
that the critical concentration for survival and growth of
Drupella spp. larvae is also within the lower ETC-Chl a range
~0.2-0.3 mg m™>.

Widespread Occurrence of CSDs Links
to Eutrophication

Large-scale monitoring has shown that CSDs are impacting
most regions of the GBR (Sweatman et al. 2008); the fact that

© Royal Swedish Academy of Sciences 2013
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some CSDs are common in mid- to outer-GBR regions sug-
gests a relatively low eutrophication threshold for CSDs is
applicable. For example, a variety of CSDs (e.g., BBD, BrB,
WS, SEB) have been identified at Lizard Is. The annual mean
Chl a value for this region is ~0.25 mg m—> (Brodie et al.
2007; AIMS 2012). These data suggest the annual mean Chl
a for the proliferation CSDs would be in the lower ETC-Chl
arange ~0.2-0.3 mg m > with the lower value, 0.2 mg m_3,
being applicable to shallow less-well-flushed regions con-
taining sensitive coral species. This analysis supports the
setting of a chronic eutrophic state as being one with an
annual mean Chl ¢ >0.2 mg m™.

Itis important to note that evidence is emerging that a variety
of corallivores, including COTS, play a role in CSD transmis-
sion, either by acting as vectors and/or stressors (Nugues and
Bak 2009). Also associations between WS and Drupella spp.
have been noted (Antonius and Riegl 1997). These findings
suggest that the proliferation of corallivores by eutrophication
in the mid- to outer-GBR regions could have promoted the
spread of CSDs in these more remote GBR regions. These
findings provide another probable link between eutrophication
and the destruction of hermatypic corals by CSDs.

Degraded Coral Reefs

Long-term monitoring of the GBR by AIMS shows the
average coral cover is ~ 14 %, a figure ~51 % lower than
the presumed baseline of 28 % measured in 1985 (De’ath
et al. 2012). However, the available data suggest that this
proposed reduction is a significant underestimate of the
total loss of coral cover over the past century because:

(i) The AIMS monitoring is restricted to deeper reefs on
the outside of coral complexes beyond the reef crest
and hence does not include shallow-water/emergent
reefs, those inside lagoons and those fringing the
mainland. Various studies and photographic records
(e.g., see Fig. 7a, b) show that the shallow-water reefs,
many of which were exposed at low tides, that fringed
both the mainland and many of the islands and cays
were of a quality that could only be found in the outer-
GBR today. There is evidence that many of these reefs
exhibited high resilience in the past but are now
severely degraded (Bell 1992; Bell and Elmetri 1995).
Some reefs fringing the mainland are covered by
macroalgal stands several meters high, resembling
kelp forests (Fig. 7c). Also many shallow-water and
lagoonal-reefs in outer-GBR regions (e.g., the CBG
reefs located ~70 km from the coast) are character-
ized by extensive algal overgrowth (Fig.2); the
available evidence suggests that this algal overgrowth
has occurred in recent times (Bell and Elmetri 2007).
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Fig. 7 Comparison of shallow-water benthos in Madrepore Lagoon, Stone Island: a ca. 1892 showing extensive coral cover and diversity
(Saville-Kent 1893) and b in 1994 (Photo: P.R.F. Bell), showing little or no live coral cover. ¢ Sargassum sp. overgrowth of fringing reef, Port

Douglas 1996 (image captured from B.E. Lapointe video)

(ii)) There is good evidence that many deeper mid to
outer-GBR reefs had degraded significantly prior to
the beginning of the AIMS monitoring in 1985 and
hence the presumed baseline is far too low. For
example the mid to outer reefs in the Cairns region
that were not subjected to attacks by COTS in the
1960s had ~50 % coral cover in 1970 (Endean and
Stablum 1973); overall the pre-European-develop-
ment coral cover was probably ~50-60 % (Bruno
and Selig 2007).

These data suggest that there has been a >70 % loss in
coral cover throughout the GBR since the development of
the coastal catchments. In contrast to these observations
some near-shore fringing-reef regions in the far northern
GBR region (e.g., those at Low Wooded Is.; see Fig. 8)
which are characterized by an annual mean Chl a in the

@ Springer

lower range of the proposed ETC-Chl
a (~0.2-0.3 mg m) show little or no evidence of deg-
radation over the past century (Bell et al. 2012). These
reefs would have suffered physical damage due to the
effects of storms and cyclones many times over the past
century and hence the observed quality of these reefs
suggests they have exhibited a high degree of resilience
since 1892. It is proposed that these reefs and their sur-
rounding coastline should acquire the highest degree of
protection that legislation allows as they can be used as
“canaries in the coal-mine” to assess the effects of eutro-
phication in the GBR lagoon. These observations support
the proposal that the Trigger value for Chl a be lowered to
~0.2-0.3 mgm ™~ in order to support the dominance of
hermatypic corals. However, the above discussions suggest
a reduction to the lower end of this range (.e.,

© Royal Swedish Academy of Sciences 2013
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Fig. 8 Comparison of extensive shallow-water coral cover and diversity at Low Wooded Is. a, b in 1997 (Photo: P.R.F. Bell) and ¢, d ca. 1892

(Saville-Kent 1893)

~0.2 mg m™) will probably be required to mitigate the
proliferation of corallivores and CSDs.

CONCLUSIONS

The abundance of hard corals in the GBR region has
reduced by >70 % since development of the coastal
catchments. The principal causes of the loss of hard corals
are attributed to lack of recovery following storm damage,
the widespread growth of COTS, coral bleaching, and
CSDs. It is now widely accepted that the lack of recovery of
the reefs and the proliferation of COTS are largely attrib-
utable to eutrophication. Evidence is emerging that CSDs
and coral bleaching are also promoted by eutrophication.
Much of the increased fertility/eutrophication is due to the
increased loads of nutrients exported via discharges from
coastal developments. In addition, diazotrophs fix a sub-
stantial load of “new” nitrogen, the magnitude of which is
estimated to be far higher now than in the past and similar to

© Royal Swedish Academy of Sciences 2013
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that introduced by the rivers. Authorities have recently
taken significant action aimed at reducing runoff nutrient
loads. However, further action is required to minimize the
impacts of point-source discharges and particularly of P-
PO, rich discharges. Also further investigations on the links
between eutrophication and the proliferation of CSDs,
diazotrophs, and coral bleaching need to be conducted.
Some reefs in regions characterized by annual mean Chl a
concentrations in the lower range of the proposed ETCs
namely ETC-Chl a ~0.2-0.3 mg m ™~ show good resilience
to physical damage but the available evidence suggests that
CSDs and COTS will proliferate in such waters and hence
the mandated eutrophication Trigger values for Chl a will
need to be decreased to ~0.2 mg m™> for sustaining coral
reef communities.
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