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ABSTRACT: Growth rates of benthic photosymbiont-bearing foraminifera are strongly influenced by
nutrient concentrations and temperature, yet little is known about the effect of terrestrially derived
nutrients on growth rates of foraminifera in the field. This study investigates the growth response of
Marginopora vertebralis to enhanced terrestrially derived nitrogen and phosphate under both field
and laboratory conditions. The field studies were conducted around the Whitsunday Islands in the
Great Barrier Reef (GBR), Australia, once during a peak flooding period and once during the dry season. During the flood season, dissolved inorganic nitrogen and particulate phosphate increased 2- to
5-fold from terrestrially derived runoff from the Proserpine River catchment compared to the dry season. Increased exposure to nutrients derived from terrestrial runoff negatively affected the growth
rate of M. vertebralis in the field and in a comparative laboratory experiment. The field study showed
a clear effect of site proximity to the river mouth and the intensity of the river discharge. Growth rates
were higher in the reduced terrestrial runoff conditions at the offshore sites. When exposed to naturally enriched dissolved inorganic nitrogen and phosphate in the laboratory experiment, growth rate
of M. vertebralis was reduced 51 and 37 %, respectively, compared with ambient controls. Eutrophication likely causes destabilisation in the coupling of photosynthesis and growth within the photosymbiont by restricting photosynthate translocation to the host. In addition to nutrient effects, we also
tested the effect of summer (28°C) and winter (22°C) temperatures on foraminiferal growth in the laboratory. Growth rates were significantly lower in the warmer treatment than in the cooler treatment.
Therefore, both increased temperatures and higher nutrient concentrations appear to negatively
affect growth in photosymbiont-bearing benthic foraminifera. Overall, management of local stressors
(in this case nutrient runoff) might ameliorate the impact of climate change (increased temperature)
on calcifying photosymbiont-bearing organisms.
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Landscape modification is influencing coastal marine
systems globally (Pringle 2001). Since the European settlement of Australia’s Queensland coastline in the mid18th century, catchment areas adjacent to the Great Barrier Reef (GBR) have undergone extensive change.
Widespread land clearing occurred in the catchment areas to facilitate agriculture (Furnas 2003). For example,

the Mackay-Whitsunday area on the central Queensland
coast is classified as a priority management region because of a high proportion of the Proserpine River catchment being cleared and converted to beef grazing (33%)
and sugarcane cropping (23%) (van den Berg et al. 2007).
These land-use practices facilitate the export of sediment
and nutrient-enriched river runoff, which significantly alters water quality in the adjacent coastal reef environments (Fabricius et al. 2005, Wooldridge et al. 2006).
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Increases in the amount of sediment and nutrients entering the inshore zones of the GBR have led to major
water quality declines. The Mackay-Whitsunday coast
receives an estimated 80 tonnes of dissolved inorganic
phosphate (DIP) and 2500 tonnes of dissolved inorganic
nitrogen (DIN) per annum from the adjacent Proserpine, O’Connell and Pioneer rivers (Brodie 2006). Since
pre-European settlement, there has been a 4-fold increase in dissolved nutrients (Neil et al. 2002, Moss et
al. 2005), a 5- to 10-fold increase in sediment input (McCulloch et al. 2003), elevated concentrations of chlorophyll a (chl a) and an increase of total suspended solids
(TSS) (Cooper et al. 2007). In the O’Connell and Proserpine River basins, total nitrogen and total phosphorus
loads have increased by > 4 and >10 times, respectively,
relative to pre-European levels (National Land and Water Resources Audit 2002). Moreover, terrestrial runoff
is enhanced during regular and episodic flood events in
the monsoonal summer between December and May
(Haynes & Michalek-Wagner 2000, Devlin et al. 2001).
Coastal river runoff has led to a distinct cross-shelf
water quality gradient, whereby turbid and nutrientenriched waters dominate the inshore zones (Furnas
2003, Fabricius & De’ath 2004, Fabricius 2005, Brodie et
al. 2007).
Temperature and the biochemical parameters of
water quality correspond to biological gradients
among marine organisms (van Woesik et al. 1999,
Cooper et al. 2007). Metabolic rate, body size and ventilatory efficiency among marine organisms are regulated by temperature and oxygen consumption (Pörtner 2002), and in cases of high temperature, bleaching
among photosymbiont-bearing species has been observed (Hoegh-Guldberg & Smith 1989, Talge & Hallock 2003). Meanwhile, stress induced by altered
water quality affects a range of marine organisms such
as fish (Wilson et al. 2006), corals (Kinsey & Davies
1979, Koop et al. 2001) and other invertebrates (Lewis
& Snelgrove 1990, Preston & Doherty 1994, Idjadi &
Edmunds 2006). Coral physiology (van Woesik et al.
1999, Fabricius 2005, Fabricius et al. 2005) and benthic
foraminiferal community assemblages (Uthicke &
Nobes 2008, Uthicke et al. 2010) are known to change
depending on water quality within the Whitsunday
region. Specifically, symbiont-bearing organisms suffer adverse metabolic and reproductive effects due to
decreasing light penetration resulting either directly
from sediment runoff (Fabricius 2005) or inorganic
nutrient runoff, or indirectly through phytoplankton
blooms caused by enhanced availability of inorganic
nutrients (Cox et al. 2006). Quantifying the biological
responses of local stressors is necessary to understand
potential ways to reduce the susceptibility of organisms to global climate change (Wooldridge & Done
2009).

Here we investigate the growth response of the large
benthic foraminifer (LBF) Marginopora vertebralis in
various nutrient and temperature conditions. Our
study consisted of 1 laboratory-controlled aquarium
experiment and 2 repeated field studies (one in the dry
months of winter and the other during the wet months
of summer). Our multi-level design focused on isolating 2 main parameters associated with terrestrial
runoff, temperature and nutrient concentration. In the
laboratory, these parameters were manipulated to
emulate flood and non-flood conditions, whereas field
experiments were conducted to examine the system as
a whole (e.g. Marques et al. 2005, Xu 2005). The specific aims of this study were to (1) establish the growth
rate response of M. vertebralis to elevated levels of
nutrients and temperature in a controlled environment, (2) investigate the growth rates in the field during 2 contrasting seasons (the cool dry season and the
warm wet season) along a known water quality gradient in the Whitsunday region and (3) compare growth
rates from the controlled experiment with those
obtained from the field experiments.

MATERIALS AND METHODS
Study area. The Whitsunday Islands comprise > 40
closely spaced continental islands and >100 fringing
reefs (Hopley et al. 1989, Heap et al. 1999) that are situated in the central wet tropic region of the GBR from
20° 00’ to 20° 30’ S and 148° 45’ to 149° 15’ E. A persistent environmental gradient occurs across the Whitsunday Islands, in which increased turbidity (leading
to reduced light availability for benthic primary producers), increased inorganic nutrient levels and chl a
content are positively correlated with proximity to terrestrial discharge (van Woesik et al. 1999, Rohde et al.
2006, Cooper et al. 2007). This study focuses on 5 fringing back reefs in the Whitsunday Island group (Fig. 1)
with known water quality parameters from point
source river runoff (Tables S1 & S2 in the supplement
at www.int-res.com/articles/suppl/m435p097_supp.pdf).
Water quality indicator: Marginopora vertebralis.
We examined the photosymbiont-bearing benthic foraminifer M. vertebralis Qui & Gaimard 1830 (Fig. 2).
This species belongs to the Subfamily Soritinae and
has been recognized in the literature both morphologically (Ross 1972, Gudmundsson 1994, Lee et al. 2004)
and with molecular small subunit (SSU) rRNA gene
sequences (Garcia-Cuetos et al. 2005). Adults can
grow up to 30 mm in diameter (Ross 1972). Geographical genetic flow, for up to 100 km apart, has been documented among populations of M. vertebralis within
the central GBR (Benzie & Pandolfi 1991). All members
of the Soritinae house Symbiodinium dinoflagellate
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found in the Whitsunday region during
wet seasons (Cooper et al. 2007, Uthicke &
Altenrath 2010). Two temperature treatments (22 and 28°C) represented average
Double Cone
Daydream
Pine
Deloraine
Edward
summer and winter sea surface temperatures in the central region of the GBR. Water temperatures remained within 22 ± 1 or
Whitsunday Group
20.00°S
28 ± 1°C for the 22 and 28°C treatments,
respectively, and were monitored hourly
1
with temperature loggers. Salinity was
4
recorded twice weekly with a refractometer and kept at 35 to 36 PSU. We simulated
2
5
20.15°
naturally low light conditions for all
aquaria by administering a constant 6 to
North
9 mol photons m–2 s–1 for 12 h during the
10 km
day using halogen lights that emit a light
3
Proserpine
spectrum closely matched to that found
River
in the field (Uthicke & Altenrath 2010).
20.30°
Shaw Is.
O’Connell
Field experiments: coastal water qualRiver
ity gradient. TSS, dissolved and particulate nutrients, and chl a within the Whit148.30°E
148.45°
149.00°
149.15°
sunday Island group vary naturally
depending on the season and the proxiFig. 1. Field experiment locations in the Whitsunday Islands, Great Barrier
Reef, Australia. Terrestrial runoff and flood plumes from the Proserpine and
mity to point source, in addition to the
O’Connell rivers’ flow north through the Whitsunday Passage
flow conditions of the Proserpine and
O’Connell rivers (Tables S1 to S3 in the
photosymbionts (Langer & Lipps 1995, Lee et al.
supplement). Two field experiments were conducted:
1995). M. vertebralis populations are widely distribthe first in the dry winter months, August to October
uted among seagrass beds and in the epiphytic zones
2008 (mean water temperature: 22°C), and the second
of the central Pacific (Smith 1968, Severin 1987, Langer
in the wet summer months, January to February 2009
& Hottinger 2000), and are known to reproduce asexu(mean water temperature: 28°C). The experimental
ally every 1 to 4 yr during late spring (Ross 1972, Fujita
duration for each experiment was 35 to 41 d. Marginoet al. 2000).
pora vertebralis were collected from Shaw Island
Laboratory experiment: temperature and nutrient al(20° 31’ 02’’ S, 149° 04’ 48’’ E) and photographed diterations. Marginopora vertebralis were collected from
rectly before deployment and after recovery. The specOrpheus Island (18° 39’ 23’’ S, 146° 29’ 54’’ E) at 5 m water
imens were deployed on the fringing back reefs of
depth. The effects of temperature and dissolved inorDouble Cone, Pine, Daydream, Edward and Deloraine
ganic nutrient concentration in the water were tested in
Islands (Fig. 1). The field sampling was not optimal as
a fully orthogonal 2-factor experiment, with ‘Tank’ as a
more replication would have been ideal; however, it
nested factor (Fig. S1 in the supplement at www.intwas conducted in the best way possible given the
res.com/articles/suppl/m435p097_supp.pdf). For 42 d
logistical constraints. Using a method similar to that
(from September to October 2008), 24 cylinders (500 ml)
developed by Lee et al. (1983), 2 stakes were hammered into the substrate at a depth of 5 m below lowwere set up in a 25°C temperature-controlled room at the
Australian Institute of Marine Science (AIMS). To reduce
est astronomical tide, each with two 50 ml polypropycrowding and facilitate identification of individuals, 5
lene tubes containing 5 M. vertebralis per tube. The
tubes had four 8 × 2 cm slits and were covered by
M. vertebralis were placed in each cylinder. M. verteplankton mesh (500 μm mesh size) to allow water flow,
bralis were photographed at the beginning and end
a method previously used by Nobes et al. (2008) as well
of the experiment. Unfiltered ambient seawater was
as Uthicke & Altenrath (2010).
pumped in from the ocean adjacent to the facilities at
Organic carbon and nitrogen measurements. Total
AIMS in Cape Ferguson, Queensland. The water was
foraminiferal carbon and nitrogen content was detertreated with 0.2 μM potassium dihydrogen phosphate
mined from a subset of individuals (n = 6 to 8 per site)
(KH2PO4), 2 μM of potassium nitrate (KNO3) or remained
ambient. The added nutrients represent typical nutrient
from each field experiment. Prior to analysis, the sampeaks experienced during flood plumes in the coastal
ples were rinsed under freshwater and dried in a 60°C
reef zones (Schaffelke et al. 2003) as well as the range
oven. A high resolution balance was used to weigh all
1
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Fig. 2. Marginopora vertebralis. Key morphological characteristics: (A) biconcave, discoid tests with cyclic chamber formation and a central embryonic apparatus, (B) an embryonic
apparatus (megalosphere) with p = proloculus, f = flexostyle,
v = volhof and fc = flabeliform chamber; and (C) numerous
and closely packed median apertures between marginal
apertural rows with a raised rim (peripheral view)

individuals prior to homogenizing the test (CaCO3
shell) with a smooth agate mortar and pestle, and storing the test at –18°C. From ~4 mg of the fine powder,
organic carbon and total nitrogen were determined
using a Shimadzu TOC-V Analyser with a SSM-5000A
solid sample module. Inorganic carbon was dissolved
in a 2 mol l–1 HCl solution and evaporated on a
hot plate. Two in-house standards, coastal sediment
(3.40% C, 0.067% N) and Round 40 (0.86% C), were
used to monitor the analytical quality. Calibration was
carried out with MESS-1 certified reference material
(2.99% C, 0.19% N).
Water column measurements. Surface water was
sampled at each location to measure total dissolved
nitrogen (TDN), total dissolved phosphorus (TDP), dissolved organic carbon (DOC), particulate nitrogen

(PN), particulate phosphorus (PP), particulate organic
carbon (POC), chl a and TSS. Subsamples for TDN and
TDP were immediately filtered through a 0.45 μm filter
cartridge (Sartorius MiniSart N) into acid-washed
screw-cap test tubes and stored at –18°C (following the
procedure of Cooper et al. 2007, Uthicke & Altenrath
2010). Using the standard wet chemical method for
inorganic nutrients (Parsons et al. 1984), TDN and TDP
samples were prepared by persulphate digestion
(Valderrama 1981) before entering a segmented flow
analyzer (Bran+Luebbe AA3). For particulate nutrients
and chl a, subsamples were filtered through precombusted glass fibre filters (Whatman GF/F) and
stored at –18°C. PN was determined by high temperature combustion using an ANTEK 707/720 Nitrogen
Analyzer (Furnas et al. 1995). After digestion in 5%
potassium persulphate, PP was determined spectrophotometrically as inorganic PO4 (Parsons et al. 1984).
Following acidification with concentrated phosphoric
acid, POC was determined by high temperature combustion (950°C) using a Shimadzu TOC-V carbon analyzer with a SSM-5000s solid sample module. Chl a
concentrations were measured fluorometrically (Turner Design 10AU) after grinding the filters in 90% acetone (Parsons et al. 1984). The amount of TSS was
determined by weighing TSS on pre-weighed 0.4 μm
polycarbonate filters (47 mm in diameter, GE Water
and Process Technologies) and determining the differences between pre- and post-filtered weights after
drying overnight in a 60°C oven.
Measurement methods. For both field and laboratory experiments, each individual was photographed
using a Canon EOS40D digital camera, with a Leica
MZ16A 1.0× lens attached to a Leica MS5 microscope.
Before each image was taken, algal growth on the
surface of the foraminifer was removed. Surface area
of each foraminifer was measured from the digital
images by using Image-Pro 5 (Media Cybernetics).
Dead foraminifera, indicated by a loss in symbiont
colour, were excluded from the analysis.
Data analysis. Growth rates of the foraminifera were
calculated from the change in area measured; we
assumed a constant increment of growth per day. The
relative growth rate per day (Sr) was calculated as:
S − Si ⎞ 1
Sr = ⎛ e
×
⎝ Si ⎠ t

(1)

where Si is the initial surface area, Se is the end surface
area and t is the number of days in the experiment.
All growth data were log10-transformed. Replicated
cylinders in the laboratory experiment (n = 8) were a
nested factor for the analysis. Similarly, the 4 holding
containers at each of the 5 fringing reef locations were
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RESULTS
Laboratory growth rates under the influence of
temperature and nutrients
The laboratory experiments identified significant
differences in foraminiferal growth between the nutrient treatments and the water temperature treatments,
with no interaction between these effects (Fig. 3B,
Table 1). Increased temperature had an additive negative effect on growth in both the nutrient-enriched
water treatments and the control treatment. The highest growth rate was observed in the ambient (control)
nutrient treatment (2.43 ± 0.14 μm2 d–1); this was significantly higher than in the nutrient-enriched DIP
(1.20 ± 0.07 μm2 d–1) and DIN treatments (1.53 ±
0.07 μm2 d–1), as shown by the post hoc pairwise comparisons (p < 0.05). Thus, growth rates of Marginopora

5

A
Winter (dry)
Summer (wet)

4
3
2

Growth rate (µm2 d–1)

likewise nested within the main factor Site. Because
there was some mortality in the dry winter field experiment (< 5%) and in the laboratory-controlled experiment (< 8%), an unbalanced nested ANOVA was used
with a type II partial sum of squares (Langsrud 2003).
There was no mortality in the wet summer field experiment, so a fully orthogonal nested ANOVA with a type
III sum of squares was used. For the laboratorycontrolled experimental analysis, nutrients and temperature were analysed as fixed factors. Based on
nutrient data collected here and in previous studies
from the last 5 yr (Cooper et al. 2007, Uthicke &
Altenrath 2010), the sites were grouped into low nutrient (Edward and Deloraine Islands) and high nutrient
(Pine, Daydream and Double Cone Islands) categories
to test the effect of proximity to coast and time, using a
factorial ANOVA. We used a non-parametric KruskalWallis analysis to test for differences between the
growth rates obtained in the field and those in the
laboratory. A Tukey’s honestly significant difference
(HSD) post hoc analysis was run to investigate the significant pairwise comparisons. All statistical tests were
performed using the general linear model procedure in
STATISTICA 9 (StatSoft).
Using PRISM version 5.0a (GraphPad Software),
exponential non-linear regressions were calculated to
express the water quality trends over distance from
river discharge. This was calculated using the mean
and standard error for DIN, PP, POC and TSS water
column parameters; the sites were ordered according
to distance from river discharge. Principal components
analysis (PCA) was used to examine the relationship
among site, year and water quality variables in
PRIMER 6.1.10 (Primer-E). Data are presented as
means ± SE unless otherwise indicated.

1

E
DD
DC
P
D
Nearshore ..................... Offshore

Site
3
2

B
22°C
28°C

1

PO4

NO3

Ambient

Nutrient treatment
Fig. 3. Marginopora vertebralis. Daily growth (mean ± SE) at
the Whitsunday Islands, Great Barrier Reef, Australia. (A) The
field experiment sites are ordered along the water quality
gradient extending nearshore from Pine Island (P), Daydream
Island (DD), Double Cone Island (DC), Edward Island (E) to
Deloraine Island (D). (B) The laboratory experiment used
the following temperature and nutrient treatments to emulate
flooding conditions in the winter (22°C) and summer (28°C):
PO4 = 0.2 μM KH2PO4 added to seawater; NO3 = 2 μM KNO3
added to seawater; ambient = ambient nutrient seawater

Table 1. Statistical results of the laboratory-controlled growth
experiments of Marginopora vertebralis. Data were analysed
with an unbalanced 2-factor (Nutrients and Temperature)
nested ANOVA, with a type II partial sum of squares. All
growth rates were log10-transformed and calculated relative
to the initial foraminiferal surface area. *Significant results
(p < 0.05)
Effect
Nutrients
Temperature
Nutrients × Temperature
Aquarium effect
Error

SS

df

2.02
2
0.11
1
0.65 20
0.06
1
1.80 87

MS

F

p

1.01 48.84 < 0.001*
0.11 5.31 0.024*
0.03 1.58 0.077
0.06 2.76 0.100
0.02

vertebralis were reduced by 51% in the DIP enriched
treatment and by 37% in the DIN enriched treatment
compared with the ambient control. The mean growth
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rate at 28°C was 17% lower (1.54 ± 0.10 μm2 d–1) than
that at 22°C (1.84 ± 0.10 μm2 day–1) (Fig. 3B, full results
are presented in Table S3 in the supplement).

Field experiment under the influence of water quality
Both field experiments showed significant differences
among sites (Table 2, Fig. 3A). There was a significant
division between the growth rate of Marginopora vertebralis from Deloraine and Edward islands compared
with that at Pine and Double Cone islands from both
sampling periods. Daydream Island exhibited no significant difference to any other site in the summer and only
a significant difference with Double Cone and Edward
in the winter (Table S4 in the supplement at www.
int-res.com/articles/suppl/m435p097_supp.pdf). Growth
rates were highest at the offshore site of Deloraine Island
with a mean rate of 3.32 ± 0.20 μm2 d–1 in the winter
and 3.05 ± 0.21 μm2 d–1 in the summer, whereas at the
nearshore site of Pine Island, the mean growth rate of M.
vertebralis was 1.76 ± 0.14 μm2 d–1 during the winter and
1.23 ± 0.07 μm2 d–1 in the summer.
In a second analysis, we grouped samples from each
reef a priori according to proximity to coast (Pine, Daydream and Double Cone islands as the high nutrient
group; Deloraine and Edward islands as the low nutrient group) and time period (Table 2). A significant
interaction between the factors of Proximity and Time
was also present in the 2-factor ANOVA. This was
caused by an additive effect when summer flooding
reduced the growth rate (low nutrient: 2.67 ± 0.46 μm2

Table 2. Statistical results of Marginopora vertebralis field
growth comparisons from 5 fringing back reefs in the Whitsunday region, Great Barrier Reef, Australia. The experiment
was replicated once in the dry winter and once in the wet
summer. For the last analysis, the sites were grouped into low
nutrient (Edward and Deloraine islands) and high nutrient
(Pine, Daydream and Double Cone islands) categories to test
the effect of proximity to coast and time, using a factorial
ANOVA. All growth rates were log10-transformed and calculated relative to the initial foraminiferal surface area.
*Significant results (p < 0.05)
Effect

SS

df

MS

F

p

Dry winter
Site
Nested effect
Error

3.614
0.739
2.127

4
15
76

0.904
0.049
0.028

32.279 < 0.001*
1.760 0.057

Wet summer
Site
Nested effect
Error

2.353
0.363
1.257

4
15
80

0.588
0.024
0.016

37.449 < 0.001*
1.539 0.111

Proximity to shore 107.083
1 107.083 165.840 < 0.001*
Time
13.261
1 13.261 20.538 < 0.001*
Proximity to
3.848
1 3.848
5.959 0.016*
shore × Time
Error
123.975 192 0.646

d–1, high nutrient: 1.45 ± 0.39 μm2 d–1) compared with
the dry winter period (low nutrient: 3.51 ± 0.50 μm2 d–1,
high nutrient: 1.69 ± 0.50 μm2 d–1). The presence of the
significant interaction supports the statement that
growth rates are on average lower in the nearshore
reefs during the flooding season.

Table 3. Marginopora vertebralis. Summary of the mean growth rates (± SE) of M. vertebralis from the Whitsunday region, Great
Barrier Reef, Australia, from field and laboratory experiments. The last column indicates which growth rates were significantly
higher (>) or lower (<) than the growth rate in the specific treatment as shown by Tukey’s HSD post hoc pairwise comparisons
after Kruskal-Wallis non-parametric tests (H15 = 186.4881, p < 0.001, n = 309); the full table (Table S4) is available in the supplement at www.int-res.com/articles/suppl/m435p097_supp.pdf. DIN: 2 μm KNO3 added to seawater; DIP: 0.2 μm KH2PO4 added
to seawater; DW: dry winter; WS: wet summer; MSE: mean square error
Treatment

n

MSE

df

Growth rate (μm2 d–1)

Ambient 22°C
Ambient 28°C
DIN 22°C
DIN 28°C
DIP 22°C
DIP 28°C
Deloraine DW
Edward DW
Daydream DW
Double Cone DW
Pine DW
Deloraine WS
Edward WS
Daydream WS
Double Cone WS
Pine WS

20
16
20
18
20
19
20
18
19
19
20
20
20
20
20
20

0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.02

88
88
88
88
88
88
76
76
76
76
76
80
80
80
80
80

2.54 ± 0.20
2.29 ± 0.21
1.68 ± 0.08
1.35 ± 0.09
1.30 ± 0.09
1.09 ± 0.10
3.32 ± 0.20
3.68 ± 0.31
2.11 ± 0.15
1.22 ± 0.16
1.76 ± 0.14
3.05 ± 0.21
2.31 ± 0.16
1.89 ± 0.12
1.24 ± 0.10
1.23 ± 0.07

Significant post hoc results
> Pine & Double Cone
> Pine (WS only) & Double Cone
< Edward (DW only) & Deloraine
< Deloraine & Edward
< Deloraine & Edward
< Deloraine, Edward, Daydream & Ambient 22°C
> DIN 22 & 28°C; DIP 22 & 28°C
> DIN 22 & 28°C; DIP 22 & 28°C
> DIP 28°C
< Ambient 22 & 28°C
< Ambient 22°C
> DIN 22 & 28°C; DIP 22 & 28°C
> DIN 28°C; DIP 22 & 28°C
> DIP 28°C
< Ambient 22°C & 28°C
< Ambient 22°C & 28°C
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The mean C:N ratio was significantly higher in the
winter (13.5 ± 1.5) compared to the summer (10.0 ± 0.6)
(Fig. 4A, Table 4). The total organic carbon (TOC) content in the foraminifera was constant among sites and
differed between the sampling years; on average, TOC
percent composition was 0.117 ± 0.011% during the
summer and 0.106 ± 0.013% in the winter (Fig. 4B,
Table 4). The total content of nitrogen has an interactive effect of site and year (Table 4). The highest mean
percent nitrogen content occurred at Double Cone
(0.014 ± 0.002%) and Pine islands (0.013 ± 0.002%)
during the summer and the lowest percent nitrogen
content was at Deloraine Island in the winter (0.007 ±
0.001%) (Fig. 4C).

(Fig. 5A). The amount of DIN followed the same yearly
trend, with consistently low concentrations at all sites
in the winter and a mean of 0.161 ± 0.041 μmol l–1. In
the summer, DIN concentrations increased closer to
20

5

Water column measurements

Effect

SS

df

MS

C:N molar mass
Site
31.14
Year
208.91
Site × Year
31.30
Error
333.67

4
7.79
1 208.91
4
7.83
60
5.56

TOC molar mass
Site
Year
Site × Year
Error

0.005
0.002
0.003
0.031

4
1
4
60

TON molar mass
Site
Year
Site × Year
Error

0.0001 4
0.0003 1
0.0001 4
0.0003 60

0.001
0.002
0.001
0.001

F

% TOC

0.10

0.05

0
0.02

C

0.01

p

1.40
0.245
37.57 < 0.001*
1.41
0.243

2.449
4.443
1.532

B

0.15

% TON

Table 4. Total organic carbon (TOC) and total organic nitrogen (TON) from subsamples of Marginopora vertebralis
retrieved from the 5 sites in the Whitsunday region, Great
Barrier Reef, Australia. An unbalanced 2-factor ANOVA was
used with a type II partial sum of squares to examine the
interaction of Site and Year on the C and N stoichiometry in
M. vertebralis. *Significant results (p < 0.05)

Winter (dry)
Summer (wet)

10

0
0.20

Water quality parameters were measured at each
site during the 2 field sampling events. Increased loading of PP, DIN, TSS and TOC was observed at the high
nutrient sites during the summer sampling period relative to the low nutrient sites (Fig. 5, Table S3). A constantly low concentration of PP was recorded at all sites
in the winter, with a mean concentration of 0.072 ±
0.019 μmol l–1. PP increased in the summer at all sites,
with the greatest concentration at nearshore Pine Island (2.017 ± 0.279 μmol l–1) and the lowest at the offshore site at Deloraine Island (1.222 ± 0.225 μmol l–1)
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Fig. 4. Total organic carbon (TOC) and total organic nitrogen
(TON) from subsamples of Marginopora vertebralis retrieved
from 5 fringing back reefs in the Whitsunday region, Great
Barrier Reef, Australia, in field experiments. Panels show
means ± SE of (A) the ratio of TOC:TON, (B) percentage of
TOC and (C) percentage of TON in skeletons of M. vertebralis. The x-axis follows the water quality gradient from
nearshore to offshore, starting at Pine Island (P) and then continuing to Daydream Island (DD), Double Cone Island (DC),
Edward Island (E) and Deloraine Island (D)
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Fig. 5. Summary of the 4 primary water quality variables measured at each site during the summer (open circles, solid line) and
winter (closed circles, dashed line) experimental periods at the Whitsunday Islands, Great Barrier Reef, Australia. The x-axis follows the water quality gradient extending from nearshore to offshore, starting at Pine Island (P) and then continuing to Daydream
Island (DD), Double Cone Island (DC), Edward Island (E) and Deloraine Island (D). The y-axis shows the mean (± SE) water column concentrations of (A) particulate phosphorus (PP), (B) dissolved inorganic nitrogen (DIN), (C) total suspended solids (TSS)
and (D) particulate organic carbon (POC)

PC2: 25.5%

during the wet summer sampling period, had the
the river runoff (0.917 μmol l–1 from Pine Island;
closest association with these parameters.
0.236 μmol l–1 from Deloraine Island) (Fig. 5B). Compared to winter, the TSS measured in the summer increased by ~5-fold in the nearshore waters surroundComparison of laboratory and field results
ing Pine Island, by ~4-fold at Daydream Island, only a
slight increase was observed at both Edward and DouA Kruskal-Wallis test was used to compare the
ble Cone islands and a ~3-fold decrease was observed
growth data from the laboratory and field experiments
at Deloraine Island (Fig. 5C). The content of POC had a
(Table 3, Table S4). The highest growth rates were
similar year–site trend as the other water quality parameters (Fig. 5D). The content of POC in
Deloraine
the water column at Pine Island was
Edward
–1
16.51 ± 3.99 μmol l in the winter and
Double Cone
23.59 ± 0.22 μmol l–1 in the summer. To a
TDP Chl a
lesser extent than the high nutrient sites,
the low nutrient site at Deloraine Island
Daydream
also exhibited increased POC in the
PN
Edward
summer compared with the winter
(13.70 ± 2.79 μmol l–1 in the summer;
DIN
Double Cone
10.10 ± 0.22 μmol l–1 in the winter). The
PP
Deloraine
Pine
POC
PCA further illustrates the relationship
TDN
Daydream
TSS
of the water column variables among
Pine
the sites during the 2 sampling times
DIP
with a distinct separation between the
PC1: 57.2%
summer and the winter (Fig. 6). The
PCA shows that Deloraine, Edward and Fig. 6. Principal components analysis (PCA) of the water quality variables at the
Double Cone islands displayed a nega- Whitsunday Islands during the dry winter (d) and wet summer (s). Chl a: chlorophyll a; DIN: dissolved inorganic nitrogen; DIP: dissolved inorganic phosphate;
tive association with DIN, PP, POC and PN: particulate nitrogen; POC: particulate organic carbon; PP: particulate phosTSS during both years whereas the phorus; TDN: total dissolved nitrogen; TDP: total dissolved phosphorus;
nearshore Pine and Daydream islands,
TSS: total suspended solids
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observed at Deloraine and Edward islands (3.32 ± 0.20
and 3.68 ± 0.31 μm2 d–1, respectively) in the winter.
The growth rates from Marginopora vertebralis at
Edward and Deloraine islands are comparable to those
from the ambient treatment in the laboratory experiment (2.54 ± 0.2 μm2 d–1 at 22°C; 2.29 ± 0.2 μm2 d–1 at
28°C) and are significantly greater than the growth
rates from the DIP and DIN treatments. The growth
rate of M. vertebralis at Daydream Island was comparable to that of the laboratory treatments and was significantly greater than that of the 28°C DIP treatment.
The reduced growth rates at Pine and Double Cone
islands during both sampling times were equivalent to
those observed in the DIN and DIP treatments and
significantly lower than that observed in the ambient
nutrient treatment from the laboratory experiment.

DISCUSSION
The field and laboratory experiments presented here
characterise the effects of enhanced nutrients from terrestrial sources and temperature on CaCO3 production
by Marginopora vertebralis. Understanding the ecological response of photosymbiont-bearing benthic
foraminifera to eutrophication is highly relevant because they are widely distributed throughout reef biotypes (Langer & Hottinger 2000), they are ecological
indicators of water quality (Hallock et al. 2003) and
they contribute significant proportions of CaCO3 to the
shallow marine sediment (Scoffin & Tudhope 1985).
Slower growth rates of M. vertebralis were associated
with increased summer temperatures and additional
nutrient input within the nearshore region of the Whitsunday Islands. These findings indicate that nearshore
water, which is seasonally enriched with terrestrially
derived nutrients, reduces the growth rate of M. vertebralis. In order to explore the cross effects of temperature, DIN and DIP, a manipulative experiment was
conducted on M. vertebralis. Results from the 2 sampling events in the field strongly mimic those from the
laboratory experiment. Below, we first discuss the
results in regard to possible oxidative stress caused by
the thermal adjustment and aerobic demand (Pörtner
2002). Secondly, we raise the hypothesis that M. vertebralis growth rates are altered by the destabilisation of
photosymbiosis through the release from nutrient limitation, similar to photosymbiont-bearing corals (Dubinsky & Berman-Frank 2001).

The effect of temperature
Thermal tolerance and oxygen consumption are
determining factors that regulate metabolic rate, body
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size and ventilatory efficiency among marine organisms (Pörtner 2002). Thermal stress among coral reef
foraminifera can influence community composition
and species distributions (Langer & Hottinger 2000).
Diatom-bearing hyaline foraminifera respond to heat
stress (~32°C) physiologically by housing fewer symbionts, through a reduced area in lipid bodies and
greater areas of vacuolar endoplasm and ectoplasm
(Talge & Hallock 2003). However, it may be more accurate to compare the foraminiferal response to that in
corals due to the symbiont similarity between hermatypic corals and dingoflagellate-bearing porcelaneous foraminifera. For example, among corals, elevated sea surface temperature induces bleaching
(Hoegh-Guldberg & Smith 1989, Lesser et al. 1990,
Glynn et al. 1993) and ultimately regulates internal
energy budgets, which affect growth, fecundity and
life history evolution (Pörtner & Knust 2007). Our
results suggest that the summer temperature of 28°C is
near the upper limit before the onset of thermal stress
for Marginopora vertebralis. Although these temperatures are not lethal, the physiological capacity to maintain growth appears to be compromised. This is of
interest as ongoing anthropogenic threats, such as climate change, may be more severe in regions with
diminished water quality (Wooldridge & Done 2009),
and therefore act in a synergistic manner influencing
growth patterns.

The effect of eutrophication
Within coral reef ecosystems, the availability of
nutrients, essential for host and symbiont metabolism,
varies throughout the water column. The success of
photosymbiont-bearing organisms, such as corals and
large benthic foraminifera, has occurred in high-light
and oligotrophic conditions and is attributed to the
photosymbiont translocation of photosynthate to the
host (Muscatine & Lenhoff 1983, Muscatine et al.
1984). Photosynthetically driven CO2 reduction provides energy-rich carbohydrates used to support metabolic activities and cell growth. Ter Kuile & Erez (1987)
noted an internal competition between the foraminiferal host and its photosymbiont for these carbohydrates. The uncoupling of the algal production of carbohydrates and cell growth is largely governed by
nutrient limitation within the photosymbiont (Dubinsky & Berman-Frank 2001). As described by Redfield
(1958), the atomic ratio of C:N in aquatic primary producers is ~6.6. Coupling occurs between photosynthesis and cell growth within the algal photosymbiont as
the proportion of nutrients becomes closer to the Redfield ratio within the photosymbiont (Dubinsky &
Berman-Frank 2001); therefore, the carbohydrates are
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retained by the photosymbiont instead of being translocated to the host. Previous studies have observed
high symbiont density in foraminifera as a response to
eutrophication (e.g. Talge & Hallock 2003), similar to
trends observed in corals (Falkowski et al. 1993,
Steven et al. 1997). This mechanism, as observed in
corals (Dubinsky & Berman-Frank 2001), may explain
reduced skeletal growth rates in the foraminiferal host
due to reduced energy supply.
The organic carbon and nitrogen contents measured
here in Marginopora vertebralis (as a holobiont) were
not carbon-limited at the site level, although a slightly
higher organic carbon content was measured during
the flooding period in the summer. In contrast, nitrogen content showed an interactive effect of site and
year, where nitrogen content increased mostly from
the nearshore sites of Double Cone and Pine islands in
the summer. In this case, the nitrogen content was driving the change in the C:N ratio, as the carbon content
was uniform. A distinctly lower C:N ratio was measured in Amphistegina radiata and Heterostegina depressa during the wet summer (Uthicke & Altenrath
2010), similar to the ratio found in M. vertebralis in this
study. Even though the C:N values were higher in the
dry winter in M. vertebralis (~13), they never matched
that of A. radiata and H. depressa (~20) from the same
region. Our measurements are comparable to those of
Muscatine et al. (1989), who measured a coral C:N
ratio between 4 and 19, with a clear reduction when
the water was enriched with nitrogen. The symbiosis
found in corals is comparable to that in M. vertebralis,
as they both house similar dinoflagellate algae (Symbiodinium spp.). For corals, the release from nutrient
limitation is expected to destabilize the translocation of
carbon from symbiont to the host and, in exchange,
benefit symbiont growth (Dubinsky & Berman-Frank
2001). Therefore, it is possible that the same mechanism is driving a reduction in the amount of carbon
being transferred from the symbiont to the foraminiferal host when waters are enriched with concentrated
nutrients. However, given the physiological differences of symbiosis among corals (intercellular) and
foraminifera (intracellular), future investigation is
required.
A number of environmental parameters within
coastal marine zones are influenced by river runoff.
Long-term (> 5 yr) monitoring results for the Whitsunday water column (Cooper et al. 2007) are comparable
to broad-scale observations of environmental parameters from coastal waters adjacent to the major GBR
catchments (Brodie et al. 2007). Excessive input of
nutrients is known to shift the microbial benthic communities in coastal marine systems (Meyer-Reil &
Köster 2000). Benthic foraminiferal composition has
provided a reliable indication of water quality shifts

(Hallock et al. 2003, Schueth & Frank 2008, Uthicke &
Nobes 2008). Specifically, the FORAM Index (Hallock
et al. 2003) uses proportional abundance of 3 functional groups (photosymbiont bearing, opportunistic
and smaller heterotrophic taxa) to calculate the ‘suitability’ of water quality to support reef growth. Within
the Whitsunday region, ecosystem shifts are related to
eutrophication (van Woesik et al. 1999, Fabricius et al.
2005, Cooper et al. 2007). In particular, benthic foraminifera from the GBR shift from photosymbiont-bearing
species (i.e. mixotrophic) towards a greater abundance
of heterotrophic species as water quality decreases
(Uthicke & Nobes 2008, Uthicke et al. 2010). Shifts in
proportional abundances may transpire from slower
host growth among photosymbiont-bearing foraminifera because of a longer growth period before reproduction, thereby shifting the proportional abundance
of photosymbiont-bearing LBF in the community over
time.

Effects on CaCO3 production
Photosymbiont-bearing LBF contribute a significant
portion of calcareous sediment to the reef environment (Scoffin & Tudhope 1985). Any changes in the
growth rates of LBF have the potential to substantially
alter the annual CaCO3 budget within coral reefs
(Maxwell 1968, Hallock et al. 1986, Langer et al. 1997,
Fujita et al. 2000). In summary, different growth rates
of Marginopora vertebralis under a flood plume scenario (warmer water and peak DIP and DIN) from the
laboratory treatments caused a 22 to 55% yr–1 reduction of CaCO3. From the field experiments, closer
proximity to point source runoff (i.e. highly affected
by terrestrial runoff) could equate to a 45 to 65% yr–1
loss of CaCO3 from M. vertebralis. The slower growth
and loss of CaCO3 production in LBF could also occur
in other photosymbiont-bearing calcareous marine
organisms, such as calcareous algae and corals, when
the symbionts are released from nutrient limitation.
Therefore, sediment composition is not only influenced by the input of terrestrial sediments and
organic matter, but also by the declining CaCO3 production rate.

Observed variability and environmental complexities
Earlier growth studies on foraminifera have observed variability in the response of species in relation
to additional dissolved inorganic nutrients. From laboratory experiments, Lee et al. (1980) concluded that all
symbionts within benthic foraminifera are naturally
nitrogen and phosphate limited. In contrast, Ter Kuile
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by improving water quality (Marshall & Johnson 2007,
et al. (1987) recorded a 5-fold increase in the growth
Wooldridge & Done 2009). Here we show direct evirate of Amphistegina lessonii and a doubling of
dence that reduced nutrient runoff can have beneficial
Amphisorus hemprichii when cultured in higher DIP
outcomes for the growth success of benthic photosymand nitrate. Similar results have been observed in
biont-bearing foraminifera. Nutrient enrichment and
diatom-bearing Heterostegina depressa and Amphisincreased temperature clearly had an additive effect;
tegina radiata as a result of high concentrations of disthus, improving local conditions can ameliorate addisolved and particulate nutrients (Uthicke & Altenrath
tive environmental stresses such as ocean acidification
2010). This variation can be attributed to different caland increased temperature. In future studies, ecophyscification mechanisms and carbon budgets between
iological examination of the photosymbiont cell denspecies (Ter Kuile & Erez 1991) and differences in the
sity and pigment will clarify the proposed mechanism
symbiont assemblages within the host (Leutenegger
of symbiosis destabilization.
1983).
There are a number of environmental complexities
to consider that may account for a proportion of the site
Acknowledgements. This research was jointly funded by the
ARC Centre of Excellence for Coral Reef Studies, the Ausvariability observed in the present study. The reasontralian Institute of Marine Science and an Australian Biologiing behind conducting accompanied laboratory expercal Research Study PhD scholarship award. We thank
iments was to control for likely environmental condiK. Gomez and W. Renema for their assistance in obtaining
tions that influence the Whitsunday region and most
SEM images and taxonomic direction. We also thank R. Reef
from the Centre for Marine Studies and the members of the
inshore reefs on the GBR; such influences include
Marine Palaeoecology Group (B. Beck, K. Gomez, M. Lybolt,
localised hydrodynamics (Debenay et al. 2005), salinity
R. Narayan, J. Roff and P. Rachello Dolmen), whose comments
(Reddy & Rao 1984, Caron et al. 1987) and light (Talge
and reviews significantly improved this manuscript.
& Hallock 2003, Nobes et al. 2008). Growth rates in the
laboratory experiments were slightly lower than those
LITERATURE CITED
observed in the field. However, experimental trends
were in line with field observations, with increasing
Benzie JAH, Pandolfi JM (1991) Allozyme variation in Margrowth rates occurring at ambient nutrient levels and ➤
ginopora cf. vertebralis (foraminifera; Miliolidae) from
tropical winter temperatures. The range of DIN and
coral reef habitats in the Great Barrier Reef, Australia.
J Foraminiferal Res 21:222–227
DIP concentrations from the terrestrially influenced
Brodie J (2006) Nutrient management zones in the Great Barnearshore locations in the field was above the benefirier Reef catchment: a decision system for zone selection.
cial level for optimal growth rates of Marginopora verAustralian Centre for Tropical Freshwater Research,
tebralis. The growth rates from the offshore reefs at
James Cook University, Townsville
Edward and Deloraine islands were within the range ➤ Brodie J, De’ath G, Devlin M, Furnas M, Wright M (2007)
Spatial and temporal patterns of near-surface chloroof the ambient conditions measured in the aquaria.
phyll a in the Great Barrier Reef lagoon. Mar Freshw Res
The cooler dry winter had consistently higher growth
58:342–353
rates than the warmer wet summer, similar to the trend
➤ Caron DA, Faber WW, Be AWH (1987) Effects of temperature
seen in the temperature treatments in the laboratory
and salinity on the growth and survival of the planktonic
foraminifer Globigerinoides sacculifer. J Mar Biol Assoc
experiment.
UK 67:323–341

➤ Cooper TF, Uthicke S, Humphrey C, Fabricius KE (2007) GraCONCLUSIONS
Human populations in coastal zones have altered
landscapes, terrestrial runoff and nutrient fluxes at ➤
accelerating rates over the past century (Vitousek et al.
1997, Rabalais 2002, Galloway et al. 2003, Cooper et al. ➤
2007, Dinsdale et al. 2008). The present study highlights a quantitative approach to understanding the
biological response of shifting environmental parameters through multilevel testing of laboratory experiments with a field analogy. The current use of LBF has
proved successful in describing one response to enhanced nutrients and temperature in a terrestrially
influenced marine ecosystem. It has recently been suggested that one management option to improve reef ➤
resilience to global change is to reduce local stressors

dients in water column nutrients, sediment parameters,
irradiance and coral reef development in the Whitsunday
region, central Great Barrier Reef. Estuar Coast Shelf Sci
74:458–470
Cox EF, Ribes M, Kinzie RA (2006) Temporal and spatial
scaling of planktonic responses to nutrient inputs into a
subtropical embayment. Mar Ecol Prog Ser 324:19–35
Debenay JP, Millet B, Angelidis MO (2005) Relationships
between foraminiferal assemblages and hydrodynamics in
the Gulf of Kalloni, Greece. J Foraminiferal Res 35:
327–343
Devlin MJ, Waterhouse J, Taylor J, Brodie J (2001) Flood
plumes in the Great Barrier Reef: spatial and temporal patterns in composition and distribution. Great Barrier Reef
Marine Park Authority, Townsville
Dinsdale EA, Pantos O, Smriga S, Edwards RA and others
(2008) Microbial ecology of four coral atolls in the northern Line Islands. PLoS One 3:e1584
Dubinsky Z, Berman-Frank I (2001) Uncoupling primary production from population growth in photosynthesizing

108

Mar Ecol Prog Ser 435: 97–109, 2011

organisms in aquatic ecosystems. Aquat Sci 63:4–17

➤ Fabricius KE (2005) Effects of terrestrial runoff on the ecology
➤
➤

➤
➤

➤
➤

➤
➤

➤

➤

➤

➤

➤
➤
➤

of corals and coral reefs: review and synthesis. Mar Pollut
Bull 50:125–146
Fabricius KE, De’ath G (2004) Identifying ecological change
and its causes: a case study on coral reefs. Ecol Appl 14:
1448–1465
Fabricius K, De’ath G, McCook L, Turak E, Williams DM
(2005) Changes in algal, coral and fish assemblages along
water quality gradients on the inshore Great Barrier Reef.
Mar Pollut Bull 51:384–398
Falkowski PG, Dubinsky Z, Muscatine L, McCloskey L (1993)
Population control in symbiotic corals. Bioscience 43:
606–611
Fujita K, Nishi H, Saito T (2000) Population dynamics of Marginopora kudakajimensis Gudmundsson (Foraminifera:
Soritidae) in the Ryukyu Islands, the subtropical northwest
Pacific. Mar Micropaleontol 38:267–284
Furnas MJ (2003) Catchments and corals: terrestrial runoff to
the Great Barrier Reef. Australian Institute of Marine
Science & CRC Reef Research Centre, Townsville
Furnas MJ, Mitchell AW, Skuza M (1995) Nitrogen and phosphorus budgets for the Central Great Barrier Reef shelf.
Great Barrier Reef Marine Park Authority, Townsville
Galloway JN, Aber JD, Erisman JW, Seitzinger SP, Howarth
RW, Cowling EB, Cosby BJ (2003) The nitrogen cascade.
Bioscience 53:341–356
Garcia-Cuetos L, Pochon X, Pawlowski J (2005) Molecular
evidence for host –symbiont specificity in soritid foraminifera. Protist 156:399–412
Glynn PW, Imai R, Sakai K, Nakano Y, Yamazato K (1993)
Experimental responses of Okinawa (Ryukyu Islands,
Japan) reef corals to high sea temperature and UV radiation. Proc Int Coral Reef Symp, Guam 1:27–37
Gudmundsson G (1994) Phylogeny, ontogeny and systematics
of recent Soritacea Ehrenberg 1839 (Foraminiferida).
Micropaleontology 40:101–155
Hallock P, Cottey TL, Forward LB, Halas J (1986) Population
biology and sediment production of Archaias angulatus
(Foraminiferida) in Largo Sound, Florida. J Foraminiferal
Res 16:1–8
Hallock P, Lidz BH, Cockey-Burkhard EM, Donnelly KB
(2003) Foraminifera as bioindicators in coral reef assessment and monitoring: the FORAM Index. Environ Monit
Assess 81:221–238
Haynes D, Michalek-Wagner K (2000) Water quality in the
Great Barrier Reef World Heritage Area: past perspectives, current issues and new research directions. Mar
Pollut Bull 41:428–434
Heap AD, Larcombe P, Woolfe KJ (1999) Storm-dominated
sedimentation in a protected basin fringed by coral reefs,
Nora Inlet, Whitsunday Islands, Great Barrier Reef, Australia. Aust J Earth Sci 46:443–451
Hoegh-Guldberg O, Smith GJ (1989) The effect of sudden
changes in temperature, irradiance and salinity on the
population density and export of zooxanthellae from the
reef corals Stylophora pistillata Esper and Seriatopora hystrix Dana. J Exp Mar Biol Ecol 129:279–303
Hopley D, Parnell KE, Isdale PJ (1989) The Great Barrier Reef
Marine Park: dimensions and regional patterns. Aust
Geogr Stud 27:47–66
Idjadi JA, Edmunds PJ (2006) Scleractinian corals as facilitators for other invertebrates on a Caribbean reef. Mar Ecol
Prog Ser 319:117–127
Kinsey DW, Davies PJ (1979) Effects of elevated nitrogen and
phosphorus on coral reef growth. Limnol Oceanogr 24:
935–940

➤ Koop

➤

➤
➤

➤
➤

➤

➤
➤

➤

➤
➤

K, Booth D, Broadbent A, Brodie J and others (2001)
ENCORE: the effect of nutrient enrichment on coral reefs.
Synthesis of results and conclusions. Mar Pollut Bull 42:
91–120
Langer MR, Hottinger L (2000) Biogeography of selected
‘larger’ foraminifera. Micropaleontology 46:105–126
Langer MR, Lipps JH (1995) Phylogenetic incongruence
between dinoflagellate endosymbionts (Symbiodinium)
and their host foraminifera (Sorites): small-subunit ribosomal RNA gene sequence evidence. Mar Micropaleontol
26:179–186
Langer MR, Silk MT, Lipps JH (1997) Global ocean carbonate
and carbon dioxide production: the role of reef foraminifera. J Foraminiferal Res 27:271–277
Langsrud Y (2003) ANOVA for unbalanced data: use Type II instead of Type III sums of squares. Stat Comput 13:163–167
Lee JJ, McEnery ME, Koestler RL, Lee MJ, Shilo M (1983) Experimental studies of symbiont persistence in Amphistegina
lessonii, a diatom-bearing species of larger foraminifera from
the Red Sea. In: Schenk HEA, Schwemmler W (eds) Endocytobiology II. Gruyter, Berlin, p 487–514
Lee JJ, McEnery ME, Garrison JR (1980) Experimental studies of larger foraminifera and their symbionts from the
Gulf of Eilat on the Red Sea. J Foraminiferal Res 10:31–47
Lee JJ, Morales J, Symons A, Hallock P (1995) Diatom symbionts in larger foraminifera from Caribbean hosts. Mar
Micropaleontol 26:99–105
Lee JJ, Burnham B, Cevasco ME (2004) New modern soritid
foraminifer, Amphisorus saurensis n. sp., from the Lizard
Island Group (Great Barrier Reef, Australia). Micropaleontology 50:357–368
Lesser MP, Stochaj WR, Tapley DW, Shick JM (1990) Bleaching in coral reef anthozoans: effects of irradiance, ultraviolet radiation, and temperature on the activities of protective enzymes against active oxygen. Coral Reefs 8:
225–232
Leutenegger S (1983) Specific host –symbiont relationship in
larger foraminifera. Micropaleontology 29:111–125
Lewis JB, Snelgrove PVR (1990) Corallum morphology and
composition of crustacean cryptofauna of the hermatypic
coral Madracis mirabilis. Mar Biol 106:267–272
Marques JC, Salas F, Patrício JM, Pardal MA (2005) Application of ecological indicators to assess environmental
quality in coastal zones and transitional waters: two case
studies. In: Jorgensen SE, Costanza R, Xu FL (eds) Handbook of ecological indicators for assessment of ecosystem
health. Taylor & Francis, Boca Raton, FL, p 67–104
Marshall PA, Johnson JE (2007) The Great Barrier Reef and
climate change: vulnerability and management implications. In: Johnson JE, Marshall PA (eds) Climate change
and the Great Barrier Reef: a vulnerability assessment.
Great Barrier Reef Marine Park Authority, Townsville,
p 773–801
Maxwell WGH (1968) Atlas of the Great Barrier Reef. Elsevier, Amsterdam
McCulloch M, Fallon S, Wyndham T, Hendy E, Lough J,
Barnes D (2003) Coral record of increased sediment flux to
the inner Great Barrier Reef since European settlement.
Nature 421:727–730
Meyer-Reil LA, Köster M (2000) Eutrophication of marine
waters: effects on benthic microbial communities. Mar
Pollut Bull 41:255–263
Moss A, Brodie J, Furnas M (2005) Water quality guidelines
for the Great Barrier Reef World Heritage Area: a basis for
development and preliminary values. Mar Pollut Bull 51:
76–88
Muscatine L, Lenhoff HM (1983) Measuring in vivo transloca-

Reymond et al.: Eutrophication inhibits foraminiferal growth

➤

➤

➤
➤

➤
➤

➤
➤
➤

➤

➤

tion of reduced organic carbon compounds from endosymbiotic algae to hydra. In: Lenhoff HM (ed) Hydra: research
methods. Plenum Press, New York, NY, p 407–410
Muscatine L, Falkowski PG, Porter JW, Dubinsky Z (1984)
Fate of photosynthetic fixed carbon in light and shade
adapted colonies of the symbiotic coral Stylophora pistillata. Proc R Soc Lond B 222:181–202
Muscatine L, Falkowski PG, Dubinsky Z, Cook PA,
McCloskey LR (1989) The effect of external nutrient
resources on the population dynamics of zooxanthellae in
a reef coral. Proc R Soc Lond B 236:311–324
National Land and Water Resources Audit (2002) Australians
and natural resource management. Department of the
Environment, Water, Heritage and the Arts, Canberra
Neil DT, Orpin AR, Ridd EV, Yu BF (2002) Sediment yield and
impacts from river catchments to the Great Barrier Reef
lagoon. Mar Freshw Res 53:733–752
Nobes K, Uthicke S, Henderson R (2008) Is light the limiting
factor for the distribution of benthic symbiont bearing
foraminifera on the Great Barrier Reef? J Exp Mar Biol
Ecol 363:48–57
Parsons TR, Maita Y, Lalli CM (1984) A manual of chemical
and biological methods for seawater analysis. Pergamon
Press, Oxford
Pörtner HO (2002) Climate variations and the physiological
basis of temperature dependent biogeography: systemic
to molecular hierarchy of thermal tolerance in animals.
Comp Biochem Physiol A 132:739–761
Pörtner HO, Knust R (2007) Climate change affects marine
fishes through the oxygen limitation of thermal tolerance.
Science 315:95–97
Preston NP, Doherty PJ (1994) Cross-shelf patterns in the
community structure of coral-dwelling Crustacea in the
central region of the Great Barrier Reef. II. Cryptofauna.
Mar Ecol Prog Ser 104:27–38
Pringle CM (2001) Hydrologic connectivity and the management of biological reserves: a global perspective. Ecol
Appl 11:981–998
Rabalais NN (2002) Nitrogen in aquatic ecosystems. Ambio
31:102–112
Reddy KR, Rao RJ (1984) Foraminifera–salinity relationship in
the Pennar Estuary, India. J Foraminiferal Res 14:115–119
Redfield AC (1958) The biological control of chemical factors
in the environment. Am Sci 46:205–221
Rohde K, Masters B, Brodie J, Faithful J, Noble R, Carroll C
(2006) Fresh and marine water quality in the Mackay Whitsunday region 2004/2005, Mackay Whitsunday Natural
Resource Management Group, Mackay
Ross CA (1972) Biology and ecology of Marginopora cf. vertebralis (Foraminiferida), Great Barrier Reef. J Protozool 19:
181–187
Schaffelke B, Uthicke S, Klumpp D (2003) Water quality, sediment and biological parameters at four reef flats in the
nearshore Herbert River Region, central GBR. Great Barrier Reef Marine Park Authority, Townsville
Schueth JD, Frank TD (2008) Reef foraminifera as bioindicators of coral reef health: Low Isles Reef, northern Great
Barrier Reef, Australia. J Foraminiferal Res 38:11–22
Scoffin TP, Tudhope AW (1985) Sedimentary environments of
the central region of the Great Barrier Reef of Australia.
Coral Reefs 4:81–93
Severin KP (1987) Spatial and temporal variation of Marginopora cf. vertebralis on seagrass in Papua New Guinea durEditorial responsibility: Matthias Seaman,
Oldendorf/Luhe, Germany

➤

➤

➤

➤
➤

➤

➤

➤
➤

109

ing a six week period. Micropaleontology 33:368–377
Smith RK (1968) An intertidal Marginopora colony in Suva
Harbor, Fiji. Contrib Cushman Found Foraminiferal Res
19:12–17
Steven ADL, Broadbent AD, Lessios HA, Macintyre IG (1997)
Growth and metabolic responses of Acropora palifera to
long term nutrient enrichment. Proc 8th Int Coral Reef
Symp, Panama 1:867–871
Talge HK, Hallock P (2003) Ultrastructural responses in fieldbleached and experimentally stressed Amphistegina
gibbosa (Class Foraminifera). J Eukaryot Microbiol 50:
324–333
Ter Kuile BH, Erez J (1987) Uptake of inorganic carbon and
internal carbon cycling in symbiont-bearing benthonic
foraminifera. Mar Biol 94:499–510
Ter Kuile BH, Erez J (1991) Carbon budgets for two species of
benthonic symbiont-bearing foraminifera. Biol Bull 180:
489–495
Ter Kuile BH, Erez J, Lee JJ (1987) The role of feeding in the
metabolism of larger symbiont bearing foraminifera. Symbiosis 4:335–350
Uthicke S, Altenrath C (2010) Water column nutrients control
growth and C:N ratios of symbiont-bearing benthic foraminifera on the Great Barrier Reef, Australia. Limnol
Oceanogr 55:1681–1696
Uthicke S, Nobes K (2008) Benthic Foraminifera as ecological
indicators for water quality on the Great Barrier Reef.
Estuar Coast Shelf Sci 78:763–773
Uthicke S, Thompson A, Schaffelke B (2010) Effectiveness of
benthic foraminiferal and coral assemblages as water
quality indicators on inshore reefs of the Great Barrier
Reef, Australia. Coral Reefs 29:209–225
Valderrama JC (1981) The simultaneous analysis of total
nitrogen and total phosphorus in natural waters. Mar
Chem 10:109–122
van den Berg D, Grounds S, Denham R (2007) Mapping land
use: land use mapping from 1999 to 2004 for the Pioneer
River catchment. Queensland Department of Natural
Resources and Water, Brisbane
van Woesik R, Tomascik T, Blake S (1999) Coral assemblages
and physico-chemical characteristics of the Whitsunday
Islands: evidence of recent community changes. Mar
Freshw Res 50:427–440
Vitousek PM, Aber JD, Howarth RW, Likens GE and others
(1997) Human alteration of the global nitrogen cycle:
sources and consequences. Ecol Appl 7:737–750
Wilson SK, Graham NAJ, Pratchett MS, Jones GP, Polunin
NVC (2006) Multiple disturbances and the global degradation of coral reefs: Are reef fishes at risk or resilient?
Glob Change Biol 12:2220–2234
Wooldridge SA, Done TJ (2009) Improved water quality can
ameliorate effects of climate change on corals. Ecol Appl
19:1492–1499
Wooldridge S, Brodie J, Furnas M (2006) Exposure of innershelf reefs to nutrient enriched runoff entering the Great
Barrier Reef Lagoon: post-European changes and the
design of water quality targets. Mar Pollut Bull 52:
1467–1479
Xu FL (2005) Application of ecological and thermodynamic
indicators for the Assessment of lack ecosystem health. In:
Jørgensen SE, Costanza R, Xu FL (eds) Handbook of
ecological indicators for assessment of ecosystem health.
Taylor & Francis, Boca Raton, FL, p 127–151
Submitted: October 30, 2010; Accepted: April 15, 2011
Proofs received from author(s): July 25, 2011

