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Abstract: Benthic Foraminifera are important elements of coral reef ecosystems and valuable proxies for mon-
itoring reef health in the face of local, regional and global stressors. Here Foraminifera preserved in a sediment
core from the One Tree Reef (OTR) lagoon on the southern Great Barrier Reef (GBR) are used to quantify eco-
logical changes associated with European colonization (early 1800s) and the subsequent industrialization of
Australia (1950s onward). Core samples are compared to published benthic grab samples from three reefs to
compare spatial and temporal variation. Standard measures of richness, diversity and foraminiferal assemblage
composition indicate significant differences between the Recent assemblages of OTR lagoon and those from
Heron and Wistari reef lagoons. However, there is no discernible change in the OTR lagoon core assemblages
from the last four centuries in any of the richness or diversity indices examined. While benthic grabs likely
undersample infaunal Foraminifera relative to core samples, these foraminiferal assemblages indicate the
OTR lagoon contains a living example of a pre-colonial GBR lagoon ecosystem. Without cores from Heron
and Wistari it is unknown if their foraminiferal assemblages have changed due to recent anthropogenic activity
or if they have always been distinct.

Supplementary material: All data and analytical scripts required to reproduce these analyses are available at

https://doi.org/10.6084 /m9.figshare.c.6223250

Coral reef ecosystems are increasingly affected by
localized anthropogenic activities, such as land
clearing and coastal development, tourism and pollu-
tion, resulting in increased eutrophication and
reduced water quality (Pandolfi et al. 2003; Fabricius
et al. 2016; Fontanier ef al. 2018). While written
records of reef conditions rarely pre-date the last
50 years, coral coverage has declined worldwide
from 60% to 20% over that time (Pandolfi er al.
2003; Brodie and Waterhouse 2012). While Austral-
ia’s Great Barrier Reef (GBR) is considered among
the least stressed globally, evidence of significant
degradation pre-dates the 1900s (Pandolfi er al.
2003). As human impacts pre-date monitoring
efforts, palacoecological studies provide our only
opportunity to understand climatic, environmental
and depositional conditions pre-dating anthropo-
genic influence, and therefore may assist in isolating
cause and effect, uncovering natural variation and
the determination of reference or natural environ-
mental states (Willis and Birks 2006; Yasuhara
et al. 2017, 2020).

While indigenous people lived in Australia prior
to the current sea-level, there is no evidence their
activities caused large-scale environmental disturb-
ance to reef systems (Jackson ez al. 2001). The main-
land adjacent to the GBR was colonized by European

immigrants in the early 1800s with industrialization
occurring in the 1900s. European settlement resulted
in a change in fishing regime, rapid land clearing,
increased run-off and drastic modification of reef
coastal zones followed by development and industri-
alization (Whitehouse 1991; Hill et al. 2000; Kroon
et al. 2012; Reside et al. 2017). By 1999 an esti-
mated 60% of pre-settlement land cover was cleared
from the Fitzroy Basin, with 95% of the area used for
grazing and agriculture (Packett et al. 2009). The
Fitzroy River Basin is one of the largest catchments
in eastern Australia, delivering flow from five major
rivers to the GBR just north of Gladstone (Fig. 1;
Douglas et al. 2010). Today Gladstone, which sits
on the southern edge of the GBR, is one of Austral-
ia’s largest industrially developed areas and ports
(Fig. 1; Van Beers et al. 2008). Palacoecological
data provide an opportunity to investigate these
changing anthropogenic impacts on the southern
GBR since European colonization.

Foraminifera that produce a calcareous test, i.e.
shell, are common palaeobiological proxies for
investigating and monitoring fluctuations in marine
environments caused by varying drivers over differ-
ing time intervals (Hallock et al. 2003; Barras et al.
2014; Zeppilli et al. 2015; Musco et al. 2017; Bou-
chet et al. 2018). Foraminifera preserved in dated
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Fig. 1. Location map of One Tree Reef. (a) Australian mainland indicating the position of the Great Barrier Reef.

(b) The Great Barrier Reef indicating the position of the Capricorn group. (¢) The Capricorn Group indicating the
position of Wistari, Heron and One Tree Reefs. (d) Landsat imagery of Wistari, Heron and One Tree Reefs, with
individual sample locations marked. Grab locations are indicated with orange squares, numbers in squares correspond
to sample identifiers used by Mamo (2016) and in the Supplementary material. The ‘C’ in the yellow circle indicates
the location of the core sampled here for Foraminifera and dated by Kosnik ez al. (2015). Panels (a)—(c) are based on
GBR Marine Park Authority zoning maps. Satellite imagery in panel (d) was taken in 2016 and was sourced from
Google Earth.
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sediment cores have been used successfully to inves-
tigate past environmental conditions and past com-
munity dynamics (e.g. biodiversity, abundance and
overturn) (Haynes 1981; Karlsen e al. 2000; Tsuji-
moto et al. 2008; Yasuhara et al. 2012). Foraminifera
are diverse and abundant on GBR coral reefs where
they contribute to biodiversity and carbonate sedi-
ment production (Nobes and Uthicke 2008; Doo
et al. 2012).

Smaller Benthic Foraminifera (SBF), or hetero-
trophic, asymbiotic benthic species, are diverse and
abundant in marine environments but have been
less studied on the GBR than the more charismatic
Larger Benthic Foraminifera (LBF) which, similar
to zoothanthellate corals, host photosynthetic algal
symbionts to improve calcification and nutrient recy-
cling (Ross 1972; Leutenegger 1984; Renema 2008;
Uthicke and Nobes 2008). SBF outnumber LBF in
both taxonomic diversity (LBF taxa only account
for a small proportion of overall species diversity,
e.g. 16 out of 133 species in our study area; Mamo
2016) and ecological abundance (almost entire
marine realm as opposed to a 16°C isotherm in
their coldest month). Moreover, SBF are considered
environmental and pollution indicators (Scott et al.
2001; Renema 2002; Frontalini and Coccioni 2008;
Boudagher-Fadel 2018). Globally both increased
eutrophication and anoxia of shallow marine areas
have been linked to increases in opportunistic SBF
genera such as Ammonia Brunnich, 1771-1772 and
to decreases in the genus Elphidium de Montfort,
1808 (Yasuhara er al. 2012). Reduced water quality,
caused by increased turbidity or nutrients, results in
decreased LBF and increased SBF abundance in
tropical reef environments (Hallock er al. 2003;
Uthicke and Nobes 2008).

Low or declining densities of Foraminifera and
changes in foraminiferal assemblages have been
reported in reefs near urbanized and heavily popu-
lated sites worldwide, including nearshore sites on
the GBR reflecting poor water quality (Schueth and
Frank 2008; Uthicke and Nobes 2008; Fujita et al.
2009; Narayan and Pandolfi 2010; Osawa et al.
2010; Uthicke et al. 2010; Fabricius et al. 2012; Par-
saian et al. 2018). Using sediment cores collected
along a water quality gradient in central GBR inshore
fringing reefs, Uthicke er al. (2012) identified a
decline in LBF over the last 55 years and a rise in
opportunistic SBF. The study reported a clear differ-
ence between post-colonial assemblages and pre-
colonial assemblages previously stable for thousands
of years. Uthicke et al. (2012) demonstrated that the
severity of the impact declined with increasing dis-
tance from the coast, and away from areas with
higher levels of dissolved nutrients.

Here we examine foraminiferal assemblages
from pre-colonial through modern time, in a dated
lagoonal sediment core from One Tree Reef

(OTR). To further understand the core assemblages,
they are compared with published surface sampling
data from Heron Reef, Wistari Reef and OTR
lagoons (Mamo 2016). Understanding historical
changes on an outer reef will improve our under-
standing of the geographical extent of anthropogenic
impacts on the GBR.

Material and methods
Study sites

The Capricorn Group (CG) comprises 12 reefs at the
southern end of the GBR (Fig. 1, Maxwell 1968) that
are 80-100 km offshore and occur in one of the least
impacted areas of the GBR (Maiklem 1970; Pandolfi
etal. 2003). Due to the depth of the surrounding water
and the distance from mainland Australia, CG reef
lagoon sediments are entirely composed of biogenic
carbonate (Maxwell 1968). Three neighbouring
reefs, Heron (HR), One Tree (OTR) and Wistari
(WR), are geomorphically similar, with lagoons sur-
rounded by a reef crest over a metre higher than the
astronomical low tide and only passable by boat dur-
ing high tides. However, the three reefs have very dif-
ferent histories of human influence.

Heron (23° 30" S, 152° 06" E; Fig. 1d), the big-
gest and best known CG reef, is approximately
9.5 km by 4.5 km with a vegetated sand island at
the NE corner and home to a research station oper-
ated by University of Queensland and a resort
which was formerly (1925-29) a turtle cannery.
Approximately 33% of the island has been cleared
to accommodate these two facilities. HR lagoon fea-
tures scattered patch reefs and hard coral cover aver-
aging 37% (40% in 2016) (Salmond et al. 2019).
Due to its sheer size, only a very small portion of
the lagoon is accessible from the island during low
tides. Heron Island can house up to 450 people at
one time. To facilitate access to the island an artificial
harbour and passage was blown through the reef
crest in the 1960s resulting in changes to sedimen-
tary and hydrodynamic processes especially at the
northwestern end of HR (Flood 1977).

Wistari (23° 30" S, 152° 06" E; Fig. 1d) is also a
large platform reef (8.2 km by 3.7 km), but it has no
island and is separated from HR to its east by a c.
30 m deep and c. 1 km wide channel. It has never
had a permanent human presence and while the
outer reef face is regularly visited by scientists, tour-
ists and fisherman, the lagoon is isolated from the
surrounding ocean except during high tides.

One Tree (23° 30’ S, 152° 06’ E; Fig. 1d) is situ-
ated approximately 19 km SE of HR and only 10 km
west of the continental shelf edge (Davies et al.
1976; Mamo 2016). The reef is 5.5km by 3 km
and has a small vegetated, coral shingle cay located
in the southeastern corner on which the University
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of Sydney established a scientific research station in
1971. OTR is a designated Scientific Research Zone
with access restricted to station visitors. The research
station houses a maximum of 20 scientists and two
permanent staff. OTR’s limited modification and dis-
tance from the mainland make a natural reference site
for the outer, southern GBR. Recent estimates of
average coral cover are 56% (up from 40% in
2017) dominated by Acroporidae (Australian Insti-
tute of Marine Science 2021). The OTR lagoon is
isolated from the surrounding ocean but readily
accessible from the research station during low tides.

Sampling

Between 2007 and 2009 foraminiferal assemblages
were sampled from the surficial sediments of the
OTR, HR and WR lagoons. In these analyses HR
is represented by 4 samples, WR by 7 and OTR by
15, all collected using a petite ponar grab (Fig. 1d).
These data, their collection, preparation and identifi-
cation, are described in more detail in Mamo (2016),
but significantly a 63 um sieve was used and 400
specimens were identified per sample. These 26
grab samples comprise 10 400 specimens from 114
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species within 72 genera and 44 families, nearly all
specimens were dead at the time of collection.
While the time over which these specimens accumu-
lated is unknown, given the fragility of Foraminifera
tests (Dawson et al. 2014) and the preservation of
219py stratification in OTR lagoon sediments (Kos-
nik et al. 2015), these samples likely represent fora-
miniferal assemblages averaged over the previous
decade or two.

In September 2012, a 1.6 mlong, 80 mm diameter
percussive hand core was collected from the north-
western end of OTR First Lagoon (23.49677° S,
152.06587° E) (‘C’ in Fig. 1d). The core sediment is
composed of a homogenous fine-grained, bioclastic
calcareous material with median grain size of 85 um
(Fig. 2a). Texture and colour is consistent throughout,
with no evidence of terrestrial-derived sediment or
visible changes in grain size or texture. The sediment
core sampled here for Foraminifera is the same as that
described and dated by Kosnik ez al. (2015).

Core chronology

Kosnik et al. (2015) sampled 1.0 cm intervals every
5 cm (down to 56-57 cm depth interval) for 2'°Pb
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Fig. 2. Core sedimentology and chronology. (a) Replicate grain size analyses every 5 cm down core. The y-axis
indicates compacted core depth in metres. The x-axis indicates grain diameter on a log scale. Vertical dashed lines
indicate the 10th, 50th, and 90th grain size quantiles; the grey boxes indicate the 95% confidence intervals on each of
those quantiles; black dots represent individual measurements; and large black circles indicate median values of the
replicate measurements. Small black boxes along the left axis indicate the layers from which Foraminifera were
sampled. Horizontal dashed lines indicate AD 1945 and AD 1788. (b) Lead activity down core. The y-axis is

compacted core depth in metres and is identical to panel A.

The x-axis is lead activity on a log scale. Lead activity

begins to decline from 0.15 m, and by 0.5 m, background levels are reached. A linear age model assuming constant
initial lead concentration (CIC age) was fit using the six circled points. CIC model ages (years AD) are indicated on
the y-axis. See Kosnik ez al. (2015) for additional details on grain size determination and Pb-210 dating techniques.
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dating at the Australian Nuclear Science and Tech-
nology Organisation (ANSTO) Environmental
Radioactivity Measurement Centre. *'°Pb dating
has been applied since the 1970s for estimating the
age of recent marine sediment and has confirmed
the carbonate sediments in the core are in strati-
graphic order (Koide er al. 1972; Kosnik et al.
2015). The ?'°Pb dating method has been shown to
be accurate up to 150 years and used to create age/
depth curves because the rate of *'°Pb natural
decay is known (Appleby and Oldfield 1978).

For the purpose of these analyses, the constant
initial concentration (CIC) age model is slightly
more conservative than the constant rate of supply
(CRS) age model and has been used to correlate
core depth with sediment age dating the base of the
core at ¢. 400 years (AD 1600) (Fig. 2b). The sedi-
mentation rate was estimated at 3.9 mm a~', which
indicates a fundamental limit to the temporal resolu-
tion of 2.5 years per cm layer. Age uncertainty for
the core layers using the CIC model ranged from 5
to 26 years. No evidence indicates a change in sedi-
mentation rate or time-averaging in the core layers
examined, and each foraminiferal assemblage is
interpreted to represent Foraminifera accumulating
over approximately a decade although a direct mea-
surement of SBF time-averaging was not possible.
This time-averaging estimate is consistent with the
clear >'°Pb signal and its 22.3 years half-life.

The c. 1.6 m long core was divided into three dis-
tinct sampling intervals where the layer age uncer-
tainty falls entirely within the: modern (post-1945
[<24 cm]), colonial (1945-1788 [26-84 cm]) and
pre-colonial (pre-1788 [>89.5 cm]). Three 1 cm
thick layers were sampled from each time interval
using a stratified random number generator imple-
mented in the statistical program R (R Core Team
2021).

Sampled layers were sieved and air dried before
being split into smaller aliquots. All foraminiferal
tests were exhaustively picked from >125 um frac-
tion regardless of their physical condition or matu-
rity. Additional aliquots were processed until c.
200 individual Foraminifera were identified per
sediment layer. A count of between 150 and 300
individuals is standard protocol for subsample
size to assess changes in species diversity and
composition over time and to obtain census data
(Hallock et al. 2003; Murray 2006; Schonfeld
2012). From three layers (2-3 cm, 60-61 cm and
110-111 cm) specimens from the 63—125 pm frac-
tion were similarly picked and examined. These
63—125 pm fractions were composed primarily of
juvenile Foraminifera, and only one additional
taxon was found in these samples, so fractions
<125 ym have been excluded from the analyses
presented here although those data are presented
in Supplement S1.

Specimen identification and taxonomy

Taxonomic resolution is important in palacoecolog-
ical and conservation biological data (Willis and
Birks 2006). Genus-level identification increases
the likelihood of consistent identification enabling
more meaningful comparison with other published
studies and has been applied in this study. Mamo’s
(2016) taxonomic monograph on the Foraminifera
of the CBG was used as the primary identification
source to increase the consistency of taxonomy
between grab samples and core samples. Mamo
(2016) represents the most recent specialized taxon-
omy for the GBR but was also cross-checked to ver-
ify current taxonomic status using taxonomic works
(Jones and Brady 1994; Hayward et al. 1999; Parker
2009; Debany 2012; Lei et al. 2017; Forderer and
Langer 2018) and the World Foraminifera Database
(Hayward et al. 2019). In the few cases where spe-
cies name changes have been proposed since
Mamo (2016), the updated genus name has been
used. Sixteen scanning electron microscopy stubs
containing c¢. 1176 specimens are archived at the
Queensland Museum, Brisbane (QM registration
numbers: G466236-G466251). Analyses were con-
ducted after removing all unidentified, juvenile and
broken specimens from the dataset.

Statistical analysis

Observed richness was calculated for each sample as
the sum of taxa present. Chao 1, an estimator of the
true taxon richness based primarily on the number of
taxa with two specimens recorded, was calculated
with the ‘estimateR’ functions in R package
‘vegan’ (Oksanen er al. 2019). Shannon equitability
index, a measure of the evenness of the taxon abun-
dance distribution, and Fisher’s Alpha («), a param-
eter of the log-series distribution used to estimate
diversity, were calculated using the ‘diversity’ func-
tion in the R package ‘vegan’ version 2.5-7 (Oksa-
nen et al. 2019). These are commonly used indices
in foraminiferal and ecological research; they are
presented to provide an assessment of sample or
alpha diversity comparable to other studies.

The Foram Stress Index (FSI) was created to
assess the health of soft-bottom environments such
as lagoons (Dimiza et al. 2016). The FSI is deter-
mined by the proportion of benthic Foraminifera cat-
egorized as stress sensitive and the proportion
categorized as stress tolerant. Local changes in FSI
are generally interpreted as evidence of changes in
water or environmental quality (Dimiza er al.
2016). In pristine environments the FSI ranges
between 9 and 10, whilst in a heavily polluted envi-
ronment the FSI will typically be between 1 and 2
(Dimiza et al. 2016). The FSI was designed for use
with live-collected specimens rather than death
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assemblages or fossils, but it should be effective in
recent fossil assemblages. In order to calculate the
FSI, all sampled Foraminifera were classified as
stress sensitive or stress tolerant following Dimiza
et al. (2016). Symbiont-bearing and other heterotro-
phic taxa were classed as stress sensitive, whereas
opportunistic taxa were classed as stress tolerant.
Individual taxon classifications are listed in Supple-
ment S2. FSI was calculated as:

FSI = (10 X Pscn) + (Pstr) (1)

where Py, denotes the proportion of sensitive taxa
and Py, the proportion of stress-tolerant taxa.

In addition to taxonomic measures, a number of
taphonomically and ecologically relevant morpho-
logical groupings were examined. Agglutinated
tests are formed by embedding sedimentary grains
with an organic material, so they are the most fragile
and most susceptible to taphonomic loss of all the
foraminiferal tests (Sen Gupta 1999; Duros et al.
2012). The proportion of agglutinated tests is
expected to decline as the severity and/or duration
of exposure to taphonomic forces increases. Miliolid
Foraminifera are considered to have robust tests, par-
ticularly due to the calcitic construction of their test
wall (Sen Gupta 1999). If taphonomic forces are
harsher or longer lasting, then miliolid foraminiferal
tests might be more likely to survive and be overrep-
resented in the death assemblage relative to their live
abundance. Bolivinids are incredibly robust infaunal
Foraminifera commonly found in lagoonal and shel-
tered environments, in muddy and fine-grained sed-
iments that, due to living within the uppermost 2—
5 c¢cm of sediment, can endure more stressful condi-
tions including low light and brackish salinities
(Hayward et al. 1999; Murray 2006). Infaunal Fora-
minifera are less likely to be exposed to the water
column and the taphonomic forces present at the
sediment-water interface. Grab samples may system-
atically under-sample taxa that live deeper in the
sediment relative to core samples. Larger Benthic
Foraminifera are most common on the reef crest,
so they are likely to be indicators of post-mortem
transport of Foraminifera into the lagoon.

Diversity indices were not normally distributed,
therefore differences between categories were evalu-
ated using the non-parametric Kruskal-Wallis rank
sum test in the case of three groups or the Wilcoxon
rank sum test in the case of two groups (R’s ‘krus-
kal.test’ function). For each dependent variable,
four Kruskal-Wallis tests were conducted (all
groups, only modern OTR samples, only core sam-
ples and only grab samples), so p-values have been
adjusted for four multiple comparisons using the
Holm method as calculated using R’s ‘p.adjust’
function (Holm 1979).

Nonmetric Multidimensional scaling (nMDS)
was undertaken using the ‘vegan’ package methods
‘metaMDS’ function to identify patterns in the com-
position of foraminiferal assemblages (Oksanen
2015). nMDS uses rank order (distances) for ordina-
tion and can be used with nonlinear species data.
Numerical abundance data are square root trans-
formed before being Wisconsin double standardized
to create a Bray—Curtis dissimilarity matrix for
depicting gradients (Oksanen er al. 2019). A
nMDS model was established using the configura-
tion with the lowest stress value. Plotting the first
and second nMDS axis scores is an effective way
to visualize the similarities of the various samples
and sample groups.

Indicator ‘species’ analyses were used to identify
taxa associated with particular sample groups. An
indicator value was calculated for each species pre-
sent in the dataset based on two components. The
positive predictive value of a species is the probabil-
ity of a site belonging to a particular group if the spe-
cies is sampled. The sensitivity of the species is the
probability of finding the species in the sites assigned
to the group. An ideal indicator species would be
found only at sites belonging to a particular group
and would be found at all the sites assigned to that
group. Permutation tests conducted using the ‘indic-
species’ package were used to determine the signifi-
cance of the indicator value (De Céceres and
Legendre 2009).

With all of these approaches we are examining
four key questions which provide the strongest
tests for spatial and temporal variation in CG forami-
niferal assemblages.

(1) Are there significant differences between the
six spatio-temporal groups?

(2) Does sampling method matter, i.e. are grab
samples from OTR and modern core samples
different?

(3) Are temporal changes in the OTR foraminif-
eral assemblage preserved in the core?

(4) Is there reef scale spatial variation across CG
foraminiferal assemblages, i.e. do grab sam-
ples from OTR, HR and WR lagoons capture
different assemblages?

All analyses were conducted at both the genus and
family taxonomic levels. Analyses were undertaken
in R 4.1.2 with additional packages detailed above
(R Core Team 2021). A link to the specimen count
files and the R scripts used for analyses and figures
is found in Supplement S3.

Results

A total of 3670 Foraminifera tests, including broken
and unidentifiable specimens, were picked from the
three core layers from each time interval (nine layers
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Fig. 3. Diversity metrics. (a) Raw number of observed genera. (b) Chaol estimates of total genus richness.

(c) Shannon equitability /Pieleu’s evenness. (d) Fisher’s alpha. In all panels, symbols are individual samples,
horizontal bars are group medians, the box is the interquartile range, and the whiskers are extreme values up to 1.5x
the IQR. Pre-colonial, colonial and modern samples are core samples from OTR; OneTree, Heron and Wistari are
grab samples of modern sediment. Bars at the bottom of the plot indicate the significance (black indicates significance
at p = 0.05 level, grey indicates not significant) of four comparisons: all 6 groups, sampling methodology comparing
modern OTR core samples with OTR grab samples, between time intervals using core samples only, between reefs
using only grab samples. Sample sizes (n) indicated in panel (a) are the same for all panels.

in total). No significant difference in Foraminifera
per mg of sediment was found (chi-squared = 8,
df =8, p=0.43). After excluding juvenile and
unidentifiable specimens, 2745 Foraminifera from
63 genera and 40 families were identified. Nine
core samples were compared with 26 lagoon grab
samples: HR (4), WR (7) and OTR (15). Mamo
(2016) identified 10 400 specimens from 72 genera
(67 genera from OTR) and 44 families. In total 84
genera were identified with 26% occurring only
once (12 genera) or twice (10 genera) in the com-
bined dataset. The core and grab datasets contained
76% and 82% rare taxa, respectively, when rare

was defined as being represented by fewer than 1%
of the specimens in the respective dataset. Based on
the number of rare taxa in the core not found in the
surface samples, the slope of rarefaction curves, and
the Chaol estimates, additional but unsampled taxa
were likely present within the OTR lagoon. The dif-
ference between observed richness and Chaol esti-
mates suggests ¢. 7 + 5 (mean + SE) genera were
present but unsampled from the OTR lagoon.
Individual samples contained between 10 and 50
genera from between 6 and 35 families, with OTR
having significantly more taxa (Fig. 3a, Table 1,
p < 0.01). There was no significant difference between

Table 1. Diversity metrics statistical test summary corresponding to the panels in Figure 2

All Method Time Reef
Observed richness p=0.001 p =0.592 p = 0.466 p <0.001
Chaol p =0.008 p =0.504 p =0.504 p = 0.006
Shannon equitability p =0.093 p=0.172 p =0.733 p = 0.065
Fishers alpha p =0.001 p=0.518 p =0.561 p < 0.001

Kruskal-Wallis test p-values corrected for four multiple comparisons using the Holm method. Comparing ‘all” groups, comparing ‘method’
(modern core v. OTR grab), comparing ‘time’ (time intervals from the core), and comparing ‘reef’ (grab samples from the three reefs).
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raw richness within the core samples or between the
OTR grab and modern core samples, but HR and
WR grab samples had fewer genera than OTR grab
samples (p < 0.01). Chaol estimates of total genus
diversity yielded the identical pattern (Fig. 3b,
Table 1). None of the Shannon equitability compari-
sons was statistically significant (Fig. 3c, Table 1).
Fisher’s alpha estimates showed the same pattern as
observed diversity with HR and WR having lower
estimates than OTR (Fig. 3d, Table 1). While Shan-
non equitability was not different, all of the other
diversity metrics indicate HR and WR were less
diverse, less rich and less even than OTR now or in
the past. In none of these comparisons were the mod-
ern OTR grab samples different to the OTR core sam-
ples (p > 0.13), nor were there differences amongst
the core samples (p > 0.17).

Foraminifera-specific metrics are determined by
morphologies or ecological traits that are consistent
at the family or higher taxonomic level (Fig. 4,
Table 2). FSI is constrained to values between 0
and 10, with higher values indicating the presence
of more taxa considered to be sensitive to environ-
mental conditions, and zero indicating a community
composed entirely of stress tolerant taxa. While in
all samples the FSI was very high (>8.4), there was
a significant difference between groups (Fig. 4,
Table 2). While there was no significant difference
between the time intervals (p = 0.56), there was a
significant difference between sampling methods at
OTR (p=0.02), and a significant difference
between the three reefs (p < 0.01). The proportion
of agglutinated Foraminifera differed significantly
between the three reefs (p = 0.03), but none of the
other comparisons were significant (p > 0.08). Boli-
vinids represent a greater proportion of the core
assemblages than the grab assemblages (Fig. 4c,
p <0.02). There was no significant difference
between time intervals (p = 0.25), but there was a
significant difference between OTR and the other
two reefs (p < 0.01). The core samples had more
infaunal Foraminifera than the grab samples
(Fig. 4d, p = 0.02). There was no significant differ-
ence between time intervals or between reefs
(Table 2, p > 0.15). There was no significant differ-
ence between LBF in any of the comparisons
(Fig. 4e, Table 2, p > 0.15). Miliolid Foraminifera
showed substantial variation across the samples, but
there was no significant difference between time
intervals, sampling methods or reefs (Fig. 4f,
Table 2, p > 0.09).

nMDS was used to visualize the community com-
position in two dimensions. The nMDS based on
genus data shows strong overlap of the 95% confi-
dence intervals for reefs, but less overlap between
the OTR core and reef samples (Fig. 5, stress =
0.133). To understand which taxa are responsible
for these distinctions, indicator ‘species’ analysis

was used to identify the taxa responsible for distin-
guishing the groups.

Examining all groups, 27 of 84 genera are signif-
icant indicators of particular sample groups
(Table 3). Ten genera are indicators of core samples
(Pseudohauerina, Tortoplectella (Fig. 6.7-8), Boli-
vina (Fig. 6.1-3), Cymbaloporella, Haynesina, Cibi-
cidoides, Spirillina, Buliminoides, Acervulina,
Rosalina), one genus is an indicator of pre-colonial
samples (Edentostomina), two genera are indicators
of colonial samples (Uvigerina, Trifarina), one
genus is an indicator of modern samples (Siphonina),
one genus is an indicator of pre-modern samples
(Sigmavirgulina; Fig. 6.4-6), three genera are indi-
cators of colonial and modern samples (Pileolina,
Fijiella, Patellina), one genus is an indicator of mod-
em and OTR grab samples (Siphogenerina;
Fig. 6.12), one genus is a significant indicator of sur-
ficial grab samples (Pseudotriloculina; Fig. 6.20),
one is a significant indicator of HR (Baculogypsina;
Fig. 6.17), one is a significant indicator of all but the
pre-colonial (Spiroloculina; Fig. 6.16), one is an
indicator of all groups but WR (Hauerina), no
genus is an indicator of WR, and the other four gen-
era indicate combinations of sample groupings
across core and grab samples (Table 3).

Examining sampling methodology, ten genera
are significant indicators of core samples (Pseudo-
hauerina, Bolivina, Tortoplectella, Cymbaloporella,
Pileolina, Buliminoides, Neoconorbina, Reophax
(Fig. 6.11), Siphonina, Spirillina), and four genera
are significant indicators of grab samples (Siphona-
perta, Pseudotriloculina, Calcarina (Fig. 6.18-19),
Sigmoihauerina) (Table 4). While no individual
time interval has a significant indicator genus, Sig-
mavirgulina is a significant indicator of pre-modern
samples (Table 5). Nine genera are significant indi-
cators of spatial variation (Table 6), six genera
(Peneroplis, Sigmoihauerina (Fig. 6.9), Bolivina,
Siphogenerina, Textularia (Fig. 6.10), Eponides)
indicate OTR, two genera (Adelosina, Baculogyp-
sina) indicate HR, two genera indicate HR and
OTR (Hauerina, Tortoplectella), but WR has no
indicative genus (Table 6).

Discussion
Sampling methodology

Comparing core samples prepared using a 125 ym
sieve with grab samples prepared using a 63 pm
sieve may have inflated the diversity of the grab sam-
ples relative to the core samples. In some environ-
ments, the 125-63 um fraction is needed to detect
small infaunal species and their response to changes
in the levels of organic input when calculating the
FSI (Schonfeld et al. 2012). When examining
>125 pm material, an analysis of a small number



Downloaded from https://www.lyellcollection.org by Guest on Jun 26, 2023

One Tree Reef Foraminifera: a pre-colonial example 183
(a) (b)
n 15 n=4 n=7 -
1004, —— 47 %Agglutinated  §
< =3 n=3 3 4 ,
9.5 E n=3 4
-
2 —
90 4 - !
1= i
a5 A o Foram Stress Index 0 - E * - i ==
T T T T T T T T T T T T
(e) - (d) -
15 - ] : 30 e !
- ]
10 ; he 204 *
5 4 =& 10 4 % i ?
0 4 % Bolivinid o o 4 % Infaunal ey
T T T T T T T T T T T T
(e) U]
40 °
. - 80 4 o o =
30 - % Larger benthic forams \ % Miliolid
70 -§- £
. F
60 - e
1
10 - B o] = ;
0 el (== - - &
40
T T T T T T T T T T T T
S 3T £ B 5 B -
g &2 F b 2 2 g 5 3 % 2 2
LI% 8§ = § o o = S
IS <
e Surface e Surface
OTR Core Grabs OTR Core Grabs

Fig. 4. Foraminifera-specific diversity measures, individual panel format as in Figure 3. (a) Foram Stress Index,
ranges between 0 and 10 with values above 9 indicating very good conditions for foraminiferal growth. (b) The
proportion of individual Foraminifera with agglutinated tests. (¢) Individual bolivinid Foraminifera as a proportion of
the sample. (d) Infaunal Foraminifera tests as a proportion of the sample. (e) Individual Larger Benthic Foraminifera
as a proportion of the sample. (f) Individual miliolid Foraminifera as a proportion of the sample.

of samples in the 125-63 um fraction provides an
indication of the information loss (Sen Gupta et al.
1987). Three core layers (one from each time inter-
val) were randomly selected and the 125-63 um
fractions were examined, but these fractions con-
tained primarily juvenile species and only one

additional taxon was identified (Asanonella Huang,
1965). The number of small infaunal species in
core samples exceeded those present in the grab sam-
ples despite the larger sieve size used. Different sieve
sizes used to prepare the samples are unlikely to have
caused the observed patterns.

Table 2. Foraminifera-specific metric statistical test summary corresponding to the panels in Figure 3

Metric All Method Time Reef

Foram Stress Index p <0.01 p=0.01 p =0.56 p <0.01
% Agglutinated p=0.08 p=0.54 p=0.54 p=0.03
% Bolivinid p <0.01 p =0.02 p =025 p <0.01
% infaunal p <0.01 p=0.02 p =0.56 p=0.15
% LBF p=0.18 p=0.15 p=0.18 p=0.18
% Miliolid p=0.02 p=0.17 p=0.73 p=0.09

Kruskal-Wallis test p-values corrected for four multiple comparisons using the Holm method. Comparing ‘all” groups, comparing ‘method’
(modern core v. OTR grab), comparing ‘time’ (time intervals from the core), and comparing ‘reef’ (grab samples from the three reefs).
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Table 3. Indicator species analysis summary statistics for all groups

A B Stat p-value

Core samples (colonial + modern + pre-colonial)

Pseudohauerina 0.964 1.000 0.982 <0.001

Tortoplectella 0.946 1.000 0.972 <0.001

Bolivina 0.936 1.000 0.967 <0.001

Cymbaloporella 0.889 1.000 0.943 <0.001

Haynesina 0.950 0.889 0.919 <0.001

Cibicidoides 0.826 1.000 0.909 0.019

Spirillina 0.987 0.778 0.876 0.001

Buliminoides 0.841 0.778 0.809 0.007

Acervulina 0.849 0.667 0.752 0.036

Rosalina 1.000 0.556 0.745 0.014
Pre-colonial

Edentostomina 1.000 0.667 0.816 0.015
Colonial

Uvigerina 0.807 1.000 0.898 0.002

Trifarina 0.909 0.667 0.778 0.007
Modern

Siphonina 1.000 0.667 0.816 0.015
Pre-modern (colonial 4 pre-colonial)

Sigmavirgulina 0.944 1.000 0.972 <0.001
Colonial 4+ modern

Pileolina 0.779 1.000 0.883 0.002

Fijiella 0.862 0.833 0.848 0.003

Patellina 1.000 0.500 0.707 0.040
Modern + OneTree

Siphogenerina 0.939 0.611 0.758 0.050
Grab samples (Heron + OneTree + Wistari)

Pseudotriloculina 0.972 0.962 0.967 <0.001
Heron

Baculogypsina 0.877 1.000 0.937 0.001
Colonial + modern 4+ OneTree + Heron + Wistari

Spiroloculina 0.978 0.969 0.973 0.019
Pre-colonial + colonial + modern 4+ OneTree + Heron

Hauerina 0.940 1.000 0.97 <0.001
Colonial 4+ OneTree

Sigmoihauerina 0.794 0.833 0.813 0.047
OneTree + pre-colonial

Peneroplis 0.832 0.833 0.833 0.034
Colonial 4+ OneTree + Heron + Wistari

Siphonaperta 0.977 1.000 0.988 0.001

Calcarina 0.984 0.966 0.975 0.032

Sample group identified, genus name, A is the probability of a site belonging to a particular group if the genus is sampled, B is the probability
of finding the genus in the sites assigned to the group, Stat is the mean of A and B, p-value is the permutation based p-value indicating the
statistical significance of the genus as an indicator of the group. All genera with p < 0.05 are shown.

For sample methodology comparisons, the three
foraminiferal assemblages from the ‘modern’ layers
of the OTR core (2-3 cm [AD 2000-08], 7-8 cm
[AD 1988-95] and 12—-13 cm [AD 1975-81]) were
compared with the foraminiferal assemblages col-
lected via benthic grab at OTR in AD 2007-08.
While the grab samples are slightly more recent
than these three core layers, these layers were
selected to ensure sufficient spacing between layers
such that both distinct time periods were sampled
and the age uncertainty of the deepest layer was
unambiguously after the establishment of the OTR

research station in 1971. There is no temporally asso-
ciated pattern of foraminiferal assemblage change
within the three core layers.

While sampling methodology resulted in no sig-
nificant change in diversity metrics (Fig. 3), it did
yield significant differences in Foraminifera-specific
metrics and in community analyses (Fig. 4). Core
samples had slightly lower FSI than grab samples
(Fig. 4a). Core samples had more bolivinid and
infaunal Foraminifera than grab samples (Fig. 4c,
d). That a core might more effectively sample infau-
nal taxa than a grab is not surprising. Nine genera
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Fig. 5. Nonmetric multidimensional scaling (nMDS)
using a Bray—Curtis dissimilarity matrix.

were significant indicators of core samples (Pseudo-
hauerina, Bolivina, Tortoplectella, Cymbaloporella,
Pileolina, Neoconorbina, Reophax, Siphonina, Spi-
rillina), and four genera were significant indicators
of grab samples (Siphonaperta, Pseudotriloculina,
Calcarina, Sigmoihauerina).

Core samples were dominated by SBF (95 +
2%), predominantly small miliolids (55 + 6%,
mean + SD). Davies et al. (1976) reported the
lower energy areas of the OTR lagoon were domi-
nated by miliolids. Genera of small miliolids like
Quinqueloculina (Fig. 6.13-15), Adelosina, Trilocu-
lina and Spiroloculina are common in reef lagoons
where they live an epiphytic lifestyle and are abun-
dant on dead coral and macroalgae substrate (Vénec-
Peyré 1991; Bicchi et al. 2002; Murray 2006). SBF
abundance in lagoonal and estuarine environments
are not indicators of poor water quality, and have
been reported in high diversity and abundance
(>50% of taxa) in the lagoons of atolls in both the
Maldives and Barbuda and in the patch reefs in
New Caledonia and Belize (Brasier 1975; Wallace
and Schafersman 1977; Parker and Gischler 2011;
Debany 2012).

The counts of Bolivina and related taxa were
much higher in the core (11 + 5%) than in grab sam-
ples (1 + 1%) (Fig. 4c). Lower Bolivina numbers in
grab samples may be due to the fact that bolivinids
are infaunal and therefore collected in lower num-
bers from surface samples. The high abundance of
‘buliminids’ in the core samples is consistent with
the lagoonal environment and associated fine sedi-
ment grain size (Hayward and Brazier 1980; Haig
1993). The comparison of grab samples and core
samples highlights the benefits of using both
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Table 4. Indicator species analysis summary statistics
for sampling methods

A B Stat  p-value
Core
Pseudohauerina 0916 1.000 0.957 0.007
Bolivina 0.874 1.000 0.935 0.004
Tortoplectella 0.859 1.000 0.927 0.017
Cymbaloporella  0.813 1.000 0.901 0.016
Pileolina 0.802 1.000 0.895 0.020
Buliminoides 0.735 1.000 0.857 0.039
Neoconorbina 0.732 1.000 0.855 0.041
Reophax 1.000 0.667 0.816 0.020
Siphonina 1.000 0.667 0.816 0.019
Spirillina 0.952 0.667 0.797 0.038
Grab
Siphonaperta 0.979 1.000 0.989 0.001
Pseudotriloculina  1.000 0.933 0.966 0.005
Calcarina 0.973 0.933 0953 0.012
Sigmoihauerina 1.000 0.867 0.931 0.012

Same format as Table 3.

Table 5. Indicator species analysis summary statistics
for time intervals

A B Stat  p-value
Colonial +
pre-colonial
Sigmavirgulina 0.944 1.000 0.972 0.029

Same format as Table 3.

Table 6. Indicator species analysis summary statistics

for reefs

A B Stat p-value

OneTree

Peneroplis 0.955 0.800 0.874 0.001

Sigmoihauerina  0.815 0.867 0.841 0.015

Bolivina 1.000 0.667 0.816 0.009

Siphogenerina 0.929 0.667 0.787 0.021

Textularia 0.871 0.667 0.762 0.046

Eponides 1.000 0.533 0.730 0.042
Heron

Baculogypsina  0.877 1.000 0.937 <0.001

Adelosina 0.722  0.750 0.736  0.023
Heron + OneTree

Hauerina 0914 1.000 0.956 <0.001

Tortoplectella 1.000 0.579 0.761 0.041

Same format as Table 3.

sampling methods. Core samples appear to sample
deeper infaunal taxa more effectively than collec-
tions made using surface grab samples.
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Fig. 6. Representative images of key Foraminifera taxa. Scanning electron microscope stubs are deposited at the
Queensland Museum, Brisbane. 1, Reophax sp. 1, QM#G466245 stub position: 16; scale bar = 50 um, agglutinated,
infaunal, indicator of core samples. 2, Textularia lateralis Lalicker, 1935, QM#G466245 stub position: 27; scale




Downloaded from https://www.lyellcollection.org by Guest on Jun 26, 2023

One Tree Reef Foraminifera: a pre-colonial example 187

Taphonomic signals

Differences between living communities, surface
death assemblages and buried death assemblages
can arise due to a variety of biotic and abiotic pro-
cesses. In the case of Foraminifera, the primary taph-
onomic processes are predation, dissolution and
abrasion, but the relative importance of each is envi-
ronment specific (Glenn-Sullivan and Evans 2001).
Preservation potential in carbonate settings is likely
to be higher than in siliciclastic or terrigenous sedi-
ment due to the buffering of pore waters, which
may limit dissolution (Kotler er al. 1992; Martin
1999; Glenn-Sullivan and Evans 2001). Given the
abundance of very fine sediment the main tapho-
nomic influences within the OTR lagoon are likely
to be from bioerosion and predation (Glenn-Sullivan
and Evans 2001).

Test structure is important in determining the
likelihood of preservation with thinner and more per-
forate tests less likely to withstand dissolution
(Walker and Goldstein 1999). In a carbonate reef set-
ting, test mineralogy and architecture influence dura-
bility; however, agglutinated tests are typically
considered to be the least robust of Foraminifera
due to the fragility and friability of their organic
cement (Martin 1999; Murray 2006; Berkeley et al.
2009). There was no significant difference in the rel-
ative abundance of agglutinated tests between time
intervals (Fig. 4b).

If processes at the sediment—water interface are
the main taphonomic filters, infaunal taxa, such as
Bolivina, could become enriched in comparison to
epifaunal taxa (Goldstein and Harben 1993). There
was no significant difference in infaunal taxa within
the core, although this could contribute to the
observed difference between core and grab samples

(Fig. 4d). Bioturbating organisms such as callianas-
sid shrimp, rays and holothurians are active in the
OTR lagoon (Frith 1983; Kosnik et al. 2015).
Despite evidence for bioturbators, the sediment
core is preserved in chronological order indicating
that the depth and rate of bioturbation is not high rel-
ative to the 22.3 years half-life of 210-Pb (Kosnik
et al. 2015). In a study of Foraminifera from ten
atoll lagoons in French Polynesia, test preservation
was reported as very good with only superficial bio-
erosion reported in miliolid tests from the shallowest
lagoons (Bicchi ez al. 2002).

While Foraminifera are frequently found in gut
contents, it is unclear how much of this is selective
predation as opposed to accidental ingestion of Fora-
minifera (Culver and Lipps 2003). Where studies
have focused on the impact of selective predation
on foraminiferal assemblages, the results have been
dependent on the identity of the predatory taxon
(see: Culver and Lipps 2003). As very few living
Foraminifera were sampled, the grab samples repre-
sent surface death assemblages (Mamo 2016). While
predator activities may be responsible for some of
the observed differences between the surficial death
assemblages and buried death assemblages, the con-
sistency of the core samples (Figs 3 & 4) would sug-
gest either the impact of predatory activity on the
preserved community has not changed over the
period or the change in predatory activity would
have to be offset by a change in the original
community.

High rates of sedimentation, low bioturbation and
low energy environments can enhance preservation
potential (Brett and Baird 1986). While fragile tests
are more prone to damage over time than robust
tests, the OTR lagoon may have high foraminiferal
preservation potential. There was no significant

Fig. 6. Continued. bar = 50 um, agglutinated, infaunal, indicator of core samples. 3, Spiroloculina corrugata
Cushman and Todd, 1944, QM#G466236 stub position: 3; scale bar = 100 um, miliolid, indicator of all but
pre-colonial samples. 4, Siphonaperta crassa Vella, 1957, QM#G466248 stub position: 100; scale bar = 100 um,
indicator of grab samples. 5-9, Quinqueloculina — miliolid. 5, Quinqueloculina seminulum (Linnaeus, 1758),
QM#G466239 stub position: 39; scale bar = 50 um. 6, Quinqueloculina subpolygona Parr, 1945, QM#G466248, stub
position: 118; scale bar = 100 ym. 7, Quinqueloculina sp. 2, QM#G466248, stub position: 62; scale bar = 100 ym. 8,
Pseudotriloculina subgranulata (Cushman, 1918), QM#G465836, scale bar = 100 pm, miliolid, indicator of grab
samples. 9, Pseudohauerina orientalis (Cushman, 1946), QM#G466236 stub position: 7; scale bar = 100 um,
infaunal, indicator of core samples. 10-12, Bolivina — infaunal, indicator of core samples. 10, Bolivina striatula
Cushman, 1922, QM#G466247 stub position: 10; scale bar = 50 um. 11, Bolivina variabilis (Williamson, 1858),
QM#G466250 stub position: 115; scale bar = 50 um. 12, Bolivina variabilis (Williamson, 1858), QM#G466250 stub
position: 118; scale bar = 50 um. 13-14, Tortoplectella, infaunal, indicator of core samples. 13, Tortoplectella
rhomboidalis (Millett, 1899), QM#G466250 stub position: 119; scale bar = 20 um. 14, Tortoplectella rhomboidalis
(Millett, 1899), QM#G466237 stub position: 17; scale bar = 50 um. 15-18, Sigmavirgilina infaunal, indicator of

pre-modern samples. 15, Sigmavirgulina tortuosa (Brady, 1881), QM#G466250 stub position: 11; scale bar = 50 pm.
16, Sigmavirgulina tortuosa (Brady, 1881), QM#G466248 stub position: 21; scale bar = 50 um. 17, Sigmavirgulina
tortuosa (Brady, 1881), QM#G466248 stub position: 22; scale bar = 50 um. 18, Baculogypsina sphaerulata (Parker
and Jones, 1860), QM#G465795, scale bar = 200 um, LBF, indicator of Heron Reef. 19-20, Calcarina — Larger
Benthic Foraminifera, indicator of grab samples. 19, Calcarina capricornia Mamo, 2016, QM#G465799, scale bar =
200 pm, spiral view. 20, Calcarina capricornia Mamo, 2016, QM#G465799, scale bar = 500 pm, umbilical view.
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difference in the number of tests per mg of sediment
between the time intervals (chi-squared = 2, df = 2,
p = 0.37), nor was there a significant difference in
the taxonomic composition. Further, the number of
unidentifiable specimens did not change signifi-
cantly. No evidence suggests taphonomic factors
were responsible for the consistency in foraminiferal
assemblages through time.

Spatial variation

The reef lagoons examined here are smaller, more
enclosed and shallower relative to many lagoonal
studies (e.g. Brasier 1975; Bicchi ez al. 2002; Makled
and Langer 2011; Parker and Gischler 2011; Debany
2012; Chen and Hui-Ling 2017). The internal struc-
ture of OTR with reticulate reefs contrasts markedly
with the more open HR lagoon (Maxwell 1968).
Reticulate and patch reef systems create numerous
microhabitats and depth changes across the lagoon
(Davies et al. 1976). Depth across the lagoons ranges
up to 10 m deep with significant variation in sedi-
mentary grain size from large coral rubble to fine
carbonate mud. Factors such as variation in algal
cover will directly affect the composition of the fora-
miniferal assemblages. This spatial heterogeneity
undoubtedly drives the variance observed in the
OTR data (Fig. 3).

Reef lagoons often act as a reservoir for particu-
late matter and organic detritus (Frith and Mason
1986). Under normal wind conditions the OTR
lagoon acts as sink for suspended particles such as
fine sediment and plant matter from the island and
reef crest (Frith 1983; Koop and Larkum 1987).
Due to the separation of the lagoon from the open
ocean twice each day during low tide, OTR is esti-
mated to have a higher deposition rate than some
other GBR lagoons (Hansen ez al. 1992). This higher
level of enrichment with organic matter along with
the reduced presence of macroalgae for epiphytic
larger foraminifera may account for the lack of
LBFs in the lagoon sediment and higher numbers
of SBF. Heron and OTR both have vegetated cays,
and as such may have higher nutrient loads than
reefs without cays such as Wistari.

Spatial variation across the three reefs is quite
notable. OTR has the highest diversity across all
diversity metrics (Fig. 3), and although it has signifi-
cantly lower FSI than HR and WR, the FSI is still
over 9.5 (Fig. 4a). OTR has more agglutinated and
bolivinid Foraminifera than the HR and WR
(Fig. 4b, c). While OTR has five indicator genera
(Peneroplis, Sigmoihauerina, Bolivina, Siphogener-
ina, Textularia), HR has two (Adelosina, Baculogyp-
sina), and WR has no indicative genera, indicating
the WR foraminiferal fauna is essentially a subset
of the fauna at OTR and HR.

Temporal changes

Core samples yield remarkably few differences
between pre-colonial, colonial and modern time
intervals. No diversity or foram-specific metric was
significantly different between these time intervals
(Figs 3 & 4). The nMDS (Fig. 5) yielded tight group-
ings of the three time intervals, and indicator species
analysis indicated only a single genus (Sigmavirgu-
lina) is a significant indicator of pre-modern sam-
ples. Sigmavirgulina is found in all of the
pre-colonial or colonial samples, and 94% of sam-
ples with Sigmavirgulina pre-date the modern. Sig-
mavirgulina are stress-tolerant, infaunal taxa that
have been found 5 cm deep in sediment at 150 m
depth (Santa-Rosa et al. 2021). It is possible that at
OTR Sigmavirgulina lives deeper than the grab sam-
ples, as they were also absent from the 2—-3 and 7-
8 cm layers of the core but present in all the
deeper layers.

It has been proposed since the establishment of
the research station in 1971 the OTR lagoon has
become significantly enriched with dissolved inor-
ganic nitrogen (Bell er al. 2007). Other sources of
nutrients may come from the presence of bird rook-
eries on the island (Archibald ez al. 2019). Opportu-
nistic taxa that are commonly associated with
increased nutrient levels tend to cause a decline in
the FSI, but no decline in FSI is observed here
(Fig. 4a). Foraminiferal assemblages do not indicate
a decline in the condition of the OTR lagoon.

Size matters

Most work on GBR Foraminifera has focused on
Larger Benthic Foraminifera (LBF). This is the result
of several factors, including the use of the Foram
Index to assess water quality and changes in water
quality in reef systems (Hallock er al. 2003); the
ease with which LBF can be identified; their recog-
nized role in the sedimentary budget (Doo er al.
2012); their ecological (photosymbiont) similarity
to hermatypic corals; and their role as a model organ-
ism or early warning system for corals (Spezzaferri
et al. 2018). LBF on OTR have been investigated
in depth across the algal flat (Doo ez al. 2017).
LBFs represent <5% of identified Foraminifera
in the core and <15% in the grab samples. The
reef crest and areas associated with algal growth
are dominated by the LBF calcarinids Baculogyp-
sina, Calcarina and Marginopora (Jell et al. 1965;
Davies et al. 1976; Doo et al. 2012). Baculogypsina
were absent from core samples and in low numbers
in grab samples, indicating foraminifera tests from
the reef crest are not typically transported to the
lagoon. The most abundant core LBF was the epi-
phytic Sorites, which houses dinoflagellate symbi-
onts, commonly associated with seagrass and coral
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rubble and is able to utilize light at greater depths
than the calcarinids that are common on the reef
flats (Uthicke and Nobes 2008; Renema 2018).

The presence of high numbers of SBF within
lagoonal environments is not necessarily an indica-
tion of poor water quality (Dimiza et al. 2016).
The FSI was proposed for Mediterranean ecosystems
and designed to address environments such as
lagoons where SBF are often dominant taxa (Dimiza
et al. 2016). This index is suitable for areas where
LBF may be in lower numbers such as fine-grained
soft bottom environments including lagoons, coastal
lakes and basins. Indices such as the FSI may be
more suitable for non-reef zones in the GBR, and
effectiveness will be improved with better under-
standing of the ecology of GBR SBF.

Conclusions

The main aim of this study was to identify and quan-
tify changes in OTR lagoon foraminiferal assem-
blages associated from pre-colonial to modern time
intervals. OTR lagoon was chosen due to its remote
location and protected status. Analysis of foraminif-
eral assemblages from three time intervals, pre-
colonial, colonial and modern, was undertaken to
minimize the impact of short-term variability. Com-
paring core samples with grab samples from OTR,
WR and HR allowed a comparison of temporal and
spatial variation. Differences in assemblages may
reflect both specific regional and/or microhabitat
characteristics (Uthicke and Nobes 2008). Ecosys-
tems are not fixed conditions in time so natural var-
iability is to be expected, and it is difficult to separate
natural variation from variation resulting from dis-
turbances (Willis and Birks 2006). These analyses
further indicate the current foraminiferal assemblage
of OTR lagoon represents a pre-colonial assemblage
and that it has remained relatively stable over the last
c. 400 years and spanning the colonization and
industrialization of Australia. Without lagoonal
cores from HR and WR it is not possible to know
if they were distinct historically and are also repre-
sentative of a pre-anthropogenic state, or if the HR
and WR foraminiferal assemblages have recently
changed due to anthropogenic impacts.
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