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a b s t r a c t

Little is known about levels of dissolved oxygen fish are exposed to daily in typical urbanised tropical
wetlands found along the Great Barrier Reef coastline. This study investigates diel dissolved oxygen (DO)
dynamics in one of these typical urbanised wetlands, in tropical North Queensland, Australia. High
frequency data loggers (DO, temperature, depth) were deployed for several days over the summer
months in different tidal pools and channels that fish use as temporal or permanent refuges. DO was
extremely variable over a 24 h cycle, and across the small-scale wetland. The high spatial and temporal
DO variability measured was affected by time of day and tidal factors, namely water depth, tidal range
and tidal direction (flood vs ebb). For the duration of the logging time, DO was mainly above the adopted
threshold for hypoxia (50% saturation), however, for around 11% of the time, and on almost every logging
day, DO values fell below the threshold, including a severe hypoxic event (<5% saturation) that continued
for several hours. Fish still use this wetland intensively, so must be able to cope with low DO periods.
Despite the ability of fish to tolerate extreme conditions, continuing urban expansion is likely to lead to
further water quality degradation and so potential loss of nursery ground value. There is a substantial
discontinuity between the recommended DO values in the Australian and New Zealand Guidelines for
Fresh and Marine Water Quality and the values observed in this wetland, highlighting the limited value
of these guidelines for management purposes. Local and regional high frequency data monitoring pro-
grams, in conjunction with local exposure risk studies are needed to underpin the development of the
management that will ensure the sustainability of coastal wetlands.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Unprecedented expansion of urban and industrial development
has led to coastal wetland destruction, water quality degradation,
and loss of biodiversity (Ehrenfeld, 2000; Roy et al., 2003; Argent
and Carline, 2004). The remaining coastal wetlands suffer from a
range of anthropogenic pressures (Lee et al., 2006), among which
increased nutrient and organic matter loading, contributing to
eutrophication, is one of the most important (Rosenberg, 1985).
Severe and persistent hypoxia is a notable consequence of eutro-
phication (Nixon, 1995), and nowadays the increase in occurrence
and severity of hypoxia are regularly reported in coastal waters
because of continued eutrophication.
ngineering, James Cook Uni-

ubuc).
In shallow water habitats, such as coastal wetlands, diel-cycling
hypoxia is common (Smith and Able, 2003; Knight et al., 2013), due
to shorter, marked, dissolved oxygen (DO) fluctuations compared to
subtidal areas (Kenney et al., 1988). Some aspects of diel-cycling DO
are predictable, with lowest values occurring early in the morning
(following night time respiration) and maximum values in the af-
ternoon, following transition to photosynthesis (Mazda et al., 1990;
D'Avanzo and Kremer, 1994; Tyler et al., 2009). These diel fluctua-
tions are the result of a net difference between DO supply
(photosynthesis, diffusion, tidal exchange) and consumption (bio-
logical oxygen demand, chemical oxygen demand). The amplitude
of this cycling is influenced by environmental parameters such as
solar radiation, salinity, temperature, wind velocity, depth and tide
(Mazda et al., 1990; Mandal et al., 2012; Baumann et al., 2015). In
eutrophic coastal wetlands, amplitude is higher (Bouillon et al.,
2008), and hypoxia becomes more severe, intensifying in occur-
rence and duration, which in turn, further increases exposure risks
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for organisms occupying these habitats (Breitburg, 1992).
Low DO availability leads to perturbations in the bio-chemical

dynamics of ecosystems, as many chemical reactions require oxy-
gen (Hull et al., 2000; Hunt and Christiansen, 2000), and all aerobic
organisms depend on oxygen for survival (Driedzic and Hochachka,
1978; Falkowski and Raven, 1997). Low DO has been linked to
reduced growth (Del Toro-Silva et al., 2008; Stierhoff et al., 2009),
impaired reproduction (Ruggerone, 2000; Dantas et al., 2012),
diet alteration (Pihl, 1994; Zambonino-Infante et al., 2017), modi-
fied predator-prey interactions (Breitburg et al., 1994), shifts in
distribution (Pihl et al., 1991; Breitburg, 1992), and altered com-
munity dynamics of marine animals (Wu, 2002).

Despite increasing coastal eutrophication (Breitburg, 2002) and
the pressing need to monitor and limit the impact of hypoxia on
aquatic fauna, there is surprisingly little information on DO dy-
namics for coastal wetlands (Knight et al., 2013), and particularly so
in the tropics. Moreover, there is no agreed methodology to
monitor DO or to examine the exposure risks to local aquatic fauna.
Water quality monitoring programs in estuaries have typically
adopted spot measurements. However, these data only represent a
static point in time, which is likely to provide an incomplete rep-
resentation of a dynamic parameter such as DO (Kerr et al., 2013).

To provide information on DO levels fish typically need to deal
with daily in urbanised tropical wetlands, this study examines the
fine temporal (15 min) and spatial (~50 m) scale DO fluctuations in
an urbanised tropical coastal wetland typically found along the
Great Barrier Reef (GBR) coastline in northern Queensland,
Australia (Sheaves et al., 2007; Waltham and Sheaves, 2015).
Despite the potential impact of urbanisation on water quality,
especially DO, this wetland functions as an important regional
nursery ground for invertebrates and fish (Sheaves et al., 2007;
Davis et al., 2012, 2014b). The objectives of our research were to:
1) characterise the DO dynamics at a short-time scale (tidal and
diel) and a fine spatial scale; 2) investigate the effects of time of day
and tidal factors on DO variability; 3) determine potential exposure
risks to hypoxic events for fish occupying this tropical urbanised
wetland; 4) provide some insights to develop meaningful DO
monitoring programs to implement appropriate management and
policies.

2. Methods

2.1. Study site

The study was conducted in Annandale Wetland, Ross River
(19.19�S; 146.44�E), Townsville City, North Queensland, Australia
(Fig. 1). The region experiences meso-tidal and mixed semidiurnal
tidal cycles (2 high tides and 2 low tides of different size each day).
Annandale Wetland comprises an area of 0.4 km2 dominated by
Sporobolous virginicus saltmarsh and Aegiceras corniculatum/Rhi-
zophora stylosa/Avicennia marina/Ceriops tagal mangroves (Davis
et al., 2012). Annandale Wetland comprises more than 20 semi-
permanent pools that range in size from 80 m2 to 2500 m2, and
in depth from 30 cm to 130 cm at low tide. These tidal pools vary
from freshwater during the austral wet season, to saltwater in the
dry season. They are connected to Ross River via a network of
channels ranging between 0.5 m and 10 m in width. During spring
tides, pools get connected (at high tide) with the adjacent Ross
River, renewing remaining water. The disconnected time depends
on the pool elevation but was never too long concerning the
selected pools as enough water remained in the pools throughout
the study, providing potential temporal refuges for fish.

Pools differ in terms of extent and density of fringing mangrove
(a dense, almost complete fringe in downstream pools, grading to
sparse, incomplete fringes in upstream pools), in sediment
composition (fine mud, through coarse sand, to cobble), and in
positioning relative to the Ross River (Fig. 1). In this study, four tidal
pools were selected: C5 (area: 1020 m2), B1 (area: 2550 m2), B4
(area: 2800 m2), A1 (area: 1130 m2) (pool names used here are the
same reported in Davis et al. (2014a)). Six connecting channels
were also selected, three directly connecting the study pools and
the Ross River: CH6 (5mwidth), CH5 (6mwidth), CH1 (3mwidth),
and three other channels leading to pools that were not studied:
CH2 (2 m width), CH3 (1 m width), CH4 (1 m width). The 10 loca-
tions were situated within 1.3 km range, with a minimum distance
of 50 m between sites.

2.2. Data collection

Water column dissolved oxygen (DO) sampling was conducted
over seven campaigns between January and March 2014 at 10 lo-
cations within the wetland, totalising between 3 and 10 days of
sampling at each of the 10 locations (Table 1).

Near-bottom (around 5 cm above the sediment) DO, water
temperature, and atmospheric pressure in the four pools and the
six channels were undertaken using multi-parameter probes (YSI
Pro ODO model (accuracy ± 1% saturation)). In each pool, a single
logger was deployed on the edge as far as possible from the mouth
of the supplying channel. To link diel DO-cycling with tidal fluc-
tuations, the probes were coupled with depth loggers (In-Situ Inc.
Rugged Troll 100 model), which recorded total pressure every
15 min. Total pressure values recorded on the depth loggers were
corrected for atmospheric pressure recordedwith the YSI loggers to
provide a record of water depth with approximately 5 cm accuracy.
The YSI loggers were programmed to log every 5 min across the
tidal cycle. To avoid calibration drift and fouling, probes were
calibrated before and after each sampling campaign, however no
drift was recorded. Photosynthetically Active Radiation (PAR) data
were obtained from the nearby (27 km away) AIMS automatic
weather station (Licor LI-192SA Quantum Sensor) site Cleveland
Bay (19� 09.35S, 146�52.87E) from the 26 January to the 23 March
2014. Tidal range data for the general area were obtained with the
official software AusTides (2014) provided by the Australian Hy-
drographic Service. DO data were omitted when water column
depth was less than 5 cm as probes were exposed to air.

2.3. Data analysis

All sites showed a non-linear trend in DO throughout the day
that consistently peaked during the late afternoon, and declined at
night, reaching minimum DO in the early morning. This non-linear
trend is believed to be driven by photosynthesis activity affected by
the rate of photosynthetically active radiations available, and
respiration. As these biological processes follow a diel-cycle, time of
day was used as a proxy to account for the diel-cycling DO. A model
was built to subtract the diel-cycle trend fromDO values. Therefore,
a General Additive Mixed Model with a cubic spline smoother
(GAMM) was used, with data grouped into 60-min intervals for
each site. The dependent variable was nested within the sampled
sites. Hence, a random intercept was included for each site to ac-
count for the nested experimental design. Overall, the model con-
sisted of DO (% saturation) as the dependent variable, and two
independent variables for hour of day (0 being midnight) (fixed
effect) and sites (random effect). The analysis was completed using
the package “mgcv” in R statistical software, fitted with Maximum-
Likelihood techniques (Wood, 2011; R Core Team, 2014). The degree
of smoothing in the GAMM was optimised with ordinary cross
validation by minimising the mean-squared prediction error.

Residuals were obtained from the previous model. They repre-
sent DO values free from any diel-cycle pattern, called time-



Fig. 1. Map of the study site Annandale Wetland, situated in Townsville, North Queensland, Australia, comprising the 6 channels (CH1, CH2, CH3, CH4, CH5, CH6), highlighted in red,
and the 4 pools (C5, B1, B4, A1), highlighted in blue, sampled between the 26th of January and the 23rd of March 2014. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Summary of the sampling periods conducted between the 26th of January 2014 and the 23rd of March 2014 at ten different locations in Annandale Wetland in Townsville. For
each location, the number of days sampled is indicated, along with the dates of the different sampling periods. For each sampling period and sampled location, the minimum
and maximum values recorded for DO, temperature and tidal range are provided, as well as the total rainfall.

Location Number of
days sampled

Sampling periods Min and max DO (% sat) Min and max
temperature (�C)

Rainfall (mm) Min and max
tidal range (m)

CH1 (downstream-upstream) 10 26-28/01/14
03-06/02/14
11-13/03/14

54.31e139.38
19.25e178.91
43.04e120.88

24.2e33.9
24.0e31.3
22.6e32.3

21.80
10.00
0.00

1.2e2.5
0.6e2.4
1.4e2.3

CH2 (downstream-upstream) 7 10-11/02/14
03-07/03/14

48.60e98.90
55.48e86.61

25.2e30.8
23.9e29.2

23.40
3.40

1.3e2.4
0.5e2.7

CH3 (downstream-upstream) 7 10-11/02/14
03-07/03/14

42.59e123.77
3.75e117.39

26.0e33.4
23.9e32.0

23.40
3.40

1.3e2.4
0.5e2.7

CH4 (downstream-upstream) 7 10-11/02/14
03-07/03/14

42.45e141.24
44.16e145.86

26.4e35.3
23.8e33.1

23.40
3.40

1.3e2.4
0.5e2.7

CH5 (downstream-upstream) 3 11-13/03/14 54.09e97.51 25.7e29.0 0.0 1.4e2.3
CH6 (downstream-upstream) 3 11-13/03/14 44.96e142.55 22.6e31.9 0.0 1.4e2.3
C5 8 14-16/03/14

19-23/03/14
13.06e92.05
15.08e102.40

24.2e31.2
24.0e28.9

0.0
65.8

1.7e2.3
0.4e1.9

B1 8 14-16/03/14
19-23/03/14

27.38e101.34
15.88e134.75

23.3e31
23.2e31.8

0.0
65.8

1.7e2.3
0.4e1.9

B4 8 14-16/03/14
19-23/03/14

18.15e136.08
53.16e145.71

23.0e33.3
23.9e36.0

0.0
65.8

1.7e2.3
0.4e1.9

A1 8 14-16/03/14
19-23/03/14

49.44e128.44
19.58e160.35

26.3e32.5
25.2e32.0

0.0
65.8

1.7e2.3
0.4e1.9
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corrected values for DO (tcDO). This step was necessary as the
strong diel-cycle pattern observed could hide the effects of other
factors such as tidal factors. To develop an understanding of the
effect of tidal factors on DO, the residuals from the GAMM were
analysed as the response variable in a linear mixed-effects model
(LME) using the R package “lme” (Pinheiro et al., 2015). As tidal
connectivity is complex, given tides continually change, the best
characterisation was to use the four different factors: tidal range,
water depth, tidal direction, and water velocity, to capture most of
the variation to better understand the influence of tidal
connectivity on high frequency DO dynamics. Therefore, the model
consisted of ten fixed effects including four main effects (three
continuous: tidal range (m), water depth (cm), tidal velocity
(cm.min�1); one categorical: tidal direction (i.e. increasing or
decreasing)) and all combinations of two-way interactions. Stand-
ardised (beta) coefficients were calculated in the LME to evaluate
the relative effect on DO of each term in themodel by standardising
all continuous variables (i.e. subtracting themean and divide by the
standard deviation). As for the GAMM, a random intercept for each
sitewas included in the LME to account for the nested experimental
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design. The suitability of the model was validated by ensuring low
collinearity between main effects (i.e. variance inflation factor less
than 5 (Zuur et al., 2009)), and that therewere no systematic trends
between normalised residuals and each of the covariates. In these
data, the factors “water velocity” and “tidal range” were positively
correlated, (variance inflation factor of 5.13), and could not be both
included as explanatory factors in the same model. Water velocity
was calculated from the rate of change of the water depth and so,
not considered as accurate as the tidal range given by the Australian
Hydrographic Service. Thus, water velocity was removed from the
model, reducing the maximum variance inflation factor score to
2.82, which was below the assumed cut-off value of 5. Because
heteroscedasticity was detected in the LME between sites, different
variance coefficients were included for each site in the LME vari-
ance structure. A cumulative frequency plot was used to determine
the occurrence of the different threshold of DO in each site. The
data used for this plot were the 60-min mean values of DO for each
site.

3. Results

3.1. Dissolved oxygen patterns

More than 1152 h of DO data were recorded, consisting of 360 h
of data from tidal pools, and 792 h from channels, with 384 h
recorded during increasing tides and 768 h during decreasing tides.
The maximum DO % saturation reached was 178.91% saturation,
while the minimum was 3.75% saturation (Table 1).

Daily changes in DO saturation showed qualitatively consistent
dynamics across sites: minimum values were recorded in the early
morning between 3am and 6am, while maximum values were
recorded between 2pm and 6pm (Fig. 2). Magnitudes in DO satu-
ration varied from site to site, highlighting a high spatial variability
within this small-scalewetland. For instance, CH3was the only case
where DO saturation was close to zero for consecutive hours (<5%
saturation), while DO saturation at other sites ranged between 13%
saturation and >100% saturation (Fig. 2).

The cumulative distributions for DO showed consistent trends
across sites, with highest densities mostly between 50% saturation
and 100% saturation (Fig. 3). In this study, DO below 50% saturation
was considered harmful, and was therefore selected as the
threshold for hypoxia (Breitburg, 2002; Perna and Burrows, 2005).
In this study, more than 118 h of low DO (�50% saturation) were
recorded every day at 7 out of 10 sites (CH1, CH3, CH4, A1, B1, B4,
C5), which represented a probability of approximately 0.11 of
hypoxia (Fig. 3). Around 80% of low DO concentrations occurred
between 1am and 11am, with approximately 60% between 5am and
11am. Spatial variability was also evident, as the locations experi-
enced different probabilities for low DO or supersaturated DO. For
instance, site CH3 showed a higher probability (around 0.41) for
low DO (Fig. 3). There was an overall probability of 0.2 of super-
saturated DO observed at 7 of the 10 sites (Fig. 3).

3.2. Drivers of dissolved oxygen variability

There was a strong correlation between increasing DO and the
increase in PAR beginning at sunrise (Fig. 4). Peak DO was recorded
between two and 4 h after peak PAR, while minimum DO occurred
between 9 and 13 h after sunset (PAR reduced to zero; Fig. 4).

The GAMM accounted well for the non-linear daily patterns in
DO (F ¼ 164.3, p < 0.001, estimated degree of freedom of 7.83). The
residuals from the GAMM represent time-corrected values for DO
(tcDO). If the residual is on the blue line, the corresponding DO
value follows perfectly the daily cycle model (GAMM); if the re-
sidual is below the blue line, the corresponding DO value is lower
than the value predicted by the GAMM, probably because of other
parameters that lowered the observed DO value; if the residual is
above the blue line, the corresponding DO value is higher than the
value predicted by the GAMM probably because of other parame-
ters that increased the observed DO value. This strong diel-cycle
was hiding other potential DO variations. Therefore, these tcDO
were used to identify whether other factors influenced DO fluctu-
ations. LME highlighted that tcDO were significantly influenced by
tidal range, water depth, direction of the tide (i.e. flood vs. ebb), and
particularly by two two-way interactions between tidal range and
water depth, and between tidal range and tidal direction (Table 2).

tcDO decreased strongly with tidal range (Fig. 5). This negative
effect was dependent on the tidal direction, namely, if tide was
ebbing or flooding (Fig. 5). Indeed, during an ebb tide, the decrease
of tcDO was greater than during a flood tide. Moreover, the model
showed that the critical value of tidal range, above which tcDO
became negative, was somewhat higher during a flood than an ebb
tide.

tcDO increased with water depth (Fig. 6). This relationship was
dependent on tidal range (Fig. 6). For small tidal ranges, the rela-
tionship was weak, however, above 1.5 m the relationship
improved, with the slope increasing across the tidal range. The
maximumvalues of tcDO remained the same across the tidal range,
but the minimum values of tcDO became more negative with the
tidal range.

DOwas extremely variable over time and space. The high spatial
and temporal DO variability was primarily affected by time of day
and tidal factors, namely water depth, tidal range and tidal direc-
tion. Early morning hours, high tidal ranges, ebbing tides, and low
water depth were all factors that negatively affect DO. Temporal
variability was mainly explained by time of day, related to the diel-
cycle of PAR affecting photosynthesis processes, while spatial
variability was mainly explained by the location of the study pools
and channels in relation to Ross River. Hypoxia, including a single
event when DO declined to almost 0% saturation for consecutive
hours, was recorded almost daily at 7 of the 10 study sites. Overall, a
probability of 0.11 for hypoxia was recorded during this study.

4. Discussion

4.1. Dissolved oxygen temporal and spatial variability

Time of day was the main explanatory variable for temporal
variability in DO saturation observed in pools and channels at the
Annandale wetland. Changes in DO saturation closely followed the
diel-cycle and were correlated with PAR, suggesting that photo-
synthesis was a major pathway of re-oxygenation. The high
amplitude of DO measured over a 24 h period characterises a
habitat that is enriched in organic matter (Bouillon et al., 2008), a
common occurrence in wetlands, as well as other shallow water
and productive habitats such as estuaries, lakes, lagoons and
mangroves (D'Avanzo and Kremer, 1994; Smith and Able, 2003;
Tyler et al., 2009).

Tidal factors, especially tidal range, tidal direction (flood vs ebb),
and water depth, were other key factors contributing to the tem-
poral and spatial variability measured in this study. The tidal dy-
namics, representing a cycle of approximately 6 h, determined
temporal DO variations. As tidal pools and channels differ in their
positioning relative to Ross River, tide did not influence them to
equivalent extents, contributing to spatial variability observed
among the locations.

The two-way interaction between tidal range and tidal direction
had an important impact on tcDO, with tcDO decreasing as tidal
range increased, the decrease being more important during ebbing
tides. Spring tides can induce resuspension of sediments that can



Fig. 2. Boxplot of the 60 min means of DO (% saturation) across time of day for each site sampled in Annandale Wetland from the 26th of January 2014 to the 23rd of March 2014.
The blue line represents the model fitted for each site (generalized additive mixed model with a cubic spline smoother 60 min definition) to model the DO trend during a daily cycle.
Shaded areas represent sunset to sunrise. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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include sulfidic enriched sediments that consume DO (Nelson et al.,
1994; Bush et al., 2004; Okamura et al., 2010). Low lying coastal
wetlands located along eastern Australia, such as Annandale
wetland, are likely to contain high concentrations of sulphides
(Walker,1972; Sammut et al., 1996), known as Potential Acid Sulfate
Soils (PASS) (Alsemgeest et al., 2005). PASS are a particular problem
where land is drained (White et al., 1997). When the PASS soils
become oxidised, it creates severe and persistent hypoxia and
acidification that can kill fish and crustaceans (Stumm andMorgan,
1981; Nelson et al., 1994; Bush et al., 2004). More data would be
needed to determine whether past drainage works carried out in
Annandale Wetland decades ago to increase tidal exchange and for
mosquito control (Lukacs, 1996) play a role in determining the
occurrence and extent of hypoxic events recorded here.

tcDO decrease across the tidal range was less marked during
flood tides than ebb tides. During flood tides, it is likely that freshly
oxygenated sea water enters the wetland (as it is suggested by the
increase in tcDO with water depth), supplying channels and pools
with DO, and offsetting potential tcDO decrease induced by
oxygenation of resuspended sulfidic enriched sediments. Conse-
quently, the process of freshly oxygenated sea water entering the
wetland is likely to be important in the provision of nursery habitat
for fish, particularly in a region of massive urban development and
industrial expansion (Waltham and Sheaves, 2015).

The interaction between water depth and tidal range had a
substantial impact on tcDO. tcDO were positively correlated with
water depth, increasing during flood tides, and decreasing during
ebb tides. In line with other studies conducted in tidal estuaries
(Nezlin et al., 2009; Krumme et al., 2012; Knight et al., 2013), DO in
Annandale Wetland varied with semi-diurnal tidal cycles. The
relationship between tcDO and water depth was more apparent
during spring tides. The amount of water flowing into the wetland
with the tide was on average around three times less during neap
tides than spring tides. Most of the wetland received little tidal
exchange during neap tides, resulting in small tcDO changes across
the tide. During spring tides, a greater tidal exchange seemed to
deliver more freshly oxygenated water, leading to a consequent
increase in tcDO across the tide. These results highlight that tidal



Fig. 3. Cumulative frequency distribution of the 60 min means of DO (% saturation)
across the ten sites sampled in Annandale Wetland from the 26th of January 2014 to
the 23rd of March 2014. Each coloured line corresponds to a unique site among the ten
sites sampled. The black line indicates the mean cumulative frequency of DO across all
the sites. The dashed lines represent the ATV (Acute Trigger Value; 16% saturation) and
CTV (Chronic Trigger Value; 62.5% saturation) for barramundi, the probabilities for low
DO across all sites and for site CH3, and the probability for over-saturated values
(1e0.8 ¼ 0.2).

Fig. 4. Boxplot of the 60 min means of (A) Photosynthetically Active Radiation (PAR)
(mmol.s�1.m�2) and (B) DO (% saturation), across the diel-cycle (from 0 ¼ midnight)
averaged across the ten sites sampled in Annandale Wetland from the 26th of January
to the 23rd of March 2014. The blue line represents the model fitted (generalized
additive mixed model (GAMM) with a cubic spline smoother 60 min definition aver-
aged across all study sites) to model the DO trend during a daily cycle. The residuals (or
time corrected values for DO (tcDO)) are scattered across this blue line. Shaded areas
represent sunset to sunrise. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 2
ANOVA table for the linear mixed-effects model performed on the residuals from the
GAMM (tcDO). This ANOVA tested the effect of the four main standardised fixed
effects (three continuous: tidal range (m), water depth (cm), tidal velocity (cm.h�1)
and one categorical: tidal direction (i.e. increasing or decreasing)), and all combi-
nations of two-way interactions between these four fixed effects on tcDO. The sig-
nificant p-values are in bold letters.

Variables NumDF DenDF F-value p-value

Intercept 1 873 0.32224 0.5704
Tidal range 1 873 84.19963 <00.0001
Water depth 1 873 90.72264 <00.0001
Direction 1 873 8.63912 0.0034
Tidal range:Water depth depth 1 873 9.36286 0.0023
Tidal range:Direction 1 873 11.66720 0.0007
Water depth:Direction 1 873 0.59173 0.4420

Fig. 5. Significant effect of the two-way interaction between tidal range and tidal di-
rection (i.e. flood or ebb) on the residuals from the GAMM (tcDO) in the linear mixed-
effects model that included ten fixed effects: four main effects (three continuous: tidal
range (m), water depth (cm), tidal velocity (cm.h-1); one categorical: tidal direction
(i.e. increasing or decreasing)) and all combinations of two-way interactions. The
shaded areas represent the confidence interval at 95%.

Fig. 6. Significant effect of the two-way interaction between the water depth and the
tidal range on the residuals from the GAMM in the linear mixed-effects model that
included ten fixed effects: four main effects (three continuous: tidal range (m), water
depth (cm), tidal velocity (cm.h-1); one categorical: tidal direction (i.e. increasing or
decreasing)) and all combinations of two-way interactions. The shaded areas represent
the confidence interval at 95%.

A. Dubuc et al. / Estuarine, Coastal and Shelf Science 198 (2017) 163e171168
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connectivity, especially during spring tides, was an important
process contributing to higher DO. Consequently, differences in
tidal connectivity between the pools and channels (Davis et al.,
2014a) is likely to be a contributor to the observed temporal and
spatial heterogeneity in DO.

DO is likely to undergo seasonal changes as well. This study only
considered DO over summer months, when extreme values of DO
are most likely to occur because of high water temperature con-
ditions in northern Queensland (Waltham and Sheaves, 2017),
increased freshwater inflow, and algal blooms (Gilbert et al., 1968;
D'Avanzo and Kremer, 1994; Nezlin et al., 2009). However, it is
expected that DO dynamics would be different during the cooler
dry season between June and August.

Clearly, DO dynamics of coastal tidal wetlands are complex, and
depend on a range of biotic and abiotic conditions that vary at
multiple spatial and temporal scales (Smith and Able, 2003). This
variability highlights the need to use appropriate intensities of data
collection to fully represent this complexity (Mazda et al., 1990;
D'Autilia et al., 2004; Knight et al., 2013). This is particularly
necessary in tropical coastal wetland areas that are important
habitat for fish and invertebrates (Sheaves et al., 2007; Davis et al.,
2012). Obtaining high frequency water quality measurements for
DO, and other parameters such as temperature (Wallace et al.,
2015), is becoming increasingly viable with advances in technol-
ogy and reducing costs of purchasing equipment, providing sub-
stantial information over the spot measurements that are unable to
appropriately characterise variability and underlying processes.

4.2. Dissolved oxygen implications for fish

Fish use extensively salt-marsh tidal pools as temporal refuges
or permanent habitats. However, exposure to low DO could be a
constraint for the utilisation of these habitats by fish. The conse-
quences of acute and chronic exposure effects to low DO on tropical
estuarine fish in Australia is poorly known. The only Australian
study available to compare here, is a study from Butler et al. (2007)
and, while it focused on freshwater environments, the species
investigated include a number of estuarine fish known to inhabit
the Annandale wetland (Davis et al., 2012). Butler et al. (2007)
presented two DO thresholds: 1) Chronic Trigger Value (CTV) -
the limit for chronic exposure effects when fish start to increase gill
ventilation rate, and 2) Acute Trigger Value (ATV) - the limit for
acute exposure effects when fish are no longer able to increase gill
ventilation rate to cope with lower DO values (Butler and Burrows,
2007). In the example here, barramundi (Lates calcarifer), an iconic
and economically important species well distributed across
northern Australia (James et al., 2017), recorded in Annandale
Wetland, has an estimated ATV of 16% saturation, and a CTV of
62.5% saturation (temperature comprised between 23 and 33 �C)
(Butler and Burrows, 2007). In applying these thresholds, we
determined exposure risks for barramundi using accumulative
frequency curves (Fig. 3). There was a probability of 0.02 for
Barramundi to be exposed to acute effects during the study logging
time, and a probability of 0.28 that they would be exposed to
chronic effects (Fig. 3). Barramundi is a moderate-sensitive species
and it is likely that more sensitive species inhabit this wetland,
being more vulnerable to DO conditions recorded here. These re-
sults assume that the Annandale Wetland does not always provide
optimum DO conditions for fish. More data should also be collected
to study the DO dynamics in relation with fish utilisation of these
tidal pools during the dry season, and assess if they represent a
good seasonal refuge with sustainable DO levels.

Fish are known to have strategies to cope with low DO condi-
tions. They can remain in poorly oxygenated waters by displaying
physiological and behavioural adaptations such as air-gulping,
aquatic surface respiration, and changing metabolism to conserve
energy (Kramer, 1987; Wu, 2002; Flint et al., 2015). They can also
avoid harmful DO conditions by either not using the poorly
oxygenated areas, or by moving away from these areas during
critical hours (Brady and Targett, 2013), for instance early morning
in summertime at decreasing tide, highlighting the importance of
wetland connectivity (Sheaves and Johnston, 2008). Exactly which
of these adaption strategies are utilised by fish are not known and
requires more detailed research. However, the utilisation of such
strategies can certainly explain why Annandale Wetland is still a
functional fish habitat despite the common occurrence of hypoxic
events, and could play an important role in maintaining regional
biodiversity.

There is still an on-going debate over the threshold for hypoxia
that should be adopted, some authors arguing that the commonly
used threshold (20% saturation to 30% saturation (Vaquer-Sunyer
and Duarte, 2008);) is not conservative enough (Breitburg, 2002;
Vaquer-Sunyer and Duarte, 2008). This study highlights that even
if realistic laboratory-determined thresholds were applied, fish
would still be exposed to potential chronic and acute effects in
these wetland habitats. However, fish still use extensively these
habitats because they are adapted to these naturally-stressed en-
vironments (Elliott and Quintino, 2007). Considering the complex
DO dynamics and adaptations by fish to cope with low DO condi-
tions, it does not seem feasible to define a unique threshold for
hypoxia, explaining thewide range of values found in the literature.
Rather than trying to determine a common agreed hypoxia
threshold, more studies investigating exposure risks, especially
chronic exposure effects, over a range of species, using standardised
approaches combined with field studies at local or regional scales,
should be undertaken for conservation purposes.

4.3. Management considerations

Measuring DO using high frequency loggers is probably more
important than previously considered in the protection and man-
agement of coastal wetlands. We advocate here that DO should be
measured at least every hour over a 24 h cycle, across different tidal
regimes, and across diverse types of habitats. Ideally, DO should be
measured for an extended period that covers an entire tidal cycle
(around 14 days), and across a fine spatial scale.

The high frequency data obtained during this study have
important consequences when considering the applicability of
water quality guidelines that aim to protect aquatic ecosystems. For
instance, the Australian and New Zealand Guidelines for Fresh and
MarineWater Quality (ANZECC/ARMCANZ, 2000) stipulate that DO
in tropical Australian wetlands should not fall below 90% satura-
tion. Clearly this threshold is exceeded, and for many hours of the
day, in the study wetland. However, the high abundance of fish
recorded in this wetland suggests that they are adapted to deal with
vagaries of diel hypoxia as highlighted in this study, and therefore,
it cannot be assumed that normoxia is the only valid reference
condition when assessing the utility of coastal wetlands as fish
habitat. Consequently, managers need to investigate the origin of
hypoxia, and identify the extent to which it is naturally-driven
rather than the consequence of human activities. However, this is
no simple task because it can be difficult to identify whether
extremewater quality variations in transitional water systems are a
response to human-induced stress or if they are natural (Elliott and
Quintino, 2007).

DO variations are driven by such complex interacting factors,
most of which are affected by local vagaries inwetland habitats (i.e.
depth, size, connectivity, shading, vegetation cover), therefore it is
not practicable to develop meaningful national referential or in-
ternational guidelines on the bases of spot measurements, or, even
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for that matter, by calculating a daily mean or median DO value
using multiple spot measurements. To be meaningful, any national
guidelines should be supported by high frequency data for a local or
regional area in conjunction with exposure risk studies. Too often,
exposure risk studies are not supported by field data, or the field
data presented include only 1 or 2 days of sampling at one location
and therefore do not accurately represent the DO dynamics.
Therefore, these studies lose their applicability as they do not
represent what fish could be exposed to daily in the environment.

Results obtained from Annandale Wetland can potentially be
applied to any similar tropical urbanised wetland found along the
GBR coastline. As urban and industrial development expands
(Waltham and Sheaves, 2015), further degrading water quality
(Tsatsaros et al., 2013), strategic environmental assessment need to
be conducted to avoid serious consequences that spreading dead-
zones would have along the GBR as it is currently seen along the
West Coast of the United States (Hogue, 2017). A powerful way for
environmental managers to identify early warning signs and
implement appropriate levels of management intervention (Perna
and Burrows, 2005) is to develop accurate models to predict DO,
such as D'Autilia et al. (2004) or Pe~na et al. (2010). This technique,
based on high-frequency and long-term water quality measure-
ments, has been recently used in China to provide useful insights
for better managing aquaculture ponds (Cui and Chui, 2017). As
suggested by Brodie et al. (2008) having a local database, for all
priority sites, that is cognisant of high temporal and spatial DO
measurements such as those collected during this study, would
enhance the predictive ability of models, and assisting with cali-
bration and validation, improve confidence of managers facing the
burgeoning challenge of protecting coastal seascapes in a changing
world.

5. Conclusion

Studying DO is complex and requires caution, especially in tidal
and productive ecosystems such as tropical wetlands. DO fluctu-
ated drastically over a 24 h cycle in response to daily PAR, and
across the small-scale wetland. Water exchange was also a crucial
driver of DO, acting as a natural aerator of the system. This study
revealed that fish were exposed almost daily to low DO levels. As
this study site represents a typical urbanised tropical wetland
found along the GBR coastline, these results suggest similar pat-
terns occur in other coastal wetlands within the region. Continuing
urban expansion along the GBR is likely to lead to further coastal
water quality degradation. Given the extent of DO fluctuations
identified in the present study, further degradation is likely to
result in wide-spread development of DO conditions that severely
disadvantage species or even exclude them from transitional water
systems, particularly in heavily urbanised areas. Therefore, it is
important for managers to implement adequate monitoring and
develop management strategies to avoid further degradation of
these high nursery value habitats. More investigations on local fish
exposure risk and fish adaptations to diel-cycling DO, conducted
with standardised and realistic methodologies, in conjunctionwith
high frequency DO field data are needed to allow the construction
of more accurate models to underpin the development of appro-
priate management and policies for the sustainable use of coastal
wetlands.
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