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Abstract

:

The amount of energy invested in sexual reproduction by scleractinian corals depends on their life history strategies (i.e., allocation of energy between growth, reproduction, and maintenance). However, energy allocated to reproduction will also be affected by the amount of energy acquired and prevailing environmental conditions. Coral fecundity is therefore likely to vary spatially, especially along marked gradients in environmental conditions. One of the foremost gradients in reef structure and environmental conditions occurs with distance from the coast, whereby inner-shelf or near shore reefs are generally subject to higher levels of nutrients, sediments and pollutants, which often adversely affect reef-building corals. This study quantified fecundity (oocytes per polyp) for three species, Acropora nasuta, A. spathulata, and A. hyacinthus, at six locations in the northern Great Barrier Reef (GBR), encompassing inner-, mid- and outer-shelf reefs. Replicate colonies were sampled at each location prior to the predicted date of spawning in 2013 and 2014. Both shelf position and year were important factors explaining variation in fecundity for each of the three coral species. Most notably, there were clear and consistent declines in the number of oocytes between 2013 and 2014, coinciding with the incidence of category 4 Cylone Ita in early 2014. Contrary to expectations, polyp-level fecundity was no lower (and in some cases substantially higher) on inner-shelf reefs, compared to conspecifics growing on mid-shelf or outer-shelf reefs. The observed patterns are much more complicated than anticipated, necessitating further research to understand differential population dynamics of corals on inner-shelf versus mid- and outer-shelf reefs.
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1. Introduction


Sexual reproduction by scleractinian (hard) corals is fundamental to population replenishment and persistence, genetic connectivity, and reef resilience [1]. Reproductive output is often reduced following disturbance, such as bleaching [2], or when the health of individuals is compromised [3]. The amount of energy invested in gamete production is also expected to vary with life history strategy. For example, slow growing massive coral species mature later than rapidly growing branching species [4]. There is however, limited understanding of how fecundity varies spatially and temporally within species.



Differential investment in sexual reproduction by scleractinian corals may be manifested at the level of populations, colonies, polyps, or oocytes, all of which influence overall reproductive output and population replenishment. Among populations, the proportion of colonies that are reproductive varies spatially [5] and temporally [2], with variation in temperature and other environmental conditions. Among colonies, fecundity varies with colony size [6,7], microhabitat [8], and/or competition [9]. Within colonies, fecundity varies among polyps due to age or the position of the polyp [10]. Oocytes also vary naturally in size and quality, which can reflect the health and condition of the colony and exposure to environmental stress [11,12].



Given sensitivity to environmental stress, coral reproductive output might be expected to be constrained in near shore environments where anthropogenic transformation of coastal environments (e.g., land clearing, coastal development, and dredging) is leading to increased inputs of sediments, nutrients, and other pollutants [13,14]. Sustained declines in the abundance of corals on Australia’s Great Barrier Reef (GBR) are also most pronounced in near shore environments, and are linked to long-term deterioration of environmental conditions [15,16]. While some coral species are capable of withstanding increased exposure to sedimentation by actively feeding on particulate matter [17,18], sedimentation is often deleterious for coral species that are predominantly autotrophic, such as the ecologically dominant Acropora [19], leading to reduced growth and reproduction [20]. Higher turbidity also means less light for photosynthesis.



Degraded near shore (or inshore) reef habitats also tend to support a higher abundance of fleshy macroalgae [21,22,23,24]), which may further constrain the reproductive output of scleractinain corals [9,25]. Foster et al. [25] showed that colonies of Orbicella (formerly Montastraea) annularis had greatly reduced fecundity when subject to direct contact by macroalgae (especially Dictyota spp.), attributed to increased energetic allocation by coral polyps and colonies to defense and repair [26,27,28]. Inshore reefs generally have lower water flow, which can affect respiration and therefore energy production [29].



The purpose of this study was to explore cross-shelf variation in fecundity (specifically, the number of oocytes per polyp) for three coral species: A. nasuta, A. spathulata, and A. hyacinthus. Given likely constraints on energy acquisition in near shore environments [14], as well as the sensitivity of branching corals to sedimentation [30,31], we expected to find increased fecundity with increasing distance from shore. Reduced levels of coral fecundity in near shore environments might also contribute to cross-shelf differences in levels of coral recruitment [32]. This study was conducted in the northern GBR, where there are pronounced and well-documented cross-shelf gradients in the structure of reef habitats [21,22], related to varying environmental conditions.




2. Materials and Methods


2.1. Field Sampling


Fecundity of three coral species (Acropora nasuta, A. spathulata, and A. hyacinthus) was quantified among reefs with increasing distance from the Australian coastline, in the northern GBR. More specifically, sampling was conducted at: (i) two inner-shelf reefs within the Turtle Group (both north and south) located 11–15 km from the mainland, (ii) Lizard Island and MacGillivray Reef, located on the mid-shelf 28–35 km offshore, and (iii) Hicks Reef and Day Reef, located on the outer-shelf 48–53 km from the Australian coastline (Figure 1). At all locations, sampling was conducted within shallow (<4 m) back reef habitats on the leeward side of the reefs or islands.



Sampling was conducted over two consecutive years, in 2013 and 2014. In each year, sampling was conducted in November approximately 1-week prior to the predicted dates of spawning, following Tan et al. [8]. Only colonies where there were visible (pigmented) oocytes within the polyps from freshly broken branches or fragments were sampled. Where possible, we sampled 5 colonies of each species, from each location in each year (Table 1). For A. nasuta and A. spathulata, one entire branch was taken from the middle portion of each colony. For A. hyacinthus, which has only small vertical branchlets growing along horizontal radial branches, we removed sections of the colony necessary to obtain a fragment (from the inner portion of the colony, at least 5cm from the edge of the colony).



After collection, branches and fragments were individually fixed in 10% seawater formalin for a minimum of two months, before being decalcified using serial increasing concentrations (5–10%) of formic acid. Once decalcified, replicate (n = 6) polyps were selected and carefully dissected from each branch or fragment to quantify the number of oocytes. Only mature (larger) polyps, located outside the sterile zones (Wallace 1985), were selected, following Tan et al. [8]




2.2. Data Analyses


To explore spatial and temporal variation in fecundity (number of oocytes per polyp, which ranged from 1 to 17), we fitted General Linear Mixed Models (GLMM) using the nlme package (v. 3.1-128) in R (v. 3.3.2., [33]). Separate analyses were conducted for each species (A. hyacinthus, A. nasuta and A. spathulata). The full model included fixed effects of year (2 levels; 2013 and 2014) and shelf position (3 levels; inner-, mid- and outer-shelf). We compared between three alternative models; (i) Fecundity ~ Shelf, (ii) Fecundity ~ Year, and (iii) Fecundity ~ Shelf*Year), using second-order Akaike Information Criterion (AIC). In all cases, we included colony as a random effect (~1|Colony) to account for intra-colony differences in polyp-level fecundity.





3. Results


Reproductive colonies of all three species (Acropora hyacinthus, A. nasuta, and A. spathulata) were recorded from every shelf position (inner-, mid-, and outer-shelf) in both 2013 and 2014. In all, 6308 oocytes were counted across 1013 polyps, corresponding to a mean fecundity of 6.23 (±0.07 SE) oocytes per polyp across all species. All polyps sampled contained at least one oocyte. Average fecundity was higher for A. nasuta (7.94 oocytes per polyp ±0.15 SE), compared to A. hyacinthus (5.29 oocytes per polyp ±0.07 SE) and A. spathulata (5.33 oocytes per polyp ±0.07 SE).



3.1. Acropora Hyacinthus


For A. hyacinthus, fecundity ranged from 2–10 oocytes per polyp, though the mode was five and the majority of polyps (>83%) had 4–6 oocytes (Figure 2). The best fitting model (GLMM) to account for variation in fecundity of A. hyacinthus was a full model that included shelf and year (AICc = 1083.59, df = 8), as opposed to year (AICc = 1093.91, df = 4) or shelf (AICc = 1118.43, df = 5) alone. Fecundity was significantly lower in 2014 compared to 2013, but there was also significant variation with respect to shelf position (Table 2), though the pattern varied between years.



Inter-annual variation in fecundity of A. hyacinthus was most apparent at inner- and outer-shelf reefs (Figure 2). At inner-shelf reefs (in the Turtle Group), fecundity declined 18.66% from 5.80 (±0.19 SE) oocytes per polyp in 2013 to 4.71 (±0.17 SE) oocytes per polyp in 2014. Similarly, at offshore reefs (Hicks Reef and Day Reef), fecundity declined 17.41% from 5.80 (±0.21 SE) oocytes per polyp in 2013 to 4.71 (±0.12 SE) oocytes per polyp in 2014, whereas fecundity recorded at mid-shelf reefs (Lizard Island and MacGillivray Reef) was the same in 2013 (5.37 oocytes per polyp ±0.11 SE) and 2014 (5.37 oocytes per polyp ±0.17 SE).




3.2. Acropora Nasuta


The modal number of oocytes recorded for A. nasuta was six per polyp, though fecundity varied considerably more than the other two species, ranging from 1–17 oocytes per polyp (Figure 3), and most polyps (73%) had more than six oocytes. As for A. hyacinthus, the best fitting model (GLMM) to account for variation in fecundity of A. nasuta was the full model that included shelf and year (AICc = 1682.58, df = 8), as opposed to year (AICc = 1737.84, df = 4) or shelf (AICc = 1713.17, df = 5) alone. Overall fecundity was significantly lower in 2014 compared to 2013, but differences among shelf positions varied with year (Table 3).



In 2013, there was marked cross-shelf variation in fecundity of A. nasuta, where colonies sampled on inner shelf reefs (in the Turtle Group) had >40% higher fecundity (10.48 oocytes per polyp ±0.34 SE) compared to mid-shelf (7.32 oocytes per polyp ±0.32 SE) and outer-shelf reefs (7.20 oocytes per polyp ±0.27 SE). Between 2013 and 2014, overall fecundity of A. nasuta declined from 8.33 (±0.21 SE) oocytes per polyp in 2013 down to 7.53 (±0.21 SE) oocytes per polyp, with this decline being most pronounced on inner shelf reefs (Figure 3). The variance in fecundity recorded in 2014 was also higher than recorded in 2013, especially at mid-shelf reefs (Figure 3). In 2014, cross-shelf variation in fecundity of A. nasuta was much less pronounced though there were still significant differences fecundity between inner- and mid-, as well as between inner- and outer-shelf reefs (Table 3).




3.3. Acropora Spathulata


The modal number of oocytes recorded for A. spathulata was six per polyp (as for A. nasuta), though most polyps (79%) had 4–6 oocytes and very few polyps had >8 oocytes per polyp (Figure 4). As for other species (A. hyacinthus and A. nasuta), the best fitting model (GLMM) to account for variation in fecundity of A. spathulata was the full model that included shelf and year (AICc = 1026.09, df = 8), as opposed to year (AICc = 1059.29, df = 4) or shelf (AICc = 1064.64, df = 5) alone. Most notably, fecundity was significantly different between years, but was also significantly lower at mid-shelf and outer-shelf reefs, compared to the inner-shelf reefs (Table 4).



Fecundity of A. spathulata tended to be higher on inner-shelf reefs and decline with increasing distance offshore, however, these differences were not significant (Figure 4). Variability in fecundity was also generally higher on inner-shelf reefs. More apparent, however, were interannual declines in fecundity that occurred across all shelf positions. On the inner-shelf reef (Turtle Group) fecundity declined from 6.52 (±0.84 SE) oocytes per polyp in 2013 down to 5.10 (±0.93 SE) oocytes per polyp in 2014. This coincided with marked declines in the abundance of A. spathulata on inner shelf reefs, whereby we could not find any colonies of reproductive size at South Turtle Island in 2014. On mid-shelf reefs (Lizard Island and MacGillivray Reef) fecundity of A. spathulata declined from 5.40 (±0.70 SE) oocytes per polyp in 2013 down to 4.80 (±0.65 SE) oocytes per polyp in 2014. Similarly, on outer-shelf reefs (Hicks Reef and Day Reef) fecundity of A. spathulata declined from 5.33 (±0.69 SE) oocytes per polyp in 2013 down to 4.67 (±0.60 SE) oocytes per polyp in 2014.





4. Discussion


Although there were important inter-annual differences in patterns and rates of coral fecundity (discussed later), this study shows that fecundity of widespread branching coral species does vary with respect to the cross-shelf position of reefs. Contrary to expectations, the fecundity of all three species tended to decline with distance from shore. This was most obvious for A. nasuta in 2013, where fecundity of was >40% higher on inner-shelf reefs compared to mid-shelf or outer-shelf reefs (Figure 3). These findings are counter to widely held views that coral health and reef condition increases with increasing distance from shore. Similarly, Burn et al. [34] found that growth of corals was similar, if not higher, on inner-shelf reefs compared to mid-shelf and outer-shelf reefs in the central GBR. As such, increased levels of sedimentation, eutrophication and pollution, generally recorded on inner-shelf reefs [13,14], do not necessarily undermine the fitness (growth or fecundity) of established coral colonies [35]. There is nonetheless, generally lower cover of reef-building corals recorded on inner-shelf reefs compared to mid-shelf and outer-shelf reefs in the northern and central GBR [21]. It is possible therefore, that there are differential rates of coral survivorship (for recruits, juveniles, or adults) at inner-shelf versus mid-shelf or outer-shelf reefs, that drive observed differences in assemblage structure. Deterioration of environmental conditions at inner-shelf reefs might also restrict the range of habitats in which certain corals can persist [36,37], such that demographic comparisons among sites where focal coral species currently exist belie environmental constraints on the population viability and dynamics of corals in near shore environments.



In addition to cross-shelf differences in coral fecundity, this study also revealed inter-annual differences whereby fecundity was consistently and significantly lower in November 2014 compared to November 2013. While declines in coral fecundity recorded across the entire cross-shelf gradient might reflect inter-annual differences in environmental conditions (e.g., temperature), the occurrence of Tropical Cyclone Ita in April 2014 is the major event that distinguishes 2014 and 2013. Severe tropical storms (cyclones) have a major effect on the structure and dynamics of coral reef ecosystems [12,38,39]. Most notably, hydrodynamic forces generated by cyclones dislodge or destroy large erect coral colonies [40], leading to declines coral cover as well as corresponding loss of structural complexity. Even corals that withstand dislodgement can be injured or adversely affected by the deterioration of environmental conditions (e.g., extensive resuspension of sediments), leading to declines in growth or reproduction [12]. Baird et al. [12] recorded further declines in fecundity for three (out of four) coral species, including A. hyacinthus, at Lizard island between 2014 and 2015, coinciding with Cyclone Nathan (category 4) in 2015. Even more importantly, the carbon content of eggs collected from both Goniastrea retiformis and G. pectinia after Cyclone Nathan were 58–64% lower compared to eggs collected in 2014 [12], which was attributed to increased energetic allocation to tissue repair, thereby detracting from energy investment in reproduction [26,41]. Successive years of severe cyclones have had a profound effect on coral cover and composition, as well as subsequent coral recruitment, at Lizard Island [42,43], and are likely to have had similar effects at other nearby reefs. Cyclones typically remove the larger colonies in a population [12]. As larger colonies typically have higher fecundity [7], the differential loss of these colonies may have influenced reproductive output. Our study suggests that there might also be reductions in the fecundity of surviving colonies, which would further suppress reproductive output and recruitment [43].



Spatial and temporal variation in the fecundity of Acropora species, though significant, was relatively constrained. Most notably the modal number of oocytes per polyp was ≤6 across all three species, though A. nasuta exhibited much greater variation in fecundity than A. hyacinthus or A. spathulata. Similarly, Hall and Hughes [7] found limited interspecific variation in fecundity among Acropora species, where all four species (A. gemmifera, A. hyacinthus, A. millepora, and A. nana) had mean fecundity of 4.5–6.4 oocytes per polyp, compared to 2.6 (±0.2SE) oocytes per polyp for Stylophora pistillata and 46.0 (± 2.0SE) oocytes per polyp for Goniastrea retiformes. Tan et al. [8] sampled 164 colonies of A. millepora across inshore reefs on the GBR separated by hundreds of kilometers, and also found that the mean number of oocytes per polyp for reproductive colonies varied very little around the mean of 6 oocytes per polyp. These data suggest that fecundity of Acropora corals is evolutionarily or morphologically constrained, potentially limited by the small size of Acropora polyps [7] and/or the large size of Acropora eggs. Moreover, extensive intraspecific comparisons of polyp-level fecundity [5,8] reveal high levels of variability among sympatric colonies. Polyp level fecundity might not, therefore, be the best measure to test for spatial and temporal variation in the reproductive condition and fitness of Acropora corals, and measures of egg quality (e.g., carbon content of eggs) might give better insights into cross-shelf variation in the reproduction and population replenishment of these corals [12].




5. Conclusions


This study explored cross-shelf variation in the fecundity of three species of Acropora in the northern GBR. Contrary to expectations, coral fecundity was similar, if not higher, on inner-shelf reefs compared to mid-shelf or outer-shelf reefs. As such, low cover of scleractinian corals on inner-shelf reefs in the northern GBR, compared to mid-shelf and outer-shelf reefs [21] cannot be attributed to lower fecundity of individual coral colonies on near shore reefs, though there may be other constraints to reproductive output and settlement at these locations. Low cover of corals, and especially branching corals, on near shore reefs of the GBR might also be attributable to increased incidence of disturbances [44] or higher levels of chronic stress [45] that reduce survivorship of specific corals in these environments. Marked changes in structure and composition of coral and benthic assemblages along cross-shelf gradients are irrefutable [46], though further comparative studies on demographic processes and population dynamics are needed to understand such differences.
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Figure 1. Reefs in the central section of Australia’s Great Barrier Reef used to explore cross-shelf variation in the growth of three species of branching corals. (a) Sampling location; (b) specific locations of three species of branching corals. 
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Figure 2. Fecundity (no. oocytes per polyp) for Acropora hyacinthus, showing (a) overall frequency distribution of number of oocytes per polyp and (b) variation between years and among shelf positions. 






Figure 2. Fecundity (no. oocytes per polyp) for Acropora hyacinthus, showing (a) overall frequency distribution of number of oocytes per polyp and (b) variation between years and among shelf positions.



[image: Diversity 11 00060 g002]







[image: Diversity 11 00060 g003 550]





Figure 3. Fecundity (no. oocytes per polyp) for Acropora nasuta, showing (a) overall frequency distribution of number of oocytes per polyp and (b) variation between years and among shelf positions. 






Figure 3. Fecundity (no. oocytes per polyp) for Acropora nasuta, showing (a) overall frequency distribution of number of oocytes per polyp and (b) variation between years and among shelf positions.



[image: Diversity 11 00060 g003]







[image: Diversity 11 00060 g004 550]





Figure 4. Fecundity (no. oocytes per polyp) for Acropora spathulata, showing (a) overall frequency distribution of number of oocytes per polyp and (b) variation between years and among shelf positions. 
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Table 1. Number of colonies sampled at each location in each year, and the relative position of locations used to assess cross-shelf variation in coral fecundity.
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Location

	
Distance Offshore

	
A. hyacinthus

	
A. nasuta

	
A. spathulata

	
Total




	
2013

	
2014

	
2013

	
2014

	
2013

	
2014






	
Turtle South

	
12 km

	
5

	
5

	
5

	
5

	
5

	
0

	
25




	
Turtle North

	
15 km

	
4

	
2

	
5

	
5

	
5

	
5

	
26




	
Lizard

	
30 km

	
5

	
5

	
5

	
5

	
5

	
4

	
29




	
MacGillivray

	
34 km

	
5

	
5

	
5

	
4

	
5

	
5

	
29




	
Day

	
50 km

	
5

	
5

	
5

	
5

	
5

	
5

	
30




	
Hicks

	
51 km

	
5

	
5

	
5

	
5

	
5

	
5

	
30




	
TOTAL

	

	
29

	
27

	
30

	
29

	
30

	
24

	
169
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Table 2. General Linear Mixed Models (GLMM) summary for Acropora hyacinthus, based on best fitting model: Fecundity ~ Shelf * Year. Significant effects (p < 0.05) shown in bold.
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	Coefficient
	Estimate
	SE
	p





	Intercept (inner-shelf 2013)
	2351.37
	494.96
	<0.01



	Shelf (mid-shelf)
	−2419.19
	660.58
	<0.01



	Shelf (outer-shelf)
	−366.27
	659.49
	0.57



	Year (2014)
	−1.65
	0.25
	<0.01



	Shelf (mid-shelf): Year (2014)
	1.21
	0.32
	<0.01



	Shelf (outer-shelf): Year (2104)
	0.18
	0.32
	0.57
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Table 3. GLMM summary for Acropora nasuta, based on best fitting model: Fecundity ~ Shelf * Year. Significant effects (p < 0.05) shown in bold.
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	Coefficient
	Estimate
	SE
	p





	Intercept (inner-shelf 2013)
	5646.88
	932.03
	<0.01



	Shelf (mid-shelf)
	−6788.74
	1337.45
	<0.01



	Shelf (outer-shelf
	−5270.63
	1318.10
	<0.01



	Year (2014)
	−2.810
	0.46
	<0.01



	Shelf (mid-shelf): Year (2014)
	3.37
	0.66
	<0.01



	Shelf (outer-shelf): Year (2104)
	2.62
	0.65
	<0.01
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Table 4. GLMM summary for Acropora spathulata, based on best fitting model: Fecundity ~ Shelf * Year. Significant effects (p < 0.05) shown in bold.






Table 4. GLMM summary for Acropora spathulata, based on best fitting model: Fecundity ~ Shelf * Year. Significant effects (p < 0.05) shown in bold.





	Coefficient
	Estimate
	SE
	p





	Intercept (inner-shelf 2013)
	2858.27
	191.99
	<0.01



	Shelf (mid-shelf)
	−1770.71
	255.02
	<0.01



	Shelf (outer-shelf
	−1510.93
	252.99
	0.02



	Year (2014)
	−1.42
	0.26
	<0.01



	Shelf (mid-shelf): Year (2014)
	0.88
	0.33
	<0.01



	Shelf (outer-shelf): Year (2104)
	0.75
	0.33
	0.02
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