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The Indo-Pacific humpback dolphin (Sousa chinensis) has been reported to prefer estuary habitats. This study explored the environmental factors affecting a critically endangered population off the coast of Yunlin, Taiwan. We measured dolphin sighting rates and estuary characteristics affected by the watershed, including seven physical factors (watershed rainfall, watershed runoff, estuarine turbidity, pH, salinity, temperature, and dissolved oxygen) and two biological factors (estuarine net primary production and chlorophyll a concentration), at the Hsinhuwei River estuary in Taiwan. Dolphin activity was measured by sighting rate and behavioral indices for feeding and traveling between 2017 and 2018. We observed that when the maximum net production increased alongside rising temperatures in spring, both the dolphin sighting rate and foraging activity increased. This trend was maintained until heavy rainfall or increased river runoff occurred during late summer, which resulted in high turbidity in autumn and winter. Turbidity was significantly negatively correlated with dolphin activity (sighting rate and foraging). Furthermore, we found that dolphin traveling positively correlated with the chlorophyll a concentration and maximum net production factors, which could attract dolphins expecting more abundant prey fish in the estuary supported by the high primary production. This study provides empirical evidence on how estuary characteristics affected by the watershed can affect the sighting rate and behavioral activities of Indo-Pacific humpback dolphins.
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INTRODUCTION

Knowledge of the spatial distribution patterns of species is crucial for their conservation (Ferrier, 2002; Rushton et al., 2004) as it improves our understanding of the relationship between environmental factors and animal activities. Moreover, it elucidates habitat preferences. The Indo-Pacific humpback dolphin (Sousa chinensis) is found in the eastern Indian and the western Pacific Oceans, mainly in coastal and shallow waters at a depth of less than 20 m; they only rarely travel to waters deeper than 25 m (Jefferson, 2000; Folkens and Reeves, 2002; Shirihai et al., 2006). Since the habitat of S. chinensis typically overlaps with areas of human activity and industrial development, these dolphins have been experiencing direct or indirect negative effects, including environmental pollution, habitat destruction, ship collisions, fishing net entanglement, and noise pollution (Ross et al., 2010). The International Union for Conservation of Nature Red List of Threatened Species identifies the Taiwanese population found off the western coast as a subspecies (Sousa chinensis ssp. taiwanensis) and as critically endangered (Wang and Araujo-Wang, 2018). In Taiwan, the habitat of this dolphin is mainly concentrated around the central section of the west coast, ranging within a narrow strip from the Longfeng Harbor in Miaoli to the General Harbor of Tainan county, mainly within 3 km of land, in water at a depth of less than 20 m (Chou et al., 2014, 2018; Chou, 2018). In addition, its habitat has often been described as including estuarine areas (Dares et al., 2014; Chen et al., 2016; Karczmarski et al., 2016). Jefferson and Hung (2004) suggested that the range of the Indo-Pacific humpback dolphin is mainly dependent on the abundance of food resources. Generally, estuaries are recognized as fish aggregation areas, but not all estuaries are suitable for dolphins. For example, the distribution of dolphins in Taiwan is not consistent across all estuaries along the western coast (of which there are at least 20). Therefore, the association between estuary characteristics and dolphin activities requires further investigation.

The abundance of dolphins depends on the availability of the fish they prey on (Young and Cockcroft, 1994), which is influenced by primary productivity through both environmental factors (Young and Phillips, 2002) and rainfall (Lin et al., 2015; Sprogis et al., 2018). Among the ∼20 estuaries within the habitat range of S. chinensis in Taiwan, the Hsinhuwei estuary is a hotspot (Chou, 2018) for dolphin sightings. Lin et al. (2015) found that their activity pattern in the Hsinhuwei estuary significantly varied with the amount of rainfall. Moreover, they suggested that dolphin activity may be related to estuary productivity. Pan et al. (2016a) demonstrated that primary production in the Hsinhuwei estuary was higher than in two other nearby locations. This means that the area could support larger numbers of invertebrates and predatory fish, allowing for a larger population of Indo-Pacific humpback dolphins in the estuary. Many environmental factors and primary production in an estuary can be significantly affected by river runoff and the precipitation that falls within the drainage area (Cloern et al., 2014; Hosen et al., 2019). However, how watershed characteristics affect the activities of Indo-Pacific humpback dolphins in estuaries remains unclear. This study empirically explored the seasonal variation in and the association between environmental factors affected by the watershed and activity levels of Indo-Pacific humpback dolphins in the Hsinhuwei estuary.



MATERIALS AND METHODS


Boat Surveys Near Hsinhuwei Estuary

From 2017 to 2018, boat surveys were conducted along two parallel transect lines, which ranged from the Zhuoshui River (23°52′N) to the south of Taizi village (23°34′N) in Yunlin county, approximately 1 NM from the land for the nearshore line (depth, ∼8 m) and 1.5 NM from the land for the offshore line (depth, ∼14 m). For this study, we selected sections near the Hsinhuwei River estuary (1 NM northward and southward from the middle of the estuary; Figure 1). A CT2-class fishing boat, approximately 11-m long, was utilized for surveys at speeds between 4 and 9 knots. At least four observers were on board, with three people using binoculars (8× and 10× magnification) and unaided eyes searching and observing at three positions (the bow and at a high position on both the left and right sides). The fourth person recorded the data and was provided with the opportunity to rest. The observers’ positions were shifted every 20 min. When a dolphin group was sighted, their GPS location, behavior types, and group size were recorded. The observers shot photos or videos of dolphins for later individual identification and behavioral confirmation.
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FIGURE 1. Survey area and the two parallel survey lines (solid and dashed “V”-shaped lines) near the Hsinhuwei River estuary.




Dolphin Activity Indices

Dolphin activity was represented by three indices, namely, the sighting rate (SR), foraging behavioral index (BIF), and traveling index (BIT).

A standardized SR was calculated as follows:
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where effective effort refers to the distance traveled on the fixed transect lines not including dolphin focal tracking (as opposed to ineffective effort, which refers to the distance traveled while observing dolphins, during boat failure, or any other unpredictable event that resulted in a deviation from the fixed route).

Dolphin behavior can be classified into five types: traveling, resting, maternal caring, foraging or feeding, and socializing or playing (Pryor and Norris, 1991). Only two types, foraging or feeding and traveling, were observed during the survey sections in this study. Traveling refers to the persistent movement of dolphins, either alone or in groups, in a constant direction. Foraging or feeding is when dolphins dive and chase after prey or even toss fish out of the water.

These two types of behavior were quantified in terms of frequency and duration. When a particular group of dolphins was tracked, the observers recorded their behavior types every 3–5 min (the mean interval was ∼4 min), which enabled the calculation of the behavior type frequency per 4-min interval. In terms of duration, the index for behavior x (BIx) was calculated as the proportion of time behavior x (bx) was observed during the total observation time period (T) during each survey as follows:
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where bx denotes the length of time a dolphin group engaged in behavior x during each survey, and T denotes the total time a dolphin group was tracked.



Rainfall and Runoff Estimates in the River Basin of the Hsinhuwei River

The Hsinhuwei River flows 49.85 km and has a basin area of approximately 109.26 km2 (Water Resources Agency, Ministry of Economic Affairs, 2018). Land use in the river basin is mostly agricultural (78.4%), and residential and industrial areas account for 20.9 and 0.64%, respectively. Because the Hsinhuwei River basin has no streamflow station, the total daily runoff at the river mouth was estimated using the following steps. First, six rainfall stations, namely, Taixi, Lunbei, Erlun, Huwei, Wutong, and Douliu (Figure 2), were used to determine the average daily rainfall within the basin using Thiessen’s polygon method. Second, the daily direct runoff was calculated on the basis of average rainfall using Equation 1. Finally, the total daily runoff was calculated as the sum of the base flow (Chou et al., 2018) and the direct runoff:
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where Q denotes the direct runoff (cm); C, the runoff coefficient (0.7 was determined considering the land use conditions of the Hsinhuwei River basin); i, the average rainfall (m day–1); and A, the drainage area (m2).
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FIGURE 2. Division using Thiessen’s polygon method in the Hsinhuwei River basin for the estimation of rainfall and runoff variables. The full water flow range was 109 km2.




Measurement of Chlorophyll a Concentration and Primary Production

Seasonal water samples were collected at high tide from 05:00 to 07:30 on sunny days during the eight seasons of the study period. Data for the first season (winter 2017) was missing; as a substitute, we used measurements conducted during winter 2019.

The productivity of phytoplankton was measured in the field close to the estuary of the Hsinhuwei River using the dissolved oxygen (DO) method (Marshall, 2005). Local water was collected and maintained in biological oxygen demand (BOD) bottles (300 mL) in triplicate. Each group of BOD bottles was shaded at 0, 30, 50, 70, and 100% by covering them with screens of different mesh sizes on sunny days under ambient light conditions around noon (10:00 to 14:00) when irradiance was at the saturation level for photosynthesis. A DO sensor (YSI 52, YSI Inc., OH, United States) was used to measure the DO concentration in water (mg L–1) before and after culturing. The net production of phytoplankton was derived from the change in the DO concentration in the BOD bottles using Equation 2:
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where NP denotes the net production per unit time and volume (mg C m–3 h–1), [O2]start and [O2]end, the start and end of DO concentrations (mg L–1) of the 0% shaded BOD bottle, respectively; tp, the culture time (h); 32, the molecular weight of O2; and 1.2, the molar ratio of produced oxygen and fixed carbon dioxide through phytoplankton photosynthesis (Hatcher et al., 1977). The net production of phytoplankton as a function of incident irradiance was described by the modified equation of Jassby and Platt (1976):
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where NPm denotes the maximum NP (mg C m–2 h–1) in the absence of photoinhibition under optimal irradiance; α, the initial slope of the line under low irradiance when photosynthesis is assumed to be proportional to photon density; and E, the irradiance measured as photosynthetically active radiation in μmol photons m–2 s–1. Photosynthesis–irradiance (P–I) curves were plotted using SigmaPlot (version 12.5; Systat Software Inc., San Jose, CA, United States) for nonlinear regression fitting, and the results were regarded as acceptable when the fit was significant (p < 0.05) and the power of the conducted test was > 0.80. In this study, the maximum NP was used to represent the potential net primary production for the food web in the estuary.



Measurement of Environmental Factors

A YSI 600XLM (YSI, United States) device was utilized to measure the environmental factors (water temperature, DO, salinity, and pH value) at each station. A Lamotte 2020e Turbidity Meter (LaMotte, United States) was used to measure the turbidity of the surface water. Each environmental factor was measured five times at each station.



Definition of Seasons

Four seasons were defined according to monthly average seawater temperature, and 20 and 28°C were used as cutoff points. Winter (December–March) temperatures ranged between 14 and 20°C, and summer (June–September) temperatures ranged between 28 and 32°C. In spring (April–May) and fall (October–November), the temperatures ranged between 20 and 28°C. All weather data were obtained from the Fenzi Central Weather Bureau station in Yunlin county.



Data Analysis

Comprehensive environmental and biological factors and habitat use indicated by SR and behavioral indices (BIT and BIF) were analyzed by determining the correlations between the two sets of data. To obtain independent variables, principal component analysis (PCA) was conducted on nine environmental and biological factors, which could then be used for correlation analysis with dolphin SR as well as BIT and BIF.



RESULTS

In total, 45 boat surveys were conducted between 2017 and 2018. The surveys were unevenly distributed among the seasons as unfavorable sea conditions during winter frequently prevented fieldwork. A total of 20 single-species (S. chinensis) dolphin groups were sighted on the nearshore transect line, with no sightings on the offshore line. The group size ranged from 1 group to 13 groups, with a mean size (standard deviation; SD) of 6.25 ± 4 (n = 8; Table 1). The mean SR for the nearshore transect line was 2.98 (SD = 1.08, n = 8). The dolphin tracking duration for each sighting ranged from 6 to 56 min per group (mean 31 ± 15 min). The total frequency and duration, respectively, were 106 counts and 419 min for foraging behavior and 50 counts and 201 min for traveling behavior (Table 2). Foraging behavior accounted for 68% of the total counts and duration.


TABLE 1. Data for 45 dolphin surveys conducted during eight seasons between 2017 and 2018 off the coast of Yunlin county, Taiwan.
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TABLE 2. Dolphin observation times for each season.

[image: Table 2]The mean chlorophyll a concentration was 2.49 ± 0.93 (mg m–3), with the highest values observed in the spring of 2017 and summer of 2018. The maximum mean NP was 3.75 ± 3.59 (mg C m–3 h–1), peaking at 15.35 (mg C m–3 h–1) during spring and bottoming at -13.53 (mg C m–3 h–1) in the autumn of both years.

Of the seven physical environmental factors investigated, only pH and salinity did not exhibit a clear seasonal variation. The temperature ranged between 17.8 and 29.9°C, reflecting typical seasonal temperature changes. The average rainfall and runoff in the basin were 136.4 ± 62.2 mm and 295.3 ± 68.7 m3 s–1 day–1, respectively, but the values widely varied between seasons; for example, high values in summer (342.76–484.66 mm and 539.34–662.49 m3 s–1 day–1, respectively) and considerably lower values (18.64 mm and 142.56 m3 s–1 day–1, respectively) in autumn. Turbidity exhibited smaller seasonal variation, ranging from 5.72 NTU to 38.57 NTU; whereas, DO ranged from 4.74 to 9.34. The values of these two factors were lower in spring and summer and higher in autumn and winter. Salinity and pH did not exhibit obvious seasonal variations; their ranges were 26.45–33.38 ppt and 7.4–8.23, respectively (Table 3).


TABLE 3. Seasonal measurements of physical and biological factors.

[image: Table 3]The results of the PCA highlighted two major independent factors that explained 61 and 21% of the variance observed in the environmental changes in the Hsinhuwei estuary (Table 4). Factor 1 was significantly loaded by temperature, DO, chlorophyll a concentration, and turbidity (with loading coefficients greater than 0.86 or lower than −0.87). Factor 2 was mainly loaded by pH, with a coefficient of −0.88.


TABLE 4. Principal component analysis (PCA) of environmental factors.

[image: Table 4]The layout of the environmental characteristic sets of the seasons according to PCA Factor 1 and Factor 2 demonstrated a significant seasonal–cyclic change among three clusters. The autumn and winter seasons formed cluster 1, whereas spring and summer formed clusters 2 and 3, respectively. When the temperature increased in spring and summer, the reductions in turbidity and DO was accompanied by increases in chlorophyll a concentration and maximum net production, which facilitated the transformation of cluster 1 into cluster 2. When rainfall and runoff significantly increased in summer, cluster 2 shifted to cluster 3 (Figures 3, 4). Correlation analysis of the environmental factors revealed the following: maximum net production increased with high chlorophyll a concentration in spring; river runoff was positively correlated with rainfall and affected the salinity in the estuary; and an increase in temperature led to a decrease in DO. These results suggest that the seasonal changes in the environmental factors of the Hsinhuwei River estuary were significantly affected by rainfall and runoff in the basin (Table 5).
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FIGURE 3. Principal component analysis of the environmental factors. The analysis revealed that Factor 1 was mainly loaded by rainfall, runoff, temperature, and chlorophyll a concentration, whereas Factor 2 was only influenced by pH. Dolphin activities, as indicated by the sighting rate, foraging, and traveling activity, were significantly related to Factor 1.
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FIGURE 4. Seasonal variation of the environmental factors expressed by Factors 1 and 2. Data revealed an obvious cycle, starting with high maximum net production in spring and proceeding to high rainfall and runoff in summer as a result of the rainy season and typhoons, which led to significant changes in dissolved oxygen, turbidity, and salinity in the estuary area.



TABLE 5. Correlations between environmental factors.

[image: Table 5]In the correlation analysis between Factor 1 and Factor 2 with dolphin SR, only Factor 1 demonstrated a significant association (p < 0.05; Figure 5). When the four major loaded variables of Factor 1 were individually applied to correlation tests with dolphin activity variables, we found that SR was significantly negatively correlated with turbidity and DO (p < 0.01 and p < 0.05, respectively) but significantly positively correlated with temperature (p < 0.05; Figure 6). With regard to behavioral activity, the BIF coefficient exhibited a similar trend, being significantly negatively correlated with turbidity but significantly positively correlated with temperature (p < 0.05; Figure 7). However, while BIT was not significantly correlated with turbidity, it was significantly positively correlated with chlorophyll a concentration and maximum net production (p < 0.01 and p < 0.05, respectively; Figure 8). It is clear that seasonal variations in the occurrence and behavioral activities of S. chinensis in the Hsinhuwei estuary corresponded well with the seasonal changes in rainfall and runoff in the basin and the resulting estuary characteristics.


[image: image]

FIGURE 5. There are negative correlations between three dolphin activity indices [sighting rate (A), foraging (B), and traveling (C)] and Factor 1.
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FIGURE 6. Correlations between dolphin sighting rate (SR) and environmental factors. Both turbidity (A) and dissolved oxygen (B) exhibited significantly negative correlations with SR (p < 0.01 and p < 0.05, respectively), whereas temperature (C) revealed a significant positive correlation with SR (p < 0.05).
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FIGURE 7. Foraging behavioral index was significantly positively correlated with temperature (A) but negatively correlated with turbidity (B) (p < 0.05). BIF, foraging behavioral index.
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FIGURE 8. Correlations between the traveling behavioral index and biological factors. Significantly positive correlations were observed between traveling behavioral index and both chlorophyll a concentration (A) and maximum net production (B) (p < 0.05). BIT, traveling behavioral index.




DISCUSSION

This study revealed not only that dolphin activities exhibit seasonal changes but also that the environmental factors of the Hsinhuwei estuary have obvious cyclic changes between seasons. Although the sample size in this study was small, similar results in terms of changes in dolphin sightings were observed through long-term acoustic monitoring at the same estuary (Lin et al., 2015). Seasonal variations in the acoustic dolphin detection rate were correlated with estuary runoff, positively in the dry season with lower levels of runoff (<5 mm) but negatively in the wet season with much higher levels of runoff (>5 mm; Lee, 2016). Seasonal variations in humpback dolphin sightings indicate an outward shift from the estuary during the rainy season and after periods of heavy rainfall resulting from typhoons (Lin, 2013). This finding is consistent with those from studies on bottlenose dolphin activity conducted by Gibson et al. (1996) and Hampel et al. (2003). They reported that seasonal changes affected the movement pattern of bottlenose dolphins, with a higher frequency of sightings during spring flooding. They claimed that dolphin movement patterns were related to the influence of tidal changes on fish movement patterns in the estuary area (Gibson et al., 1996; Hampel et al., 2003). Thus, we posit that the large volume of river runoff during the wet season, especially during the typhoon period, increases water turbidity, which in turn alters the abundance of prey near the river mouth. These changes lead to the seasonal distribution gradient of the humpback dolphin in Taiwan.

The abundance of the fish, on which dolphins prey, is a major factor that could explain the variation in dolphin activity. Although the exact diet of the Taiwanese population of S. chinensis remains unclear due to the dearth of data from stomach samples, isotope analysis of muscle samples from one such dolphin beached on the west coast of Taiwan revealed that they are likely pure fish eaters (Liu et al., 2015). Studies of another population of the same species in Hong Kong and a closely related species in northern Australia (Sousa sahulensis) indicated that their prey mainly consisted of benthic fish and sea bream but also included fish from the mesopelagic zone, such as carp (Barros et al., 2004; Krishnan et al., 2008; Parra and Jedensjö, 2009). These fish feed mainly on zooplankton and benthic animals (Xue et al., 2005). Areas with high primary production are frequently major fishing grounds (Nixon, 1988; Cloern, 2001); thus, they are likely to experience dolphin aggregation. Jefferson and Hung (2004) reported that the extent of dolphin activity is mainly related to the availability of food resources, and primary production is one of the crucial factors influencing various taxa in the food web. However, primary production can be influenced or controlled by numerous environmental factors.

In the current study, the nine environmental and biological factors can be categorized into four groups. Group 1 includes temperature and DO, associated with cyclic changes between seasons. Warmer seasons lead to a high growth rate and a rich food web reflected in high chlorophyll a concentration and maximum net production (group 2), which are negatively influenced by heavy rainfall and runoff in the basin (group 3). The high turbidity and low salinity arising in group 3 produces conditions for group 4. Only high turbidity, and not salinity, significantly inhibits the maximum net production (group 2), which leads to a decline in dolphin activity. In conclusion, we found that the maximum net production (group 2) and turbidity (group 4) are the main factors influencing dolphin distribution.

In comparison to two nearby sites, the Zhuoshui River estuary (Ez) and an offshore control site (Dm), dolphin sightings were much higher in the Hsinhuwei River estuary than at the Ez or Dm sites. Pan et al. (2016b) explored the mechanism underlying this distinct distribution by constructing Ecopath trophic models of the three sites to compare energy flows within the food web. The trophic model of the Hsinhuwei River estuary suggested that the relatively high phytoplankton production resulted in more abundant benthic invertebrates and fish, especially large and small benthic-feeding fish, which could be the main prey for S. chinensis. The greater density of this dolphin species in the Hsinhuwei River estuary can be attributed to higher phytoplankton production and greater biomasses of benthic invertebrates and fish prey than those found in the other two areas.

In the Beibu Gulf (Gulf of Tonkin), bathymetry and chlorophyll a concentration are major variables contributing to S. chinensis habitat configuration, which is characterized by a shallow water depth and a high primary production (Huang et al., 2019). The current study indicated that the occurrence of S. chinensis in the Hsinhuwei River estuary was negatively correlated with DO and turbidity. S. chinensis forage more in low-turbidity water and travel more in areas with high net production and chlorophyll a concentration. Furthermore, turbidity was negatively correlated with the maximum net production and chlorophyll a concentration. A similar study in the Brunei Bay, Malaysia, revealed that salinity and turbidity affect the behavior of Irrawaddy dolphins; the amount of traveling was negatively correlated with surface water salinity and positively correlated with turbidity (Mahmud et al., 2018). Consequently, we argue that turbidity plays a significant role in an estuary. Estuaries are biologically productive systems that support many cetacean populations and serve as crucial nursery grounds for their prey; they are also highly dynamic systems with fine-scale environmental gradients and microhabitats. Thus, the identification of dolphin occurrence and behavioral patterns in an estuary is challenging.

In conclusion, we demonstrated significant seasonal changes in estuary environmental factors, affected by the rainfall and runoff in the basin, which lead to seasonal variations in the occurrence and behavioral activities of S. chinensis in the Hsinhuwei estuary. During spring and summer, rising temperatures (accompanied by low DO and turbidity) increased chlorophyll a concentration and primary production, which benefited fish and invertebrates in the estuary. The abundance of prey then attracted more S. chinensis to the area. However, heavy rainfall and runoff (typically associated with typhoons) in the basin in the late summer led to high turbidity, which limited primary production and may have led to a diminished food web in the estuary; dolphin occurrence and activity then declined. To the best of our knowledge, this is the first study to explore the integrated effect of biological and environmental factors influenced by the watershed on the activity of Indo-Pacific humpback dolphins in a single estuary. Whether the significant seasonal–cyclic change in dolphin–environment association we have demonstrated is present at other estuaries (at least 20 estuaries are within the home range of this dolphin population) requires further investigation. Future research could elucidate to what extent S. chinensis depends on estuary characteristics, including physical and biological factors.
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The total frequency and duration were 106 and 419 min for foraging and 50 and 201 min for traveling behaviors, respectively.





OPS/images/fmars-08-577976-t001.jpg
2017_Spring
2017_Summer
2017_Autumn
2017_Winter
2018_Spring
2018_Summer
2018_Autumn
2018_Winter

Survey trips

o~

© N o =+ O;

0

Dolphin groups

- W M O O 0 b

o

Group size (mean)

5.8
6.4
0
0
6.8
.7
0
0

Sighting Rate (Groups/100km)

5.14
6.54
0.00
0.00
7.20
5.14
0
0.00

;T

0.44
0.76
0.00
0.00
1.00
0.54
0.00
0.00

Blr

0.56
0.24
0.00
0.00
0.00
0.46
1.00
0.00

The surveys were not evenly distributed among seasons due to weather constraints. Dolphin behavior mainly consisted of foraging and traveling, which are expressed as
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*o < 0.05 and *p < 0.01. The results indicated that temperature is negatively correlated with dissolved oxygen and turbidity, salinity is negatively correlated with rainfall
and runoff, rainfall and runoff are positively correlated, and the maximum net production and chlorophyil a concentration are also positively correlated.





