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Prolonged Alteration of Neonate Traits Following Maternal Exposure to Fishing-Capture Stress During Late Pregnancy in a Chondrichthyan Species
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For animals discarded after fishing capture (unwanted bycatch), the effects of fishing-capture stress can extend beyond immediate or delayed death, causing long-term, sub-lethal effects such as injuries and physiological, behavioral, immune, energetic, and reproductive consequences. Given the importance of successful reproduction for population recruitment, investigating reproductive impairment is essential, even more so for animals with low reproductive rates such as chondrichthyans. However, data for these species are lacking, even though the poor conservation status of many chondrichthyan populations and the threats from overexploitation and discard require a better understanding of fishing-capture stress consequences. In this study, we investigated the reproductive consequences of trawling and air exposure stress when experienced by southern fiddler rays (Trygonorrhina dumerilii) during late pregnancy, with a focus on neonatal traits. Compared with neonates from unstressed mothers, neonates born from mothers subjected to capture simulation had significantly lower body mass and yolk sac volume at birth, showed a granulocyte-to-lymphocyte ratio indicative of a stressed condition, reduced growth, altered burying behavior, reduced boldness, and swam for shorter distances after a simulated predator attack. Smaller size and lower growth rate might expose neonates to a higher rate of predation, and similarly, the altered burying and swimming behaviors may reduce their ability to escape from predators. Decreased boldness could impact neonate survival by reducing their ability to compete and obtain food and resources. Further investigations are needed, but these initial results suggest that capture stress suffered by pregnant rays may alter traits and survival of their offspring with consequences for recruitment and population abundance.

Keywords: bycatch, intergenerational consequences, neonate performance, offspring, reproductive consequences, trawling stress, prenatal stress, southern fiddler ray


INTRODUCTION

Chondrichthyans (sharks, rays, and chimeras) are among the most threatened groups of vertebrates (Dulvy et al., 2008, 2014; IUCN, 2020). The high vulnerability of these species originates from their peculiar life-history traits of late sexual maturity, long reproductive cycles, long gestation or embryonic development, and low fecundity (Camhi et al., 1998), resulting in low reproductive rates and low ability to recover from population decreases. Among various threats, the most severe and frequent are overfishing and discard, i.e., the release of unwanted captured animals due to management measures or low economic value (Dulvy et al., 2008, 2014; Ferretti et al., 2010). For chondrichthyans, discard is a serious problem (Molina and Cooke, 2012) because fishing procedures can cause injuries and extreme homeostatic alterations resulting in immediate or delayed death (Frick et al., 2010; Braccini et al., 2012). Even when fishes survive, the elicited stress response, which is necessary to maintain or restore homeostasis and increase survival (Skomal and Mandelman, 2012), can also be detrimental if fishing stressors are severe or prolonged. Indeed, chronic alterations of homeostasis, increased stress hormone levels, and altered energetic allocation may result in long-term consequences such as altered growth, immune competence, behavior, and reproduction, which ultimately affect survival and fitness (Wendelaar-Bonga, 1997; Skomal and Mandelman, 2012; Watson et al., 2020). Given the importance of successful reproduction to the maintenance of sustainable populations, reproductive impairments that affect the individuals’ ability to contribute to increasing population abundance through recruitment or affect the survival of their offspring need to be understood (Schreck et al., 2001; Sopinka et al., 2016a). This is especially important for chondrichthyans, not only because of the poor conservation status of many populations but also because of the generally large energy investment in a single reproductive event (Hamlett et al., 2005; Trinnie et al., 2012) and long reproductive cycles (up to 3 years in school shark Galeorhinus galeus; Hamlett et al., 2005; Walker, 2005b). Therefore, reproductive impairments could jeopardize the large investment already allocated to reproduction over the several prior years, further hindering population recovery.

In teleost fishes, stressors can affect a large variety of reproductive traits, both in parents, including reproductive hormone concentrations, reproductive behavior, vitellogenesis, gamete quality, fecundity, and ovulation timing, and in offspring born from stressed parents, such as behavior, hatching success, size, growth, swimming performance, feeding ability, and survival (Schreck et al., 2001; Milla et al., 2009; Leatherland et al., 2010; Schreck, 2010; Li and Leatherland, 2012; Pankhurst, 2016; Sopinka et al., 2016a). Few data exist for chondrichthyans and almost entirely concern observations of capture-induced premature parturition and abortion (Adams et al., 2018; Wosnick et al., 2019; de Sousa Rangel et al., 2020). Given the low probability of neonates surviving after premature parturition (Charvet-Almeida et al., 2005; Campbell et al., 2018), this is the most severe outcome representing the likely complete failure of the reproductive event. However, even when not causing premature parturition, in southern fiddler rays (Trygonorrhina dumerilii), trawling-capture stress experienced by mothers during pregnancy affects neonate size at birth and causes a state of chronic stress in neonates, potentially reducing survival in the long-term (Guida et al., 2017). In teleosts, various other offspring traits associated with survival are affected by parental stress, and given the similarity of many of the stress consequences reported in teleosts and chondrichthyans (Wendelaar-Bonga, 1997; Skomal and Mandelman, 2012), further research aimed at verifying whether these alterations occur also in chondrichthyan offspring is needed. These data will help better assess the extent of the fishing-capture consequences and the potential need for management measures to improve the conservation status of these threatened populations. Moreover, studying stress effects in wild animals is intrinsically difficult due to various confounding factors that cannot be controlled, and especially for poorly researched areas, reliable conclusions can be drawn only from investigating different stress indices and their consequences (Johnstone et al., 2012, 2017), calling for further research on this topic in chondrichthyans.

In this experiment, the consequences of maternal exposure to trawling capture simulation and air (Frick et al., 2010) during late pregnancy on neonatal traits in T. dumerilii (Castelnau, 1873) were investigated. T. dumerilii is a lecithotrophic viviparous species, meaning that, during development, embryos rely solely on yolk sac reserves. Females give birth to two to five neonates yearly in April–May (Marshall et al., 2007). The species is commonly captured by commercial and recreational fisheries in southern Australian waters; and due to low market values, most animals, including pregnant females (Marshall et al., 2007), are released after capture (Walker and Gason, 2007; Last and Stevens, 2009). Despite not classed in a high extinction risk category (IUCN, 2020) and despite being quite resilient to fishing-capture stress, even when pregnant (Guida et al., 2017; Martins, 2017), the reproductive impairments previously observed by Guida et al. (2017) in pregnant mothers and neonates of this species indicate the need for further research. Investigations were focused on alteration in traits that persist in neonate life, including size, growth rate, residual yolk sac volume and its consumption rate, swimming performance, and burying and boldness behavior.



MATERIALS AND METHODS


Animal Collection and Husbandry

In March and April 2018, 14 pregnant T. dumerilii females were hand-collected in Swan Bay, Victoria, Australia. Pregnancy was determined in-water by the presence of embryos in the uteri using ultrasound scanning (L6.2 linear transducer probe at 8–5 MHz, Ibex Pro Portable Ultrasound, E. I. Medical Imaging, Loveland, CO., United States). Upon collection, pregnant animals were placed in a 200-L holding tank, with a continuous flow of ambient seawater and transported to the housing facility (Victorian Fisheries Authority, Queenscliff, Victoria, Australia) in <2 h with up to three animals (20 kg combined mass) held together in the holding tank. At the facility, females’ body mass (BMF) to the nearest 0.1 kg and total length (TLF) to the nearest 0.5 cm were measured. Females were tagged applying different color combinations of cable ties to their tail (loose enough to avoid skin injuries) to allow identification of each individual. Animals were randomly assigned to two experimental groups (see below) and transferred to two separate 9,000-L circular housing tanks (seven animals in each tank, for a maximum biomass of 45 kg). The tanks were located in the open air, under a covered structure and supplied with continuously flowing ambient seawater and aeration. Animals were exposed to natural photoperiod and water temperature (mean ± SD: 17.2 ± 1.1°C) and fed sardines and prawns twice a week (∼10% of their total BM per week). Females were maintained in captivity until a maximum of 4 days after parturition and, after veterinary health check, were released back in Swan Bay. All experiments were performed under Monash University Animal Ethics Protocol BSCI/2016/37, Parks Victoria research permit no. 10008588, VFA general permit no. RP1286, and complied with the current Australian law.



Experimental Design

The 14 near-term, pregnant females were randomly assigned to one of two maternal treatment groups. Females in the trawl group (n = 7) were subjected to trawl simulation with air exposure, while those in the control group (n = 7) were treated as controls. The consequences for neonates were investigated by assessing stress at birth and monitoring morphometric and behavioral changes during the first 30 days after birth. The effects of maternal treatment on number of stillborn neonates and neonate size, volume of yolk reserves, and stress, indicated by blood parameters, at birth were investigated. Growth, indicated by length and body-mass increments, and consumption of the yolk, indicated by the percentage reduction in yolk sac volume, were measured over 30 days. The effects of maternal treatment on neonate behavior expressed as burying success, time to bury, the time before initial movement, total time spent moving, and speed and distance moved in response to simulated predation attack were also examined.



Maternal Treatments of Trawling Simulation With Air Exposure and Control

Trawling capture was simulated at least 14 days after collection to allow recovery from the initial capture stress and acclimation to the housing conditions. Females were also used in a metabolic study (Finotto et al., unpublished), and due to limitations on equipment availability for that study, each female in the trawl group was towed one at each time. Females experienced the trawling simulation on different days, and it took 7 days to expose all females to the treatment conditions. Females were dip-netted from the housing tank and individually placed inside a cod-end (a 110-cm-long bag constructed of monofilament webbing, 102 mm between opposite knots of diamond-shaped mesh if stretched) mounted on a circular support hanging from a metal bar suspended over a 19,000-L experimental tank. In the center of the tank, a rotating wood panel (2.0 × 1.0 m; W × H) generated a water current of ∼0.6 m s–1 in front of the cod-end, simulating the condition of towing a net through the water (Frick et al., 2010). Each female was towed for 7 h, then retrieved from the cod-end, and placed for the 30-min air exposure in an empty tub (2.0 × 1.0 × 0.7 m; L × W × H) outdoors in a shaded area. At the end of the air exposure period, females in the trawl group had their metabolic rate measured and then were transferred back to the housing tank where they remained until 4 days after parturition. Each day, concomitantly with each female of the trawl group, a female in the control group experienced the same dip-netting, handling, and transfer (to a 5,000-L tank) procedures but was neither towed nor measured for metabolic rate. The fact that Trawl females experienced the confinement in a respirometry chamber during metabolic measurement, while Control females did not, might have influenced their stress load. However, blacktip reef sharks (Carcharhinus melanopterus) spending 3 h in a respirometry chamber did not experience the physiological alterations associated with a stress response (Bouyoucos et al., 2018). Therefore, it seems unlikely that the small stress potentially associated with metabolic measurement significantly impacted Trawl females and subsequent measurements, especially when compared with the highly stressful conditions of the trawling simulation. The experimental tank was supplied with constant seawater flow such that the whole mass of water was replaced between successive trawl simulations in separate days, to eliminate the possibility of stress-related chemical clues influencing the responses of animals treated subsequently.



Neonates’ Morphological Measurements

Parturition was indicated by the presence of neonates in the two separate tanks holding the Trawl mothers and Control mothers observed during daily inspections, and the numbers of live and stillborn neonates were recorded. T. dumerilii litter size ranges from two to five pups (Marshall et al., 2007), so the presence of four or more pups indicated that potentially two females gave birth the same night. The identification of the female(s) that gave birth was initially based on visual inspection of females’ body appearance because near-term pregnancy is evident from dorsal bulges on the two sides, which disappear immediately after parturition (de Sousa Rangel et al., 2020). To confirm parturition, females suspected to have given birth were dip-netted, drawn to the side of the housing tank, and, while lightly restrained, checked with the ultrasound. This protocol allowed assigning a female to each parturition event. On one occasion, two females gave birth the same night. From ultrasound scanning performed at initial capture, an estimate of the number of embryos carried by each female was available. Moreover, data collected during a preliminary experiment highlighted that neonate total length (TLN) at birth was positively correlated with maternal size [linear mixed effects (LME) model: TLN ∼ TLM + (1| MotherID); TLN ∼ 21.95 + 0.04 × TLM; F1,20 = 4.35, p = 0.037] and that siblings showed similar coloration patterns (Figure 1). Based on the similarity of the coloration patterns among siblings, on maternal and neonate sizes and on data on the number of the embryos determined by ultrasound scanning the mothers when initially captured, it was possible to assign all neonates to the respective mother.


[image: image]

FIGURE 1. Dorsal photos of southern fiddler ray (Trygonorrhina dumerilii) neonates. Photos show the similarity in coloration and pattern between pairs of siblings (pair A, top two photos; and pair B, bottom two photos).


At birth (day 0), living neonates were individually removed from mothers’ housing tanks and transferred to a bucket filled with a known mass of water; and BM (BMN) to the nearest 0.1 g and total length (TLN) to the nearest 0.1 cm were measured. A blood sample (500 μl) was collected in <1 min through caudal venipuncture using a 27-gage needle and a 3-ml heparinized syringe. The dorsal side of each neonate was photographed, allowing later identification by checking its coloration pattern (Figure 1). Neonates underwent longitudinal and transversal ultrasound scanning (Figure 2), and from still images, using the measuring tool provided by the ultrasound machine software, the length, height, and width of neonate internal yolk sac (LY, HY, and WY; mm) were estimated and used to calculate yolk sac volume (see section “Data Analysis”). Afterward, neonates from both maternal treatment groups were transferred to a single 5,000-L housing tank (maximum of 20 neonates for a biomass of 2,273.4 g), fed chopped prawns every other day (∼10% of their BM weekly), maintained in captivity for 30 days, and then, after a veterinary health check, released in Swan Bay. All the neonates born live survived the period in captivity.
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FIGURE 2. Neonate yolk sac measurements. (A) Schematic representation of ultrasound scans performed on neonates to obtain a longitudinal view and a transversal view of the yolk sac. Black bars represent the ultrasound probe; blue and green arrows represent the movement of the probe during the longitudinal and transversal scans, respectively. (B) Photo of the bean-shaped yolk sac excised from a stillborn neonate. (C) Still image obtained from the transversal scan and used to measure yolk sac height and width. (D) Still image obtained from the longitudinal scan and used to measure yolk sac length. The red shape in (C) and (D) delineates the yolk sac.




Neonate Growth and Yolk Sac Consumption Rates

For a month after the birth of each neonate, every 10 days (days 10, 20, and 30), measurements of BM and total length and ultrasound, to monitor the volume of the remaining internal yolk sac, were performed as described above. To reduce the number of times neonates had to be dip-netted from the tank and the minor stress associated with the procedure, neonate swimming performance and behaviors (see below) were tested concomitantly with these measurements.



Swimming Test

Swimming was tested on day 10. Neonates were individually placed at the entrance of a 2-m-long corridor set inside a 5,000-L tank. The corridor was built shaping two portions of plastic-coated metallic wire mesh weighted down on the bottom of the tank. An enclosed funnel-shaped space, separated from the main section of the corridor by a removable panel, served as an acclimation area. The neonate was allowed to settle on the bottom of the tank in the acclimation area (<2 min), and after removal of the panel, it was gently touched on the tail to simulate a predator attack and stimulate its movement (Gyssels and Stoks, 2005). Three consecutive trials were performed and video-recorded. Most neonates did not swim from the entrance to the end of the corridor in a single movement but stopped at various distances from the entrance. On these occasions, neonates were again touched on the tail to stimulate swimming. If movement did not resume within 5 s, the test was concluded. At the end of the test, neonates were transferred back to their housing tank.

For each neonate and trial, the length of the segment covered during the first burst of swimming (Swimming distance, m) was measured from a still image of the video analyzed in ImageJ (Rasband, 2018). The time taken for the neonate to swim to the end of the corridor, measured starting from after the first stimulus and including any time the neonate stopped, was recorded to calculate completion speed (see section “Data Analysis”).



Burying and Boldness Tests

Each neonate underwent two different tests, one on day 20 and one on day 30. Neonates were individually transferred to a separate tank (100 cm × 210 cm × 35 cm, 735 L) with a 5-cm-deep layer of sand. After a 2-min acclimation, neonates were either left undisturbed for 20 min in the “Undisturbed test” or chased with a dip net for 30 s, to simulate a predatory attack eliciting an escape response, and then left undisturbed for 20 min in the “Chased test.” Tests were video-recorded, and at the conclusion, neonates were transferred back to their housing tank.

From the video for each neonate, two dichotomous categorical variables (Burying success and Moving success) and three continuous variables (Burying time, Latency time, and Total moving time) were quantified for each of the Undisturbed test and Chased test. Following the acclimation period in the Undisturbed test and after the chasing procedure in the Chased test, Burying success, and Moving success related to neonate success in submerging in the sand and moving from its initial position, respectively. The neonate’s Burying time was the elapsed time before the neonates started the burying process, the Latency time was the elapsed time before the first movement, and Total moving time was the time spent moving during the first 5 min following acclimation or the chasing procedure. When neonates did not bury or move before the end of the test, the maximum time (20 min) was recorded as Burying time or Latency time. In preliminary experiments, these variables did not differ between the first and second times the neonates were tested. Nevertheless, to minimize potential systematic error and habituation, whether a neonate was tested first in the Chased or Undisturbed test was randomly allocated.



Granulocyte-to-Lymphocyte Ratio

Smears were prepared of neonate blood samples collected on day 0, air-dried in a closed container, and then fixed by immersion in 100% methanol for 10 min. Blood smears were stained with May–Grünwald (15 min; solution diluted 1:1 with water; Australian Biostain, Traralgon, Victoria, Australia) and Giemsa (15 min; solution diluted 1:9 with water; Australian Biostain) stains, rinsed three times in distilled water, and then immersed in fresh distilled water for 5 min. Slides were examined, with hidden identity, using a compound microscope at ×400 magnification. Granulocytes (neutrophils, heterophils, eosinophils, and basophils) and lymphocytes were identified according to available descriptions (Van Rijn and Reina, 2010; Haines and Arnold, 2015; Guida et al., 2017). Leukocytes were counted in at least four fields of view moving diagonally along the slide and avoiding the edges of the blood smear. Counting ceased when a minimum of 350 leukocytes were counted and all the cells in the last field of view were identified (Van Rijn and Reina, 2010; Johnstone et al., 2012). A random subsample of eight slides was counted twice to test for the repeatability of the leukocyte counting profile (see section “Data Analysis”).



Data Analysis

Yolk sac measurements obtained from the ultrasound scanning were used to calculate the volume of the bean-shaped yolk sac (Figure 2) through the following equation:
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where VOL is the estimated yolk sac volume in ml, WY is the width of the yolk sac measured at its widest part, LY is the length, and HY is the height, all expressed in mm; and 10–3 is the factor for converting volume expressed in mm3 to ml. In four stillborn neonates, yolk sac measurements obtained indirectly from the ultrasound video (Figures 2C,D) did not significantly differ from direct measurements of excised yolk sacs (data not shown; Figure 2B), supporting the validity of indirectly measuring yolk sac volume from ultrasound scanning.

The normality of the datasets was assessed with the Shapiro–Wilk test and the homoscedasticity with Levene’s test. t-tests were used to investigate differences in adult female total length and BM (TLF and BMF) at capture between pregnant females of the Trawl and Control treatment groups (Treatment).

Differences in the occurrence of stillborn neonates between treatments were analyzed in terms of both number of stillborn neonates and number of parturitions with stillborn neonates, using Fisher’s test. LMEs were used to examine differences in neonate total length (TLN), BM (BMN), and G:L ratio at birth, including Treatment as a fixed effect and Mother ID as a random effect. To test for G:L counting repeatability, the two readings obtained from the eight re-counted slides were compared, after log transformation, using a paired t-test. To test for the presence of a learning process in the ability to identify different cells, a generalized LME (GLME) model was used to compare the G:L readings of the first eight versus the last eight slides examined including Mother ID as a random effect. With the use of only data from Control neonates, the relationship between yolk sac volume (VOL) at birth and BMN was investigated using an LME model including Mother ID as a random effect. To analyze difference in VOL at birth between Control and Trawl neonates, an LME model was used, including Treatment and the interaction between Treatment and BMN as fixed effects and Mother ID as a random effect [VOL ∼ Treatment + Treatment:BMN + (1| MotherID)]. Data and generated residuals were visually assessed for normality and homoscedasticity. Significance of the fixed terms was evaluated using a Wald test.

To investigate TLN and BMN increments over time (as continuous variables; days 0, 10, 20, and 30), GLME models were used, including the interaction between Treatment and Time as a fixed effect and Neonate ID as a random effect. Yolk consumption rate was investigated with a similar GLME model, but to account for potentially faster consumption rates in larger neonates, the proportion of yolk volume remaining relative to the initial value (VOLL) was used in the analysis. VOLL was calculated using the following equation:
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where VOLL is the proportional volume left at time t (days 0, 10, 20, or 30), VOLt is the volume at time t in ml, and VOLi is the initial volume at d0 in ml. Before running the model, VOLL data were transformed as the arcsin of the square root, but for clarity, results are reported as percentages.

Completion speed (m s–1) was calculated dividing the length of the corridor (2 m) by the total elapsed time taken to swim this distance, including the duration of any potential stop (s). For each neonate, Swimming distance (m) and Completion speed were averaged between the three different trials. The relationship between TLN and Swimming distance and Completion speed was investigated using only data from Control neonates and two LME models including Mother ID as a random effect. To investigate the effect of Treatment on these two swimming variables, GLME models were used, including Treatment as a fixed effect and Mother ID as a random effect.

Differences in Burying success and Movement success were determined using Fisher’s tests. To investigate differences in Burying time, Latency time, and Total moving time, GLME models were used. Differences in these variables were investigated both between Treatment, within each test type (Undisturbed or Chased test), including Treatment as a fixed effect and Mother ID as a random effect, and between test type, separately for Control and Trawl Treatments, including test type as a fixed effect and Neonate ID as a random effect.

Data presented are derived from the most parsimonious models, obtained from the full models through stepwise backward elimination of non-significant terms. Results are reported as mean ± standard error of the mean (SE). All tests used a significance level of α ≤ 0.05. Data were processed using R statistical software (R Core Team, 2020). The datasets analyzed for this study can be found at DOI: 10.26180/5f81a746928ad (Finotto et al., 2020).




RESULTS

There was no significant difference between treatments in maternal TLF (Control: 96.9 ± 1.9 cm; Trawl: 93.4 ± 3.1 cm; t1,11 = 0.83, p = 0.43) and BMF (Control: 6.3 ± 0.3 kg; Trawl: 5.8 ± 0.4 kg; t1,11 = 0.85, p = 0.41). Neonates were born an average of 21 days after trawling capture simulation for Trawl females (1–34 days). Females in the control and trawl groups gave birth to an average of 2.8 and 2.0 pups, respectively. One Control female never gave birth, and ultrasound indicated that the embryos were likely non-viable because no mouth movements associated with gill oxygenation was observed. One Trawl female gave birth to two neonates the night after trawling simulation but was not considered a premature, stress-induced parturition because pregnancy was in an advanced state and occurred within the normal parturition period (Marshall et al., 2007). Excluding this female, parturition occurred an average of 24 days after trawling simulation (6–34 days).

The number of stillborn neonates (Control: 1 of 17 neonates; Trawl: 3 of 14 neonates; Fisher’s test p = 0.30) or of parturitions with stillborn neonates (Control: 1 of 6 parturition events; Trawl: 2 of 7 parturition events; Fisher’s test p = 1) did not differ between treatments.


Morphological Traits

Neonate TLN at birth did not significantly differ between treatments (Control: 27.3 ± 0.2 cm; Trawl: 26.4 ± 0.5 cm; F1,25 = 0.004, p = 0.95), but Control neonates were significantly heavier (BMN; Control: 118.9 ± 3.3 g; Trawl: 102.8 ± 5.0 g; F1,25 = 3.99, p = 0.04). In Control neonates, yolk sac volume at birth was significantly and positively correlated with neonate BMN (VOL = −8.72 + 0.12 × BMN; F1,14 = 18.89, p < 0.0001). Both Treatment (F1,25 = 5.48, p = 0.02) and the interaction between Treatment and BMN (F2,24 = 32.14, p < 0.0001) significantly influenced yolk sac volume at birth, with Trawl neonates having a smaller yolk sac (Control: 5.41 ± 0.46 ml; Trawl: 4.39 ± 0.43 ml) and manifesting a lower increase in yolk sac volume with BMN (Table 1 and Figure 3).


TABLE 1. Effects obtained from the most parsimonious linear mixed effects model illustrating the influence of neonate body mass (BMN) and maternal treatment group [Control (n = 16) or Trawl (n = 11)] on yolk sac volume at birth.

[image: Table 1]

[image: image]

FIGURE 3. Relationship between neonate yolk sac volume (ml) and neonate body mass (g) at birth (day 0). Data are plotted separately for each maternal Treatment: Control (gray; n = 16) and Trawl (black; n = 11). Points represent original data, and lines represent the linear regressions fitted to the data.




Granulocyte-to-Lymphocyte Ratio

Trawl neonates showed significantly higher G:L ratio values (Control: 0.05 ± 0.01; Trawl: 0.22 ± 0.09; F1,25 = 2.57, p = 0.02). No difference between repeated counts (First: 0.10 ± 0.03; Second: 0.14 ± 0.07; Z1,14 = 0.77, p = 0.74) and no learning process (Early: 0.16 ± 0.05; Late: 0.14 ± 0.07; F1,14 = 1.22, p = 0.27) were observed.



Neonate Growth and Yolk Sac Consumption Rates

Time (F1,102 = 8.24, p < 0.0001) and the interaction between treatment and time (F1,102 = 2.33, p = 0.02) significantly influenced neonate TLN. TLN increased with time, and length increments with time were smaller in neonates from Trawl mothers, indicative of slower growth (TL at day 30: Control: 28.0 ± 0.2 cm; Trawl: 26.9 ± 0.5 cm; Table 2 and Figure 4A). Neonate BMN was not influenced by Time (F1,102 = 1.32, p = 0.19), Treatment (F1,102 = 2.02, p = 0.06), or their interaction (F1,102 = 0.83, p = 0.41; BM at day 30: Control: 119.1 ± 3.2 g; Trawl: 107.8 ± 6.1 g; Table 2 and Figure 4B). Only Time significantly influenced the proportion of yolk sac volume remaining (F1,102 = 16.36, p < 0.0001), which decreased over time at a similar rate for both Trawl and Control neonates (F1,102 = 1.03, p = 0.31; yolk sac volume remaining at day 30: Control: 2.47 ± 0.22 ml; Trawl: 2.36 ± 0.35 ml, corresponding to the 47 ± 3 and 55 ± 5% of the initial volume, respectively; Table 2 and Figure 5).


TABLE 2. Effects obtained from the most parsimonious linear mixed effects model illustrating the influence of time and maternal treatment group [Control (n = 16) or Trawl (n = 11)] on neonate total length, body mass, and proportion of yolk sac volume remaining.
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FIGURE 4. Neonate total length (cm; A) and body mass (g; B) growth increment with time. Total length and body mass data are plotted against time separately for each maternal Treatment: Control (gray; n = 16) and Trawl (black; n = 11). Points represent original data, and the lines were fitted by linear regression. Note that in (A), the y axis starts from 23 cm.
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FIGURE 5. Yolk sac consumption rate. The proportion of neonate yolk sac volume remaining as a percentage (related to initial volume at day 0 = 100%) is plotted against time separately for each maternal Treatment: Control (gray; n = 16) and Trawl (black; n = 11). Points represent original data, and the lines were fitted by linear regression.




Swimming Performance

In Control neonates, Completion speed (Speed = −0.58 + 0.03 × TLN; F1,14 = 5.65, p = 0.02) but not Swimming distance (F1,14 = 0.04, p = 0.84) was significantly and positively correlated with neonate TLN. Treatment significantly influenced Swimming distance (F1,25 = 3.96, p = 0.04), with Control neonates swimming for longer distances (Control: 0.97 ± 0.06 m; Trawl: 0.71 ± 0.09 m), while it did not affect Completion speed (Control: 0.14 ± 0.01 m s–1; Trawl: 0.13 ± 0.01 m s–1; F1,25 = 0.32; p = 0.57).



Burying and Boldness Behavior

Results are reported in Table 3 and Figure 6. No difference emerged in Burying success or Burying time between treatments in the Undisturbed test (Burying success: Fisher’s test p = 0.26; Burying time: F1,24 = 0.02, p = 0.88) or the Chased test (Burying success: Fisher’s test p = 0.69; Burying time: F1,24 = 0.88, p = 0.35).


TABLE 3. Influence of test type (undisturbed or chased) and maternal treatment group (control or trawl) on neonate burying and boldness variables.
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FIGURE 6. Mean ± SE time elapsed before the first movement (Latency time, min; A) and total time spent moving around the experimental tank (Total moving time, min) during the first 5 min of the test (B). Data are reported separately for each maternal Treatment: Control (gray boxes) and Trawl (white boxes) during the Undisturbed and Chased tests (test type). Different uppercase and lowercase letters indicate significant differences between Treatments, in the Undisturbed and Chased tests, respectively. * indicates significant differences between different test types within Stress or Control neonates. Sample sizes are reported in parentheses. Sample size is sometimes smaller than the total number of neonates tested (Control = 16 and Trawl = 11) because some neonates buried before the end of the observation period for the boldness evaluation (5 min) and were therefore excluded from the analysis.


Comparing Burying success between the two types of test (Chased test or Undisturbed test), no significant difference emerged within Trawl neonates (Fisher’s test p = 0.37), but Control neonates had a significantly higher Burying success in the Undisturbed test (Fisher’s test p = 0.04). Test type was significant for Burying time, which was higher for the Chased test than the Undisturbed test, both in Control (F1,24 = 22.49, p < 0.0001) and Trawl neonates (F1,24 = 17.68, p < 0.0001).

No difference was detected in Movement success between treatments in the Undisturbed test (Fisher’s test p = 1), while Control neonates had a significantly higher Movement success in the Chased test (Fisher’s test p = 0.04). No difference in Latency time was found between treatments in the Undisturbed test (F1,23 = 0.98, p = 0.32) or the Chased test (F1,18 = 1.19, p = 0.27). In the Undisturbed test, Control neonates had a significantly higher Total moving time than Trawl neonates (F1,16 = 4.09, p = 0.04), while no difference emerged in the Chased test (F1,19 = 0.69, p = 0.41).

Comparing Movement success between the two types of test, no difference was found within Control neonates (Fisher’s test p = 0.39), but within Trawl neonates, success was significantly lower in the Chased test (Fisher’s test p = 0.01). Within both Control (F1,26 = 22.77, p < 0.0001) and Trawl neonates (F1,15 = 16.44, p < 0.0001), neonates showed a lower Latency time in the Undisturbed test. Test type significantly affected also Total moving time in both Control (F1,23 = 293.65, p < 0.0001) and Trawl neonates (F1,12 = 11.95, p < 0.001). Control neonates moved for a longer time when tested in the Undisturbed test, while the opposite was observed for Trawl neonates. This contrasting result seems to be driven by a single Trawl neonate that in the Chased test largely increased its Total moving time, while four neonates reduced it.

Given the statistically significant results for Burying time and Latency time might have been partially driven by the high number of animals that did not bury or move and the inclusion of these maximal times (20 min), we repeated the analyses excluding these animals. The results did not change except for the comparison of Latency time between the Undisturbed and Chased Trawl neonates, which became non-significant. Because the sample size was as small as two neonates, there would be advantages in repeating the experiments with larger sample sizes.




DISCUSSION

Given that successful reproduction is essential in maintaining sustainable populations, studying the reproductive consequences of stress is important, especially for chondrichthyans given their poor conservation status (Dulvy et al., 2014) and low reproductive rates (Camhi et al., 1998). In this study, to contribute to addressing the need for improved understanding of the intergenerational effects of capture stress in chondrichthyans, the consequences of maternal exposure to fishing-capture stress persisting in neonates up to 1 month after birth were evaluated.

At birth, neonates born from trawled mothers (stressed neonates) had lower BM than control neonates. This was previously reported by Guida et al. (2017). The same study, in contrast to the results of this study, also observed a smaller total length in stressed neonates, the difference likely resulting from differences in stress timing. While in Guida et al. (2017) trawling was simulated 40–86 days before parturition, in this study, it occurred as little as 1 day before. Stressors applied so close to parturition, once embryonic development had almost concluded, would be unlikely to affect total length but could have impacted BM, a more plastic trait.

In this study and that of Guida et al. (2017), the neonates born from stressed mothers had higher G:L ratios than control neonates, suggesting a state of stress (Van Rijn and Reina, 2010) persisting in the offspring after trawling simulation and lasting at least till birth, potentially due to neonate exposure to maternal stress hormones (Skomal and Mandelman, 2012). The increase in G:L ratio is an important response to stress that minimizes the chances of infection by mobilizing different leukocyte populations toward areas of the body with a higher probability for pathogen entrance (Van Rijn and Reina, 2010; Heard et al., 2014). However, a continuous alteration of the immune strategy might induce an immunosuppressed state impairing disease resistance and causing a generally lowered health status (Wendelaar-Bonga, 1997). Additionally, immune responses are energetically expensive (French et al., 2007), and a prolonged reaction might impact the energy reserves, reducing the amount the neonates can allocate to other biological activities.

At birth, compared with control neonates, stressed neonates had smaller yolk sacs, and the difference became more pronounced as BM increased. Alterations in energy allocation to oocytes during vitellogenesis are suggested as the cause of the reduction in offspring energetic reserves (yolk sac and oil globules) observed following parental exposure to stress in Atlantic salmon (Salmo salar; Eriksen et al., 2006) and damselfish (Pomacentrus amboinensis; Gagliano and McCormick, 2009). In this study, stress could not have impacted vitellogenesis because capture was simulated after its conclusion. The increased energy allocation toward the immunological response (French et al., 2007) hypothesized for stressed neonates is a more likely explanation for the reduction in yolk sac volume. The smaller residual yolk sac reserves might impact stressed neonate survival given that these reserves sustain offspring in the first period after birth and, in teleost fishes, a decreased quantity of yolk slows growth rate (Rothschild, 1986) and reduces the length of the starvation period that offspring can endure (Miller et al., 1988; Leggett and Deblois, 1994).

Compared with control neonates, stressed neonates manifested a smaller increase in total length over time. In contrast, in teleost fishes, stressed neonates manifest faster growth (Li et al., 2010; Eriksen et al., 2013; Nesan and Vijayan, 2016), but the opposite response observed in this study, given that this is the only report for chondrichthyans, cannot yet be ascribed to taxonomic differences. Stressed and control neonates of T. dumerilii showed a similar rate of yolk sac consumption. Despite stressed neonates using the same amount of resources, this is fueling a smaller increase in length, suggesting that energy is allocated to different activities, such as prolonged stress or immunological responses (French et al., 2007). Such alteration in energy allocation, occurring to the detriment of growth, might present severe drawbacks because faster growth promotes a more rapid passage through critical life stages when small body size is associated with slower swimming performance, thus impairing prey capture and predator escape abilities (Bergenius et al., 2002; Wilson and Meekan, 2002). BM did not change with time in control or stressed neonates, possibly because neonates did not consume much food (LF personal observation) and growth was mainly supported by the energy acquired from the yolk sac, further confirming the importance of these reserves for neonate sustenance.

Given that two stressed neonates were born only 1 day after maternal exposure to fishing-capture stress, we recognize that there might not have been enough time for the stress consequences to impact some neonate morphological traits, masking potential differences. In contrast, more plastic traits, such as behavioral, physiological, and immunological responses (Mandelman and Skomal, 2009; Frick et al., 2010; Harris et al., 2010; Van Rijn and Reina, 2010), would have likely been impacted despite the short time elapsed from the stressful event. If we exclude these neonates from the analysis, yolk reserve consumption rate was slower in stressed neonates as also observed in offspring of stressed S. salar, likely a response originating from the need to conserve the maternally derived reserves (Eriksen et al., 2006). Nevertheless, we decided to include these neonates in all analyses and to accept the results as such to avoid drawing untested assumptions and to maintain a more balanced sample size.

In teleosts, maternal stress alters offspring swimming variables (Sopinka et al., 2014, 2016b). Similarly, in this study, stressed T. dumerilii neonates swam for shorter distances after a simulated predator attack. This species relies on camouflage and burying to escape predators (LF personal observation), and animals’ inability to distance themselves enough from predators, thus remaining in their field of view, might increase predation risk. Completion speed is a measure of the combination of swimming speed and neonate responsiveness to predator simulation (i.e., willingness/reluctance to move), which relates to predator escape abilities (Gyssels and Stoks, 2005). Neonate completion speed was not affected by the trawling stress experienced by the mothers, but it was positively correlated with neonate total length. Stressed neonates have a slower growth rate, and a difference in completion speed might appear later in life when differences in total length emerge and should be further investigated. Indeed, impaired swimming performance, and specifically reduced completion speed with the associated delayed response to predator and reduced swimming speed, might impact prey capture and predator escape abilities (Sopinka et al., 2016b).

No difference emerged between control and stressed neonates in the success with which they buried themselves or in the time taken before burying, indicating that burying ability is not impacted by maternal stress or is not a reliable indicator of a stressed state. After a simulated predatory attack (Chased test), both groups of neonates delayed burying and control neonates manifested also a lower burying success. Burying is an essential anti-predatory tactic (Hobson, 1965; Stein and Magnuson, 1976; Couffer and Benseman, 2015), but if a predator observes the burying event, the benefit of hiding is lost. It seems that neonates perceived the chasing procedure as a predatory attack and postponed or avoided burying, perhaps waiting for the predator to leave the area. Indeed, it is known that fish can modify their behavior in response to the presence of predators so as to reduce the chances of being preyed upon (Harris et al., 2010), and stressed T. dumerilii neonates, not reducing their burying success, might experience a higher predation risk.

Spending a higher amount of time moving around the tank (Total moving time in the Undisturbed test) and with a higher proportion of animals that started movements (Movement success in the Chased test), control neonates manifested behavior consistent with higher boldness. In contrast, teleost offspring born from stressed parents manifested an increased boldness (Sopinka et al., 2015; Best et al., 2017). Higher boldness allows exploring larger areas and increasing chances of finding food and resources, suggesting a competitive advantage for control T. dumerilii neonates. Nevertheless, the higher activity associated with higher boldness might also increase the chances of being located by predators (Martel and Dill, 1993; Fuiman and Magurran, 1994; Archard and Braithwaite, 2003), and, for control neonates, the advantages of easier access to resources might be offset by higher predation risk. However, both stressed and control neonates, when chased, potentially recognizing the presence of a predator, adopted a more cautious behavior, reducing boldness by increasing Latency time and reducing Movement success and Total moving time. Moreover, the behavioral difference observed between undisturbed neonate groups disappeared in the Chased test, eliminating any potential higher vulnerability of control neonates to predation risk. Despite control neonates not decreasing movement success when chased, they delayed the first movement, likely waiting to ascertain whether the predator left the area. Similarly, in perch (Perca fluviatilis), animals experiencing higher predation occurrence show decreased boldness indicated by an increased time spent in a refuge, an increased latency to start feeding, and a reduced duration of the feeding event (Magnhagen and Borcherding, 2008).

Methodologies similar to the one used in this experiment have been previously adopted in other studies to simulate trawling (Frick et al., 2010; Guida et al., 2017; Martins et al., 2018). The fishing-capture treatment towing the animals individually for 7 h is slightly longer than typical commercial durations of fisheries in the general area of our study, which range from 4 to 6 h (Frick et al., 2010). However, the treatment excludes a variety of other highly variable stressors such as compression, injury, and associated hypoxia from the presence of other animals and debris in the cod-end, and environmental changes in temperature and pressure, which relate to towing speed and environmental and weather conditions dependent on locality, depth, and time of year. Similarly, the conditions encountered after the end of the capture simulation are mild, with an absence of predators and occurring in an optimal environment with abundant food. All this considered, and despite longer tow durations, our capture simulation was unlikely to have overstressed the animals; rather, we think it represented a best-case scenario compared with commercial procedures. Moreover, despite being a mild-to-moderate trawl treatment, this capture simulation measurably affected neonate traits, indicating the importance of these first data and the need to investigate the effects on offspring fitness from some of the more extreme conditions that arise during normal trawl operations.

Trawling-capture stress experienced by near-term pregnant T. dumerilii appeared not to induce premature parturition or abortion, as found by a previous study (Guida et al., 2017), or increase the occurrence of stillborn neonates, even though larger sample sizes are required to confirm this. Nevertheless, despite the capture simulation occurring shortly before parturition, when embryonic development was almost concluded, capture stress still impacted neonate traits, potentially affecting their competitiveness and survival. T. dumerilii is a lecithotrophic viviparous species (Marshall et al., 2007); therefore, in matrotrophic species, where mothers supply additional nutrients as histotroph to the embryos (Hamlett et al., 2005), reproductive consequences will likely be more severe due to stress-caused energy constraints. Indeed, pregnant T. dumerilii exposed to capture seem to reduce the energy allocation to pregnancy, and together with potentially affected oxygen delivery to the embryos and impacted waste removal (Finotto et al., unpublished), the embryos of stressed matrotrophic species experience the additional burden of reduced supplies of nutrient. Moreover, being a resilient species (Martins, 2017), consequences in T. dumerilii are probably milder than those that might be observed in species with higher sensitivity to fishing-capture stress (Dapp et al., 2015).

Although more investigation is needed to confirm whether the alterations observed in this study affect neonate survival in the natural environment, the potentially severe outcomes hypothesized a call for a precautionary approach to fishing effort management. In teleosts, a reduction in the severity of the fishing-capture stress can lessen some of the observed reproductive consequences (Pettit, 1977; Booth et al., 1995; Lowerre-Barbieri et al., 2003; Hall et al., 2009, 2017). Therefore, reductions in fishing time, air exposure periods and handling, and the adoption of best handling and releasing practices (AFMA, 2014) are measures that could be easily implemented to reduce stress load and the likely severity of its reproductive consequences. Actions to reduce the likelihood of encountering and/or capturing pregnant females at certain times and using gear or handling practices to minimize stress in areas where they are in high abundance would also be beneficial. Ultimately, to develop effective management measures, additional to quantitative measures of the direct effects of fishing-capture stress on the survival of released animals, the effects of stress on the reproductive capacity of populations also need to be accounted in population dynamics and risk assessment models used for assessing fishery sustainability (Punt and Walker, 1998; Pribac et al., 2005; Walker, 2005a, b). Given the relatively good conservation status of T. dumerilii (IUCN, 2020), the observed neonatal impairments might seem of minor concern from a management perspective. However, taxonomically close species, such as the shortnose guitarfish (Zapteryx brevirostris) and the spotted shovelnose ray (Aptychotrema timorensis), have poor conservation status (IUCN, 2020); and the observations recorded in this study might be helpful for their management, especially given the paucity of general and species-specific data.

Unlike fishing-induced parturition, the neonatal consequences observed in this study will probably go unnoticed in the absence of specific research, highlighting the need to investigate reproductive consequences of fishing-capture stress in more species, characterized by varying sensitivity to stress and different reproductive modes. Alterations in offspring foraging skills, stress response, metabolic rate, cardiac performance, and reproductive output after fishing-capture stress experienced by the parents should also be researched. Despite the merit of having highlighted impairments to neonate yolk reserves, growth, swimming, and behavior, to understand the full extent of the consequences of fishing-capture stress, the impact that alterations observed in captive conditions has on survival, recruitment, and fitness of neonates in the natural environment must be evaluated.
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