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Despite growing concerns over global fisheries, the stock status of most commercially exploited species are poorly understood. Fossil data provide pre-anthropogenic baselines for data-poor fisheries, yet are underutilized in fisheries management. Here, we provide the first use of predation traces to assess the status of fisheries (crab). We compared crab predation traces on living individuals of the crab prey gastropod, Tegula funebralis, to Pleistocene individuals from the same regions in southern California. There were fewer crab predation traces on modern gastropods than their Pleistocene counterparts, revealing reductions in crab abundances today compared to the Pleistocene. We conclude that: (1) regardless of the cause, immediate actions are required to avoid further population reductions of commercially exploited crabs in southern California, (2) predation traces are a rapid, cost-effective method to assess otherwise data-poor fisheries, and (3) the inclusion of fossil data provides key new insights for modern resource and fisheries management.
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INTRODUCTION

Fisheries management is vital to ensure the sustainability of fisheries in the face of continued climate change and overfishing (Harley et al., 2006; Allison et al., 2009; Ekstrom et al., 2015), particularly for vulnerable coastal communities that are reliant on marine resources (Dolan and Walker, 2006; Cinner et al., 2012; Whitney and Ban, 2019). However, many exploited marine species remain understudied due to limited resources and information (Pilling et al., 2008; Wiedenmann et al., 2013; Baum and Fuller, 2016). Fossil and historical data are alternative sources that can be used to determine the extent of change due to human activities, as well as to establish pre-anthropogenic baselines (Dietl and Flessa, 2011; Mcclenachan et al., 2012; Kidwell and Tomasovych, 2013; Rick and Lockwood, 2013; Dietl et al., 2015; Kidwell, 2015; Barnosky et al., 2017; Fordham et al., 2020), but their use as a tool for fisheries management is still largely unimplemented (Jackson and Sala, 2001; Lotze et al., 2011; Toniello et al., 2019). In particular, predation scars on prey (known as repair scars) are an unused resource that can be used to infer predator abundance in both modern and fossil settings (Schindler et al., 1994; Molinaro et al., 2014; Stafford et al., 2015b), with large datasets that can be collected quickly and easily. By comparing predation traces on a common prey item from similar fossil and modern environments, we demonstrate the utility of fossil data and predation traces as alternative, cost-effective methods to determine the current status of exploited predator species.

Along the west coast of North America, cancrid crab species, such as Dungeness (Metacarcinus magister) and rock crabs (Cancer productus, Romaleon antennarium, Metacarcinus anthonyi), are important fisheries, valued at over $230 million USD in the United States in 2019 ($54 million in California) (NOAA Fisheries Landings, 2019). First-hand accounts suggest that overfishing is already affecting multispecies rock crab populations and body sizes in southern California (Fitzgerald et al., 2018, 2019). However, management of these fisheries is hampered by a lack of data other than gross landings (Culver et al., 2010; NOAA Fisheries Landings, 2019). In California, permit numbers are restricted, and a catch size limit is in place, but the effectiveness of these restrictions is unknown (Culver et al., 2010). California’s crab species also face additional pressure from rapid development/urbanization of southern California’s coast (Woodring et al., 1946; Whitaker et al., 2010), ocean acidification (Bednaršek et al., 2020), harmful algal blooms (HABs) (Moore et al., 2019), and human exploitation for at least the past 12 – 13,000 years (Rick et al., 2014; Erlandson et al., 2015). Cancrids from the Pleistocene of southern California are known mostly from occasional chela (claws), which preserve more readily than the rest of the body (Menzies, 1951; Nations, 1975). Pleistocene species and their distributions are comparable to the present, consisting of the same major cancrid taxa, including Cancer productus, Metacarcinus anthonyi, M. gracilis, M. magister, Romaleon antennarium, and R. branneri (Menzies, 1951; Nations, 1975). The only notable difference is the presence of Glebocarcinus oregonensis (the pygmy rock crab) in the Pleistocene of southern California, which does not extend south of Santa Barbara today (Nations, 1975). Given that the shell-crushing crab taxa are similar between the Pleistocene and modern, and that it is unknown if repair scars allow differentiation between species of cancrid crabs, it is assumed that repair scars represent an overall cancrid crab signal that should appear similar between the Pleistocene and modern of southern California. Faced with a lack of current or historical data, limited fisheries management resources, and a generally poor body fossil record of crabs, alternative evidence is needed to guide the management of current crab stocks.

For both ecological and paleontological studies, predation traces on prey are often the only source of information to indicate the activity or presence of predators. Crab predation scars (repair scars) on mollusks have been used to assess patterns as broad as the development of antipredatory adaptations and mollusk diversity through time (Schindel et al., 1982; Vermeij, 1982c; Alexander and Dietl, 2003; Dietl et al., 2010; Mondal et al., 2014; Mondal and Harries, 2015), to variation in predation in modern ecosystems (Vermeij, 1982a,b; Schmidt, 1989; Schindler et al., 1994; Cadée et al., 1997; Alexander and Dietl, 2001; Dietl and Alexander, 2009; Molinaro et al., 2014; Stafford et al., 2015b). Predation traces also provide useful information on how crabs and their ecosystems are affected by environmental disturbances (Tyler et al., 2019). Most importantly for stock assessments, repair frequencies accurately track crab abundances in modern coastal studies (Schindler et al., 1994; Molinaro et al., 2014; Stafford et al., 2015b), especially when limited to repairs found on a single, common prey species.

However, comparing repair frequencies over evolutionary time scales in which selection for improved defenses or weaponry may have occurred, becomes more challenging. Because repairs are caused by failed attacks, a decline in repair frequency over time may be the result of either a decrease in predator success (more failures = more repairs) or an increase in predator attacks (more attacks at the same success rate = more repairs) (Vermeij, 1987); the reverse is also true. In studies of modern crab-mollusk predator-prey systems along crab population gradients from British Columbia, Canada (Molinaro et al., 2014; Stafford et al., 2015b) and Georgia, United States (Schindler et al., 1994), repair frequency on single prey species increased with crab abundance. Although not indicated in their study, data in Cadée et al. (1997) from the northern Gulf of California, Mexico, also supports this pattern. While the intent of these studies was to test whether repairs were a function of attack frequency, and predator abundance is just one of several mechanisms for changing attack frequency, the evidence demonstrates an association of repairs with crab abundance. As such, if a change in success can be excluded as an explanation for a change in repair frequency, then it is likely that the change in repairs is caused by a change in crab abundance.

To discern potential changes in predator success, Leighton (2002) suggested that prey size, particularly the size of the largest individuals attacked, could provide a means of distinguishing between success and attack frequency as causal mechanisms for changes in repair frequency; this approach was subsequently used in Richards and Leighton (2012) and Pruden et al. (2018). For example, if a prey species has not strengthened its defenses (e.g., increased shell thickness or ornament, etc.) over time, then larger, stronger predators would not only have an increased likelihood of success, but would also be able to take larger prey. The same pattern can and has also been considered from the perspective of the prey. For example, if prey improve their defenses, predator success and the size of prey predators are able to attack and/or the severity of the damage predators can inflict is likely to decrease over time (Mondal et al., 2014). Comparing prey size and repair size has also been used to determine potential prey size refugia from sublethal shell breakage (Alexander and Dietl, 2001).

For durophagous crabs, strength refers to the force delivered by the chelae. In all animal systems, force is proportional to the cross-sectional area of the muscle bundle, perpendicular to the line of action of the muscle. The chelae closer muscle in cancrids increases in size through ontogeny; thus, larger crabs are stronger crabs. In some crab-prey systems (e.g., the stone-crab, Menippe and its oyster prey), the crab is so strong relative to the prey that its success rate approaches 100%; in such systems, there is no size refuge for the prey, and no size selection on the part of the predator. However, for many specialized durophagous crab-prey systems, the success rate is much lower than 100% (as evidenced by the existence of repairs), and in such systems, crab size, strength, success, and the ability to handle larger prey are strongly associated (Hughes and Elner, 1979; Whetstone and Eversole, 1981; Lake et al., 1987; Behrens Yamada and Boulding, 1998; Whitenack and Herbert, 2015). Note that the ability to take larger prey does not necessarily imply a preferred size range of prey.

This relationship between crab size, success, and maximum size of the prey taken also holds true for the cancrid-Tegula system (Mendonca, 2020). Not only are larger cancrids stronger and therefore more likely to be successful, but larger crabs are able to handle larger Tegula. Cancrid crabs typically attack gastropod prey by either attempting to crush the shell directly, or by peeling back the aperture with a series of chips (Stafford et al., 2015a). The latter method is time consuming (Barclay et al., 2020b) (increasing the likelihood of the crab being interrupted by its own predators and competitors) and the gastropod retracts farther into its shell with each peel, decreasing the crab’s chances of success (Stafford et al., 2015a; Mendonca, 2020). In contrast, crushing is quick, and when the shell fractures, the gastropod has no escape. The choice of crushing versus peeling is in large part a function of the relative sizes of the crab and the gastropod (Mendonca, 2020). Larger crabs have large enough chelae to grasp a large Tegula across its width and attempt a crush, whereas smaller crabs are forced to peel. Thus, aside from their greater strength, larger crabs also have the option of utilizing a more successful attack strategy more frequently. However, they also can and do take larger Tegula by peeling. Strength, size, success, and largest prey are therefore expected to correlate, and the Mendonca (2020) thesis is consistent with this prediction. Assuming that these results hold across time, maximum size at attack (SAA) is an indicator of both predator strength (relative to the prey) and success.

A change in repair frequency due to a change in success can also show a change in SAA. However, it is also possible to use SAA to distinguish changes in crab strength/success as well as evaluate whether these changes have impacted the observed repair frequency (i.e., the success of the predator compared to the prey available to them) when comparing samples. For example, consider a hypothetical scenario where SAA increases, but so does the size of prey. If the distribution of attacks (SAA) remains relative to the size distribution of prey available, the relative rate of predator success against the prey available to them has not changed. In this scenario, while we can observe that crab strength and success has increased, because prey size also increased, the relative success rate of the predator is the same and therefore changes in crab strength/success are not likely to have impacted the observed repair frequency. Therefore, by considering the size at which repairs occur, it is not only possible to distinguish changes in predator success, but the SAA can also be used to evaluate whether these changes in success have impacted the observed repair frequency. Here, we analyze repairs on Late Pleistocene and living individuals of a common and widespread crab prey item, the black turban snail (Tegula funebralis) (Geller, 1982, 1983; Molinaro et al., 2014; Stafford et al., 2015b), to assess patterns of modern crab predation relative to a pre-Industrial baseline in the Pleistocene. This approach also demonstrates the value of repair scars and paleontological data as a cost-effective, rapid assessment tool to fill the critical gap in our knowledge of the current crab fisheries in southern California.



MATERIALS AND METHODS


Fossil Material

Fossil T. funebralis material came from the Natural History Museum of Los Angeles County invertebrate paleontology (LACMIP) collections. Any lot containing T. funebralis was assessed, and of those, all adult T. funebralis (those containing at least three body whorls) that were “intact” (minimally a complete apex and aperture, and no more than 25% of any whorl missing) were measured and assessed for all repair scars. Some of the fossil localities and/or lots also contained T. gallina, a closely related gastropod that co-occurs with T. funebralis in southern California and is often very difficult to distinguish from T. funebralis (Alf, 2019). To be conservative, any specimen that was possibly T. gallina was excluded from this study (about 100 specimens in total). The material was from Late Pleistocene high stand terraces (120 – 80 ka) (Muhs et al., 2006) with temperatures (Muhs et al., 2006, 2014) and marine invertebrate faunal zoogeographic ranges (Valentine, 1962; Roy et al., 1995; Muhs et al., 2014) similar to present conditions (with possibly slightly cooler temperatures at 80 ka). The bulk of southern California T. funebralis material in the collections came from the lower terraces of the Palos Verdes Hills and San Pedro area (as identified by comparing lot GPS coordinates with terrace maps (Figure 6 from Muhs et al., 2006 if the exact terrace was not specified), and from terraces from the San Diego area (Figure 1). We therefore restricted ourselves to including only specimens from those areas and terraces in subsequent analyses. As some of the lots lacked specific terrace information, or stated that they were taken from multiple terraces at one locality, we conservatively assumed that there was at least some mixing of the 120 and 80 ka terraces in both areas. We therefore treat all fossil material as a potentially time averaged “Late Pleistocene” assemblage, representing up to approximately 40,000 years of time, but still separated from the modern material by about 80,000 years. Therefore, any biological signals that were apparent despite potential time averaging of the Pleistocene material were likely robust and conservative (Kowalewski et al., 1998; Tomasovych and Kidwell, 2010; Kidwell, 2013). Furthermore, as this study also focuses on a single species, and had strict criteria for the completeness and size of individuals, preservational biases that are sometimes a concern when comparing fossil and modern material are not an appreciable issue here. We had a total of 712 fossil specimens (261 from the Palos Verdes Hills area, and 451 from the San Diego area).
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FIGURE 1. Map of southern California between Los Angeles and San Diego with images of fossil and modern T. funebralis with repair scars. Red arrows on T. funebralis indicate location of repair scars (wedge-shaped scar/line on body whorl). Map insets show the two study areas (Palos Verdes Hills and San Diego) in more detail. Modern localities are indicated in red stars (four from the Palos Verdes Hills area, and three from north of San Diego). Approximate fossil localities are indicated by blue lines which indicate the terraces and/or GPS coordinate information that accompanied fossil lots. Terraces in the Palos Verdes Hills are based on Figure 6 of Muhs et al. (2006).




Modern Specimens

Live specimens of T. funebralis were measured in situ at seven localities (four from the Palos Verdes Hills area near Los Angeles, and three from the Bird Rock area north of San Diego) in the early morning during the first low tide cycle of July 2019 (Figure 1). The two study areas were selected based on their proximity to the areas where the fossil material had been collected, and all rocky intertidal outcrops in those areas that were publicly accessible were surveyed for T. funebralis. Any site which contained T. funebralis was surveyed, with the exception of a single site of abundant T. funebralis near San Pedro (Point Fermin Park) which became inaccessible due to several earthquakes that occurred during the survey period, causing instability of the cliffs above the site. The seven sites are therefore representative of the range of moderately wave-exposed and cobbled, rocky shore habitats typical of T. funebralis in southern California.

While modern sites were not “time averaged” to the same extent as is expected for fossil assemblages, T. funebralis is a long lived species (upward of 30 years) (Frank, 1975), and individuals with at least three body whorls are already several years old (Paine, 1969). Given that gastropod shells grow by accretion, sampling of repairs scars can be considered to be on the scale of the animals’ lifespan. Furthermore, repair scar frequencies on T. funebralis are not impacted by short term, but extreme, environmental disturbances, indicating that T. funebralis repair scar patterns in the modern are operating on at least the decadal scale (Tyler et al., 2019). Thus, repair scar patterns can be considered to capture more robust biological signals “time averaged” over the lifespan of the organism, as is also an advantage of more time averaged fossil assemblages (Kowalewski et al., 1998; Kidwell, 2013), and useful when comparing sampling efforts between live or recent samples versus death assemblages (Powell et al., 2020). As with the fossil assemblages, only those gastropods that had at least three body whorls were measured to ensure consistency of body size sampling protocol between modern and fossil specimens. At each site, approximately 150 averaged-sized adults (those that had at least three body whorls) were randomly chosen for measuring. Collection was spread out as evenly as possible over the entire site to ensure there were no biases due to spatial or tidal/vertical positions of the snails. Strictly measured transects and quadrats were therefore not used given that each study site was a different size and we were more concerned with capturing a representative sample of individuals from the entire site. Two researchers would go to either end of the site and walk up and down in straight lines perpendicular to the shoreline spaced roughly two meters apart, depending on the size of the site. Approximately 10 – 20 snails would be collected from each “line,” depending on the size of the site, with collection being spread evenly across the line. Specimens were measured, and then quickly returned to their approximate location to ensure minimal disturbance before the tidewaters returned. We measured a total of 1,152 modern specimens across the seven sites.



Data Collection

We measured prey body size and compared repair frequency and the size at which repair scars occurred (size at attack, SAA) (Pruden et al., 2018) as a means of assessing the strength and relative success of Pleistocene and modern crabs to ensure that crab success was not impacting the observed repair frequencies (Figure 1). For example, if a prey species has not strengthened its defenses (e.g., increased shell thickness or ornament, etc.) over time, then larger, stronger predators would not only have an increased likelihood of success, but would also be able to take larger prey. Thus, maximum SAA is an indicator of both predator strength (relative to the prey) and success. If maximum SAA increases through time, we would expect predators to be more successful. Using prey body size and size at repair/attack has also been used in other studies to examine the relationship between predator strength/success and prey defenses (Alexander and Dietl, 2001; Mondal et al., 2014). However, this approach can also help distinguish between changes in repair frequency due to changes in success versus changes in attack frequency; a change in repair frequency due to a change in success should also show a change in SAA. In contrast, if there were no obvious changes in SAA (and therefore no changes in crab success) between the modern and fossil assemblages, then any changes in observed repair frequencies would indicate a change in crab abundance.

In both the fossil collections and modern sites, each specimen was assessed for repair scars, and measurements of size were taken (both maximum height and width). If a scar was present, the size at attack (SAA) was also taken. As repair scars are formed when a crab attempts to peel back the aperture, and gastropods grow their shells by accretion, the SAA measurement indicates the width of the animal at the time it was attacked. SAA was measured for all scars from the point at which the repair met the top of the whorl along a line segment passing through the apex to the point on the opposite side of the gastropod (Figure 2). If a gastropod had more than one repair, the SAA was measured for each, as they indicated separate attack events. Data collected are available as Supplementary Datasets 1, 2.
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FIGURE 2. Examples of repair scars on T. funebralis and their measurement. (A) A typical repair scar generated by a failed apertural peel by a crab (red arrow). (B) Size of the gastropod at the time of attack (SAA), measured from where the scar (red arrow, traced by red line) met the top of the whorl where it occurred along a line segment through the center of the gastropod to the opposite edge of the shell (red dotted line). Overall body width measurements were taken as the maximum width (diameter) of the gastropod shell (blue dotted line).




Analyses

To determine if (1) the presence or number of scars on each gastropod, (2) size, or (3) SAA, differed between the Pleistocene and the modern, we ran a series of Wilcoxon rank sum tests on each. We then tested if the presence or number of scars on individual gastropods were also affected by size by fitting generalized mixed models of scars, one to examine scar presence, and a second to examine number of scars. As each gastropod could have multiple SAA measurements, SAA was independent of measures from the individual gastropod (such as size or the number of scars) and was therefore not added to the models. The presence or number of scars on each gastropod was the dependent (response) variable, with size and time (Pleistocene versus modern) as independent (fixed) variables. Region (Palos Verdes versus San Diego) was also included as an independent variable to confirm that region was not affecting the results. Lot/locality was included as a random effect. For the model of presence/absence of scars, specimens were coded as scarred (1) or unscarred (0), and a binomial family link was used to fit the model. To test which independent variables affected the total number of scars on each specimen, a Poisson family link was used to fit the second model, in which the number of scars was treated as discrete/count data. The best model was determined by comparison of the Akaike Information Criterion (AIC) scores, where the lowest score indicated the best model. We used log-likelihood ratio tests to determine if the best fitted model performed significantly better than a null model (which only included lot/locality as the required random effect for generalized mixed models, and no independent variables). Significance of the independent variables on predicting scars was then examined using Wald Z-scores. If both size and time were found to have significant effects on the presence or number of scars, we then assessed the strength/direction of the relationship between scars and size by running a partial correlation which backed out the effects of time. All analyses were performed with R (version 4.1.1 using the lme4 and DHARMa packages).

Size at attack was used to gauge potential differences in (1) the success of crabs, both in terms of the overall strength of crabs (size of SAA) and relative distribution of repair sizes compared to the distribution of prey sizes, and (2) the potential consequences for the number of failures/repair frequencies observed between the two time periods. In terms of success, samples with greater average SAA between samples would indicate stronger, and therefore more successful crabs that only failed on larger prey. However, it is important to note that even if the overall success or size of prey that a crab can kill changes between assemblages, the observed repair frequency might not change if there is also a relative change in the size of the prey (e.g., Figures 3B–E). Hypothetically, even if the samples being compared did not overlap in terms of prey size or SAA, as long as the relative distribution of prey size and SAA in each sample remains constant (e.g., as prey in one sample grew larger, so did SAA), the observed repair frequency would not be impacted. Success in terms of the overall and relative strength of predators against the prey available to them can therefore be evaluated independently of observed repair frequencies if SAA and the relative distribution of prey size are considered. In other words, even if there are differences in crab strength/success, if the distributions of repairs to prey size remain similar between samples (e.g., both prey size and SAA get larger), we would not expect to see a difference in the observed number of repairs, and therefore any changes in repair frequency likely indicate a change in the number of attacks experienced (Figure 3).
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FIGURE 3. Hypothetical distributions of repair scar sizes (SAA) (red line) and overall prey body size (blue line) as they relate to both predator success and comparability of repair frequency (RF) between samples. (A) Null distributions of SAA vs. body size used to compare with other scenarios (figure panels). Potential measures of success for comparison: [1] distance between minimum SAA (5th percentile) and body size (minimum size at which predators are likely to fail, resulting in a repair – note that crabs may still attack smaller prey, but below [1], attacks must be successful, as repairs do not occur), [2] proportion of repairs below the minimum repair size, [3] distance between mean SAA and prey size, and [4] distance between the maximum SAA (95th percentile) and prey size (indicating the largest prey the predator is able to attack, as well as the prey in a size refuge from predation). There may also be additional scenarios and relevant measures other than [1] – [4] to those shown. Red arrow = changes in predator strength, blue arrow = changes to prey size. (B–E) Because the shift in the distribution of SAA or prey size is proportional ([1] and [4] remain relative), RF is not affected (equal symbol to right of graph), even if success changes. (F–K) Scenarios where the shift in the distribution of repairs is not proportional, indicating that RF might be affected (black arrows to right of panel indicate whether RF is greater or less than expected). (L,M) If distributions of SAA and prey size are relative between samples, changes to RF indicate differences in the number of attacks (red dotted line).


We compared crab strength (SAA) via the Wilcoxon rank sum test of SAA. The relative success between the Pleistocene and modern was then compared by plotting histograms of SAA and gastropod size (width) to determine whether there were any obvious visual differences in the distributions of SAA and gastropod size relative to each other between samples (see Figure 3 for hypothetical distributions). To further assess whether there were any shifts in the relative distributions of SAA compared to body size between the samples, we calculated the distance between the minimum body width and SAA (5th percentile), mean body width and SAA, and maximum body width and SAA (95th percentile) ([1], [3], and [4] of Figure 3A), as well as quartiles 1, 2, and 3, and the interquartile range (IQR). We then ran a Fisher’s exact test to see if any of these distribution metrics were significantly different in the modern compared to the Pleistocene. If the distributions of SAA and gastropod size shift in position relative to each other, then we consider the direction of change in SAA (e.g., greater SAA values relative to prey may indicate greater success on the part of the predator) (Figure 3). If there were no differences in the position of the distributions of SAA relative to gastropod size between samples, the observed repair frequencies should not be affected by success (i.e., relative success rate of the predator against the prey available to them remains the same), any changes in repair frequency between samples would be indicative of a change in the number of attacks (Figures 3L,M).




RESULTS

Modern T. funebralis (1) have fewer scars (Wilcoxon rank sum test, p < 0.001), (2) are larger than their Pleistocene counterparts (p < 0.001), and (3) are repaired at larger sizes (p < 0.001) (Figure 4 and Table 1). When including prey size in mixed model analyses, the same patterns of fewer repairs and larger gastropods in the modern compared to the Pleistocene held (Table 2). Time (geologic age) still had a significant effect on whether a gastropod had at least one scar in the mixed models (Table 2). When backing out the effects of time, the presence and number of scars showed a weak, but significant correlation with size (partial R = 0.134 and 0.141, respectively, p < 0.0001). Region (Palos Verdes vs. San Diego) did not have a significant effect on scars or model performance (Table 2 and Supplementary Table 1). Random effects (lot/locality) also did not have any significant impact on model performance (Table 2). As the fossil lots from the Palos Verdes Hills area are likely attributed to the older 120,000 ya highstand (Figure 6 in Muhs et al., 2006) compared to more mixing of the 80,000, 100,000, and 120,000 ya highstands from the San Diego area (Kern, 1977; Kennedy et al., 1982; Muhs et al., 1994, 2012), this indicates that differences in time averaging between fossil localities and regions are not substantial enough to impact the results. Therefore, changes observed between the Pleistocene and modern are not the result of differences in time averaging of samples.
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FIGURE 4. Results of Pleistocene (A) vs. modern (B) body size and size at attack (SAA) for T. funebralis. Boxplots show differences in gastropod body size and size at attack (SAA) for both the Pleistocene and modern samples (see Table 1 for Wilcoxon rank sum test results). Boxes = upper and lower quartiles, central lines = medians, whiskers = min/max data, circles = outliers. Histograms show distribution of SAA (red) and gastropod body size (blue). Relative positions of the distributions of SAA and body size between Pleistocene and modern samples can be compared based on Figure 3, with results described in Table 3. The y-axes (counts or number of observations in that size class) are not scaled, as Pleistocene and modern sample sizes were different. Dotted horizontal lines indicate the maximum frequency of repair scars in any size bin, with fewer repairs on modern gastropods. Maximum SAA, as well as relative position of the distributions of SAA vs. body size are similar between both the Pleistocene and modern (see Table 3), suggesting that any differences in repair frequency represent changes in the number of crab attacks, rather than a difference in crab relative success. If anything, there are more repairs on smaller gastropods in the modern (Table 3), which should increase the expected frequency of repairs, yet there are still fewer repairs observed in the modern. While the increased frequency of comparatively small gastropods between 11 and 13 mm in the Pleistocene may be the result of time averaging, it is important to note that this does not influence the relative position of the distributions of SAA compared to body size (see also Table 3), nor the observation of fewer repairs in the modern.



TABLE 1. Summary data and Wilcoxon rank sum tests.
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TABLE 2. Mixed models results of Pleistocene vs. modern repair scars, size, and SAA.
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Changes in the frequency of repairs between the Pleistocene and modern is indicative of a change in the number of attacks, rather than a change in crab success. The number of repairs expected should be similar between the two samples because even though the average SAA is larger in the modern (p < 0.0001) (Figure 4 and Table 1), as modern gastropod body size also increases, the distribution of repair size (SAA) relative to body size are not significantly different between the two samples (Table 3 and Figure 4). Increases in modern SAA should therefore be influenced by the greater number of larger gastropods available to attack. Hypothetically, even if gastropod size did not overlap between samples, if the observed repairs show the same size distribution relative to the gastropods, as they do for our dataset (Figure 4), the relative success of crabs against those two gastropod populations would be the same, and so would the repair frequencies (e.g., Figures 3B vs. 3D). Thus, observed changes to repair frequencies should be the result of a change in attack rates.


TABLE 3. Metrics used to compare the relative position of body size (width) and SAA between Pleistocene and modern samples.
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If anything, Pleistocene crabs were relatively more successful against the gastropods available to them, as there were fewer repairs at relatively small sizes in the Pleistocene compared to today (4.3 vs. 12.7% of repairs occurred below the minimum gastropod size, [2] in Figure 3A, in Pleistocene vs. modern assemblages) (Figure 4), and the distance between the minimum SAA and the minimum gastropod size ([1] in Figure 3A) was almost twice as large in the modern compared to the Pleistocene (Table 3 and Figure 4). In addition, the maximum size of repairs is similar between the two time intervals (Table 3), indicating that absolute crab strength has not changed substantially since the Pleistocene (Figure 4). Therefore, it is unlikely that the decrease in repairs observed in the modern is a function of a change in success. Furthermore, while size had a significant effect on whether a gastropod had one or more scars, this was true regardless of time (Table 1), indicating that crabs are simply more likely to fail against larger gastropods in each assemblage/location. Fewer repairs observed in the modern therefore conservatively indicates fewer attacks, rather than a change in success between Pleistocene and modern crabs (Figure 4).



DISCUSSION

Our results demonstrate a decrease in repair frequencies in modern compared to Pleistocene assemblages, conservatively indicating fewer crab attacks today compared to the Pleistocene. Given that differences in time averaging between Pleistocene assemblage lots and modern samples did not impact the results, the signal of reduced predation in the modern can be considered a robust biological signal, as is often an advantage of time averaged assemblages (Kowalewski et al., 1998; Kidwell, 2013; Kidwell and Tomasovych, 2013). There are therefore several alternative explanations to explain the possible reductions in modern crab attacks, all of which suggest that crab fisheries in southern California require increased attention and protections to ensure sustainability of these economically important species and their ecosystems. The results of our study also exemplify the value of including paleontological data and techniques in assessments of important modern coastal resources.

The simplest, and most troubling reason for the decline in crab predation on modern T. funebralis in southern California would be a reduction in the abundance of crabs. Worldwide, crustacean fisheries in general have become increasingly socioeconomically valuable and important in recent decades (Boenish et al., 2021). Severe declines in Dungeness crab populations have been documented locally in recent decades by Indigenous fishers in British Columbia, Canada who attribute these declines to commercial and recreational fishing (Ban et al., 2017). In southern California, recent data modeling studies indicate early warning signs of crab overfishing, along with concerns from fishermen and researchers about observed changes to crab body size and abundance in southern California (Fitzgerald et al., 2018, 2019). Declines in Dungeness crabs populations have been potentially associated with increases in sea otter populations in California (only at a small, localized level) (Grimes et al., 2020), but these are reported declines in crab populations, nonetheless. Our results support a decrease in crab abundances in southern California, suggesting immediate action (e.g., closure of fisheries) is needed to protect commercially exploited crabs in southern California.

Besides overexploitation, reductions in crab predation might also be due to widespread ecosystem changes caused by human activity and climate change. For example, ocean acidification affects crab larval development along the west coast of North America (Hodgson et al., 2018; Bednaršek et al., 2020). All life stages of Dungeness crab are also predicted to be vulnerable to year-round ocean conditions (low pH, low oxygen, and increased temperatures) by the end of the century (Berger et al., 2021). Mollusks, including T. funebralis, are also expected to experience direct consequences of ocean acidification, including impaired behavior, and reduced shell growth and strength (Jellison et al., 2016; Barclay et al., 2019, 2020a). While it does appear that absolute shell strength of T. funebralis may be reduced in the modern [a shift in the minimum absolute SAA to larger sizes indicates that shells may have been easier to crush at those same sizes in the modern (Figure 4)], it does not appear to have impacted the success rate of crabs as of yet. Modern crabs may have also become more restricted vertically, either due to stress or habitat loss, and may have fewer opportunities to feed on T. funebralis in its given tidal range. Rockweeds, kelp forests, and other habitat forming macroalgae have declined in southern California recently (Whitaker et al., 2010; Jurgens and Gaylord, 2018; Beas-Luna et al., 2020). At most of our sites, rockweeds and other large macroalgae were lacking, with T. funebralis found most commonly on bare rock covered in biofilm. The loss of habitat forming macroalgae may restrict crabs to foraging mostly at lower tidal heights where there is still abundant macroalgae, as habitat forming species are critical buffers against temperature stress, moreso than latitude or tidal elevation (Jurgens and Gaylord, 2018), and provide crabs refuge from their own predators, particularly when they are younger (Robles et al., 1989; Behrens Yamada and Groth, 2016).

Crabs may have also switched to other prey items, such as mussels, and attack T. funebralis less often. Indeed, mussels are a more common prey item of crabs (Robles et al., 1989). However, we did not observe any large mussel beds at any of the modern sites, and there have also been notable declines in mussel populations in southern California in recent decades (Smith et al., 2006a,b). Reductions in mussel populations in present-day southern California might increase crab predation on T. funebralis, yet we observe the opposite. While there are other prey items that might be preferred, such as owl limpets and other species of Tegula (e.g., T. brunnea and T. eiseni), these species were also present during the Late Pleistocene. Given that mussel and macroalgal beds are important habitat formers, and there are reported declines in these and associated benthic intertidal taxa in southern California (Smith et al., 2006a,2008; Whitaker et al., 2010; Beas-Luna et al., 2020), if anything, these reductions in biodiversity should reduce the amount and/or number of alternative prey, suggesting that the probability of T. funebralis being included in crab diets, or even becoming a more preferred prey item, should increase. That we still observe a decline in predation on modern T. funebralis is therefore likely conservative with respect to decreased crab abundances.

A difference in temperature, particularly since the cooler 80,000 ya highstand, could have affected predation rates, and/or caused a change in both the size of T. funebralis and their crab predators. However, as the Pleistocene samples were a mix of both the 80,000 and 120,000 ya highstands, the latter of which was similar in temperature to today, temperature alone is an insufficient explanation for changes in body size and repairs. Furthermore, as increases in temperature also can increase predation rates (Bélair and Miron, 2009; Leighton and Tyler, 2021), we would have also expected more repair scars at modern sites, yet the opposite is true. This conservatively implies that decreases in crab attacks are driven by reduced crab abundances in the modern compared to the Pleistocene. A release from predation pressure due to a reduction in crabs might have also driven the increases in body size for T. funebralis, as T. funebralis body size is known to decrease in response to human predation intensity (Erlandson et al., 2015). Additionally, sea stars are another major predator of T. funebralis (Paine, 1969; Fawcett, 1984; Gravem and Morgan, 2017), and their populations have been severely affected by an outbreak of sea star wasting disease in 2013 (Hewson et al., 2014; Menge et al., 2016). Both crabs and sea stars are known to have disproportionately large effects on their ecosystems (Paine, 1966, 1969; Hull and Bourdeau, 2017; Leighton and Tyler, 2021). Reduced populations of both crabs and sea stars might also influence coastal ecosystems due to changes in the body size of their prey.

Regardless of the potential cause, reduced crab predation rates in southern California warrant further attention both from a fisheries/resource management and ecosystem health perspective. To avoid further depletion of current crab stocks, increased management practices may need to be enacted. Past studies show that Dungeness crab populations are quick to recover after spatial closures (Taggart et al., 2004; Frid et al., 2016). However, if the cause of declines in crab populations is also related to ecosystem changes and degradation on southern California’s coast due to anthropogenic impacts, such as changes to macroalgal and seagrass communities (Waycott et al., 2009; Whitaker et al., 2010; Beas-Luna et al., 2020) that are often nurseries for young crabs (Robles et al., 1989; Beck et al., 2003; Holsman et al., 2006; Behrens Yamada and Groth, 2016), or to seawater conditions (Bednaršek et al., 2020; Berger et al., 2021), changes to crab fishery management policies will be insufficient to sustain these resources long-term.

To improve the management and long-term sustainability of crab fisheries in southern California and beyond, we recommend: (1) the enactment of increased management practices in southern California, such as partial or spatial closures of crab fisheries that would allow for potentially rapid recovery of crab stocks, and (2) the use of repairs scar surveys in both modern and fossil assemblages as a fast, cost-effective, and easily implemented tool for initial assessments of crab population health. More broadly, there are several other areas for improvement and continued investigation. First, addressing the ever-increasing urgency of climate change and anthropogenic impacts on coastal ecosystems and resources (Beas-Luna et al., 2020; Bednaršek et al., 2020; Berger et al., 2021) is paramount to ensuring long-term sustainability of far more than just crab fisheries. For example, as macroalgal and seagrass communities are important habitat for young crabs (Robles et al., 1989; Beck et al., 2003; Holsman et al., 2006; Behrens Yamada and Groth, 2016), any restoration of these communities will also greatly benefit crabs (Anderson, 1989). Addressing anthropogenic carbon dioxide emissions is also key to addressing future ocean conditions, including warming, hypoxia, and ocean acidification that will impact crabs (Bednaršek et al., 2020; Berger et al., 2021). Second, conservation paleobiology and historical ecology offer unique perspectives, tools, and datasets that provide much needed and often missing context to ensure the sustainability and protection of ecosystems and their services (Hadlock Seeley, 1986; Erlandson and Rick, 2010; Dietl and Flessa, 2011; Mcclenachan et al., 2012; Rick and Lockwood, 2013; Dietl et al., 2015; Kidwell, 2015; Barnosky et al., 2017; Fordham et al., 2020). Related to crabs, other studies have used historical records of prey (gastropod) morphology as additional evidence of the spread of the invasive European green crab, Carcinus maenas, on the northeast coast of the United States (Hadlock Seeley, 1986). Specifically for fisheries, the regular inclusion of alternative sources of information, including repair scars and paleontological data, as well as historical and traditional knowledge/data can provide important insights to understand the status of data-limited fisheries (Lotze et al., 2011; Ban et al., 2017; Toniello et al., 2019) and should be implemented more widely in fisheries management. For example, Indigenous knowledge and first-hand accounts from fishers have proven valuable to crab fisheries modeling and stock assessments (Ban et al., 2017; Fitzgerald et al., 2018, 2019). Indigenous and first-hand knowledge provides additional context that could be used in conjunction with repair scars to assess the severity and timing of stock declines, as well as to identify areas of greatest concern where repair scar surveys could be implemented.

Our results demonstrate that crab predation traces are a novel, inexpensive initial assessment tool to determine the current health of important coastal species, particularly if current or historical records are sparse or lacking. We also demonstrate that fossil data are valuable for determining pre-human baselines that provide context for the status of current fisheries and long-term responses of both crabs and their prey amidst human-induced environmental changes. Repair scars are therefore a robust indicator that can be used to determine whether further action is needed to provide greater protections for vulnerable crab populations worldwide. We suggest that reduced crab predation in modern gastropods is most likely caused by human-induced changes (e.g., overexploitation of predators or climate-induced ecosystem disturbances), but that regardless of the cause(s), there is immediate need for a detailed investigation of current crab fishery stocks in southern California to ensure the sustainability of these critical coastal socioeconomic resources. An important avenue for continued future research would be to expand upon the current data framework to include historical and archaeological collections (Rick and Lockwood, 2013; Toniello et al., 2019) to understand the timing of crab population declines and improve sampling efforts, and to apply the methods used in this study to other locations of concern for shell-crushing crab resources. We conclude that incorporating paleontological techniques and data (i.e., conservation paleobiology) to resource management provides critical new insights that can aid in the management and sustainability of exploited biological resources.
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Width (average) SAA (average) Scars/no scars Number of scars Sample size % scarred % all scars

Modern 21.16 mm 19.17 mm 231 278 1,152 20.05% 23.87%
Pleistocene 18.62 mm 16.70 mm 199 239 712 27.95% 33.57%
W 540,639 41,911 378,416 378,261
p <0.0001 <0.0001 <0.0001 <0.0001

Percentages of scars were calculated as (1) percentage of gastropods that were scarred vs. unscarred (% Scarred), and (2) percentage of all the scars present, including
all scars from individual gastropods that had more than one scar (% All scars). These are sometimes referred to as RF1 and RF» (RF = “repair frequency’) (e.g., Table 1 of
Molinaro et al., 2014). Values in bold are statistically significant.
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Scarred/unscarred models [family = binomial (link = logit)]

Model

Null
Full (Time + Size + Region)

Number of scars models [family = Poisson (link - log)]

Null
Full (Time + Size + Region)

AIC

1972.0
1944.1

24251
2393.8

BIC

1983.0
1971.2

24631
2421.5

logLik Resid. Df Resid. Dev Chisq Chi DF Pr(>Chi)
—984.0 1,863 1968.0
—967.0 1,934 1860.0 33.864 3 <0.0001
Random effects Name Variance Std. Dev
Lot/Locality (Intercept) 0.1606 0.4008
Fixed effects Estimate Std. Error z value Pr (>] z|)
Intercept —3.5120 0.4291 —8.1870 <0.0001
Modemn vs. Pleistocene 0.7424 0.2288 3.2450 0.0012
Width 0.0942 0.0183 5.1380 <0.0001
Region 0.1155 0.2246 0.5140 0.6073
—1210.5 1,863 24211
—-1191.9 1,860 2383.8 37.248 3 <0.0001
Random effects Name Variance Std. Dev
Lot/Locality (Intercept) 0.1205 0.3471
Fixed effects Estimate Std. Error z value Pr(>] z|)
Intercept —3.2625 0.3409 —9.5660 <0.0001
Modemn vs. Pleistocene 0.5724 0.1899 3.0140 0.0026
Width 0.0769 0.0142 5.4210 <0.0001
Region 0.2225 0.1849 1.2030 0.2289

Mixed models were of the presence/absence of a scar (binomial family, link = logit, scarred = 1, unscarred = 0), and the number of scars (Poisson family for count data,
link = log). Fixed effects = time (modern vs. Pleistocene), size (gastropod width), and region (Palos Verdes vs. San Diego areas). Random effect = lot/locality. Performance
of the models for each dependent variable (unscarred/scarred or number of scars) was compared using log-likelihood ratio tests of a null (intercept and random effects
only) vs. full model including all fixed effects (time, size, and region). Significance of the fixed effects was assessed using Wald Z-test scores. Values in bold are statistically

significant.
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Pleistocene Modern Distance (mm)

Width (mm) SAA (mm) Width (mm) SAA (mm) Pleistocene Modern
Minimum (5th percentile) 10.68 8.90 17.42 12.90 1.78 482
Q1 15.87 13.90 19.16 17.27 1.98 1.89
Median (Q2) 19.16 17.47 20.74 19.28 1.69 1.46
Mean 18.62 16.70 21.16 19.18 1.92 1.99
Q3 21.83 19.66 22.91 21.51 2.18 1.40
Maximum (95th percentile) 24.70 23.14 26.41 24.93 1.56 1.48
IQR 5.96 5.76 3.75 4.24 0.20 0.49

Fisher’s exact test p-value = 0.7903

For each of the four distributions (Pleistocene body width, Pleistocene SAA, modern width, modern SAA), the minimum (5th percentile), maximum (95th percentile), mean,
quartiles 1, 2 (median), and 3, as well as the interquartile range (IQR) were calculated (mm). The relationship between the body size and SAA distributions was then
calculated as the distance (mm) between each of these measurements. To determine if there were any significant shifts in the relative position of the distributions of body
size and SAA curves in the modern compared to the Pleistocene, we ran a Fisher’s exact test comparing these distance measurements.
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