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ABSTRACT 18 

Lack of robust aging methods for crustaceans has inhibited the use of age-structured population 19 

models. Individuals are often classified based on body size, but differences in growth can bias 20 

parameter estimates. Our study applied the lipofuscin aging method combined with catch-curve 21 

analysis to estimate mortality rate for the burrowing shrimp, Neotrypaea californiensis. This 22 

species is an important member of the estuarine community with an impact on oyster production 23 

along the US West Coast. Randomized surveys were conducted from 2011-2014 to estimate 24 

population abundance, average density, and age structure in Yaquina Bay, Oregon. Mortality rate 25 

was estimated to be 0.719 yr-1 (95% CI; 0.633-0.793 yr-1) and did not vary significantly across 26 

cohorts. The spatial extent of the survey revealed spatial patterns in shrimp density that could be 27 

explained by variation in mortality and recruitment rates. This is the first study to apply 28 

lipofuscin aging to estimate population parameters of an estuarine crustacean and the methods 29 

we present can inform managers seeking to incorporate population ecology into management 30 

plans for N. californiensis and other crustacean species worldwide.  31 

 32 

Keywords: lipofuscin; aging; population dynamics; burrowing shrimp; mortality; simulation 33 

model34 
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1.  INTRODUCTION 35 

Age- and stage-structured population models are among the most widely applied models 36 

in population ecology. Introduced by P.H. Leslie (1945), this class of model typically assumes 37 

that individuals can be lumped into discrete classes (i.e., age or stage) and that time can be 38 

divided into discrete intervals. The inability to accurately determine age in crustaceans due to the 39 

lack of hard bony structures in these invertebrates has posed a major problem for researchers and 40 

managers attempting to apply age-structured models to estimate vital rates of ecologically or 41 

economically important species. Most population models for crustaceans have been length-based 42 

or stage-based models where size-transition probabilities are estimated from laboratory 43 

experiments or tag-and-release studies (Feinberg et al., 2006; Nilssen and Sundet, 2006; Chang 44 

et al., 2012; Ohman, 2012; Punt et al., 2014). However, growth rates among individuals vary 45 

greatly depending on environmental conditions (Oh and Hartnoll, 2000; Hartnoll 2001; Stoner et 46 

al., 2013) causing overlap in size classes within and among cohorts, ultimately making the 47 

relationship between time and size unreliable. Recent studies validating the biochemically-based 48 

lipofuscin aging method have shown promise for its use as an alternative to traditional size-based 49 

metrics (Vila et al., 2000; Allain et al., 2011; Bluhm and Brey, 2001; Kodama et al., 2006; 50 

Puckett et al., 2008). The ability to estimate individual age creates the opportunity to apply 51 

classic age-structured models to investigate crustacean population dynamics.  52 

The burrowing shrimp, Neotrypaea californiensis, inhabits soft intertidal sediments in 53 

estuaries along the US Pacific Northwest coast. Burrowing shrimps are an important component 54 

of the estuarine benthic community and play a role in estuarine ecosystem resiliency 55 

(Berkenbusch and Rowden, 2003; Berkenbusch and Rowden, 2006; DeWitt et al., 2004; 56 

Berkenbusch et al., 2007; D’Andrea and Dewitt, 2009). Pacific Northwest estuaries also support 57 
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a multimillion-dollar commercial shellfish aquaculture industry (USDA Census of Aquaculture, 58 

2012; Northern Economics 2013). Oysters (primarily Crassostrea gigas) are often placed 59 

directly on the sediment surface of intertidal mudflats to grow (Feldman et al., 2000; Dumbauld 60 

et al., 2006). This method subjects newly planted oysters, known as “seed”, to the threat of burial 61 

through bioturbation by N. californiensis, which can result in significant economic losses to 62 

growers (Feldman et al., 2000). The presence of burrowing shrimp pests on oysters beds are a 63 

concern to growers that operate on grounds overlapping with burrowing shrimp populations 64 

(Feldman et al., 2000; Chew, 2002; Dumbauld et al., 2006) and for over 50 years the aquaculture 65 

industry had applied topical pesticides to intertidal mudflats to control shrimp populations in 66 

oyster beds (WDFW 1970; Feldman et al., 2000). After increasing environmental concerns over 67 

the impacts associated with application of the pesticide, carbaryl (WDFW and WDOE, 1992), 68 

the shellfish industry in Washington State agreed to transition to integrated pest management 69 

(IPM) as part of an effort to improve control while minimizing environmental impacts 70 

(Dumbauld et al., 2006).  71 

While the industry is still examining alternative pest control measures, including a less 72 

toxic pesticide, successful implementation of an IPM plan requires methods to accurately assess 73 

burrowing shrimp populations and the development of population models (DeWitt et al., 1997; 74 

Dumbauld et al., 2006; Bosley and Dumbauld 2011). Previous researchers have examined the 75 

life-history aspects of N. californiensis, describing details on growth, fecundity and population 76 

age structure which could be used in developing a population model (Bird, 1982; Dumbauld et 77 

al., 1996; Bosley and Dumbauld, 2011). Results indicated growth rate varied spatially among 78 

populations and though the mechanism is still unclear, Bosley and Dumbauld (2011) showed that 79 

growth can vary significantly even within a cohort at a given location. Using the biochemically-80 
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based lipofuscin-based aging method, Bosley and Dumbauld (2011) also demonstrated that N. 81 

californiensis might have a lifespan of 13 years, more than twice the previous estimate (Bird, 82 

1982; Dumbauld et al., 1996). In light of this new information regarding age and growth in N. 83 

californiensis, it is clear that estimating population parameters from size-frequency data would 84 

produce inaccurate parameter estimates that may not reflect the true population dynamics of the 85 

species.  86 

Lipofuscin-based aging methods can overcome the challenges associated with traditional 87 

sized-based methods of age determination for N. californiensis (e.g. spatial and temporal growth 88 

variability). To date, most lipofuscin studies have involved validation of the methodology (Vila 89 

et al., 2000; Bluhm and Brey, 2001; Kodama et al., 2006; Puckett et al., 2008; Allain et al., 2011) 90 

and a few have used the methods to conduct demographic assessments (Bluhm et al., 2001; Ju et 91 

al., 2001; Harvey et al., 2010; Bosley and Dumbauld, 2011). While these studies have provided 92 

details regarding growth and life history for several crustacean species, none has extended 93 

application of the method to the estimation of population vital rates or development of a 94 

population dynamics model, which could be used as part of a management framework.   95 

 The ability to predict population-level changes has become the basis for management of 96 

biological resources and fisheries and wildlife conservation (Hilborn and Walters, 1992; Udevitz 97 

and Ballachey, 1998; Beissinger and McCullough, 2002; Morris and Doak, 2002). Population 98 

abundance can be described by the balance between recruitment and mortality rates (Caswell, 99 

2001) and, given robust estimates, these rates can be used to forecast future population sizes. 100 

Burrowing shrimp have pelagic larvae that disperse in the coastal ocean and therefore 101 

recruitment of N. californiensis to estuaries is likely linked to the oceanic environment and could 102 

be less predictable than for other species (Dumbauld et al., 1996; Tamaki et al., 2010; Dumbauld 103 
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and Bosley, 2018).  The sedentary lifestyle of the shrimp, however, allows the adult population 104 

to be readily sampled.  With the availability of robust aging methods, application of age-based 105 

models can be applied to estimate demographic parameters for adult populations of N. 106 

californiensis. 107 

The goal of our study was to apply the lipofuscin aging method to estimate natural 108 

mortality rates for N. californiensis populations in Yaquina Bay, Oregon, using a cohort-based 109 

approach. The objectives were to 1) conduct annual population assessments of N. californiensis 110 

in Yaquina Bay, Oregon, USA 2) apply lipofuscin-based aging methods to determine age 111 

structure and estimate age-specific mortality rate for the measured population, and 3) construct a 112 

cohort-based simulation model that can be used to predict changes in Yaquina Bay shrimp 113 

populations under different recruitment and mortality scenarios relevant to their ecology and 114 

management. This study represents the first application of lipofuscin aging to understand the 115 

population dynamics of a crustacean on the US west coast. In addition, the methodology 116 

developed in this study can be used to estimate mortalities for N. californiensis populations in 117 

other estuaries and provides a tool that can be used in the development of successful 118 

management plans for burrowing shrimp in the Pacific Northwest and potentially for other 119 

crustacean species worldwide. 120 

 121 

2. MATERIALS AND METHODS 122 

2.1 Study site 123 

We sampled a subset of the total population of N. californiensis located from the Idaho 124 

Flats intertidal mudflat in Yaquina Bay, Oregon, USA (44°37'8.4"N, 124° 2'27.2"W; approx. 16 125 

hectares) located on the central Oregon coast (Fig. 1).  Population densities can reach up to 500 126 
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shrimp m-2 in some areas of the bay (DeWitt et al., 2004) and the shrimp can be found at tidal 127 

elevations ranging from approximately -2.0 meters relative to mean lower low water (MLLW) to 128 

about +3 meters MLLW (AF D’Andrea, unpubl. data, Oregon Department of Fish and Wildlife). 129 

We sampled an established population of N. californiensis located in the upper intertidal (+2 to 130 

+3 meters MLLW) that represents about half of the total population on Idaho Flats (Fig. 1). The 131 

survey encompassed a range of densities and was concentrated on a subset of the population on 132 

Idaho Flats, allowing greater sampling effort to be made in order to achieve greater precision in 133 

population parameter estimates.  134 

 135 

2.2 Sample collection 136 

Total abundance of N. californiensis in the area we sampled was estimated from annual 137 

population surveys conducted from 2011 to 2014. Surveys were conducting in July or August 138 

each year within a 2-week period. This was done to ensure that samples represented the same 139 

temporal period and were comparable across sample years. The spatial extent of the population 140 

each year was determined by mapping population bed edges defined by walking along the 141 

population edge with a high precision Trimble GeoXT GPS1. In areas where a clear bed edge 142 

was not visible, bed edges were defined by walking within a zone where burrows were clearly 143 

increasing in density to one side and decreasing on the other. This boundary was well defined 144 

and usually encompassed a 3-meter distance. Bed edge data were imported into Trimble GPS 145 

Pathfinder Office v. 4.20 (Trimble Inc., Sunnyvale, CA) for differential correction and exported 146 

as an ERSI shapefile. The spatial bed edge data was then converted into spatial polygons using 147 

 

1 Use of trade names throughout this publication does not imply endorsement by the U.S. 

government. 
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‘rgdal’ (Bivand et al., 2015) and ‘raster’ packages (Hijmans and van Etten, 2012) in R (R core 148 

development team, 2016).  One hundred random survey sites were selected within the shrimp 149 

bed polygon in 2011. In 2012 the number of sites was increased to 150 and sampling locations 150 

were selected using the pseudo-random Generalized Random-Tesselation Stratified (GRTS) 151 

survey design (Kincaid and Olsen, 2015). Cross-validation tests of model accuracy showed that 152 

population abundance estimates were not significantly improved by adding more survey points 153 

so 100 survey points were again selected in 2014 (Tomczak, 1998).  154 

Population surveys involved navigation to the pre-selected locations with a Trimble 155 

GeoXTTM high precision GPS unit. At each site, burrow openings were counted within a 0.25 m2 156 

quadrat.  After burrow counts were determined, 10 of the survey locations were randomly 157 

selected to collect core samples. Core samples were taken randomly within the sampled 158 

population to get a representative sample of the age structure and also determine the relationship 159 

between shrimp density and burrow count for estimating total population abundance (Dumbauld 160 

et al., 1996). Core sample locations were selected by dividing burrow quadrat locations into 5 161 

different strata based on burrow density and randomly selecting 2 points within each of the 5 162 

strata (Fig. 1). Core samples were taken with a 0.125 m2 stainless steel core to 60 cm depth at 163 

each randomly selected location. The number of shrimp burrows within the core area was 164 

recorded prior to pushing the core into the substrate then material from each core was excavated, 165 

sieved with 3mm mesh and sorted to collect shrimp. All shrimp were sexed and measured for 166 

carapace length (CL) prior to being frozen at -80°C for lipofuscin age analysis. A minimum 167 

sample size of 200 animals is preferred for accurate age structure analysis (Kritzer et al., 2001). 168 

If a total of 200 individuals were not collected in the first 10 core samples, randomly selected 169 
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“back-up” core locations were sampled in the high-density strata until the minimum sample size 170 

was reached. Sex ratios were examined for equal proportions using a chi-square proportions test.  171 

 172 

 173 

Figure 1. Shrimp population polygon (white) from 2011 sampling period with survey locations 174 

overlaid. Crosses indicate quadrat sample sites and colored circles showing stratified core 175 

sampling sites. Darker grey regions represent land/marsh, lighter grey is intertidal flats. The inset 176 

shows a map of Idaho Flats region in Yaquina Bay, Oregon, USA (44°37'8.4"N, 124° 2'27.2"W) 177 

where Neotrypaea californiensis were sampled from 2011-2104. 178 
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2.3 Spatial interpolation model for shrimp abundance 179 

Estimation of total shrimp number relied on the relationship between the number of 180 

burrows and the number shrimp. This relationship was determined by conducting simple linear 181 

regression of shrimp number (m-2) as a function of burrow number (m-2) for each year of the 182 

survey. Separate models were generated for each year because ANCOVA which included year as 183 

a covariate indicated a significant interannual variation in the relationship (year effect; F = 3.51, 184 

p = 0.025). The regression model for each year was then used to convert burrow counts to shrimp 185 

numbers for estimation of total population abundance with a deterministic spatial interpolation 186 

model.  187 

An inverse distance weighted (IDW) spatial interpolation model was used to estimate 188 

total shrimp abundance within the area sampled using the ‘raster’ package in R (Hijmans and van 189 

Etten, 2012). Ideal parameters for the IDW model were determined with cross-validation of IDW 190 

models (Tomczak, 1998) using combinations of inverse distance weighted power (idp) values 191 

ranging from 0.5 to 3 and number of neighbors (nmax) from 2 to 18. The models were most 192 

accurate with idp = 1.5 and nmax = 6; these values were used for estimating shrimp abundance 193 

for all years using a 5 m2 cell size. The interpolation model was bounded by the shrimp bed edge 194 

polygon and total abundance was estimated as the sum of shrimp abundance over all cells within 195 

the polygon. Variance for total abundance estimates was determined using the blocked 196 

bootstrapping method with the ‘sperrorest’ package (Brenning, 2012) and accounted for the 197 

spatial autocorrelation of the survey data (Lahiri et al., 1999; Lahiri and Zhu, 2006).  198 

 199 

2.4 Estimation of lipofuscin-based population age structure  200 
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 Age structure was estimated with cohort analysis of lipofuscin frequency histograms. 201 

Lipofuscin levels were determined for all shrimp greater than 6.0 mm carapace length collected 202 

in population surveys using methods described in Bosley (2016). Shrimp brain tissue was 203 

dissected, placed in a pre-combusted 1.5 ml amber vial and topped with 1.0 ml 204 

dichloromethane:methanol (2:1) solution. Samples were sonicated for 30 seconds at 18% with a 205 

microprobe sonicator then stored in the freezer overnight to ensure complete extraction of 206 

lipofuscin. Samples were then dried completely with pure N2 and reconstituted with 0.25 ml 207 

HPLC-grade methanol. Lipofuscin was measured with an Agilent 1100 scanning fluorescence 208 

detector at excitation wavelength 281 nm and emission wavelength 615 nm using methanol as a 209 

carrier solvent. Fluorescence peaks were maximized with a sample volume of 15 µl and a flow 210 

rate of 0.8ml min-1. Lipofuscin concentration was quantified by calibrating fluorescence values 211 

to a standard of quinine sulfate in 0.1 N H2SO4. Following lipofuscin measurement, samples 212 

were prepared for protein analysis by evaporating samples to dryness with pure N2 and 213 

reconstituting with 1 ml of 16% deoxycholic acid. Samples were sonicated in an ice-water bath 214 

sonicator for 30 min and stored in a refrigerator overnight before protein quantification. Protein 215 

concentration was measured with an Agilent 1100 fluorescence detector at excitation 280nm and 216 

emission 345 nm using nanopure water as a carrier solvent.  Peaks were maximized with a 12 µl 217 

sample volume and 0.8 ml min-1 flow rate. Fluorescence intensity of extracted protein was 218 

calibrated with a standard of bovine serum albumin (BSA) in 16% deoxycholic acid (Harvey et 219 

al., 2010; McGaffin et al., 2011).  The lipofuscin metric used in the analysis was a relative 220 

concentration index where the total concentration of lipofuscin in the tissue extract is normalized 221 

to the total protein with units: ng lipofuscin µg-1 protein. The normalized index, LF Index, is used 222 

to account for variation in animal size and tissue dissection efficiency. 223 
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Males and females were combined to ensure a sufficient number of specimens for the 224 

cohort analysis and because lipofuscin accumulation rate is not significantly different between 225 

the sexes (Bosley, 2016). The cohort analysis was conducted by dividing lipofuscin frequency 226 

distributions into a mixture of Gaussian probability curves, each representing an estimated age 227 

class. The analysis was completed separately with data from each year using the package 228 

‘mixdist’ (MacDonald and Du, 2012) in R. The ‘mixdist’ algorithm works by applying 229 

maximum likelihood methods to estimate means and variance for a mixture of distributions 230 

based on preselected starting values and application of constraints on the parameters (Du, 2002). 231 

An LF Index bin size of 0.20 ng ug-1 was used for the analysis because it allowed for the greatest 232 

resolution of potential modes the histogram. Initial starting values were selected visually based 233 

on where modes appeared to be present. No additional constraints were placed on parameter 234 

values and the model for each year was tested for goodness-of-fit using a chi-square statistic. 235 

Ages were assigned to modes present in frequency histograms based on mean and standard 236 

deviation for the lipofuscin accumulation rate from previous growth experiments conducted on 237 

N. californiensis (Bosley, 2016; Bosley, unpublished, 1.43 ± 0.06 ng μg-1 yr-1).  238 

 239 

2.5 Estimation of shrimp mortality rate 240 

The average annual mortality rate for N. californiensis in Yaquina Bay was determined 241 

using a catch-curve analysis (Robson and Chapman, 1961) of numbers-at-age for cohorts with 242 

ages collected over the four-year survey. We were not able to age juvenile shrimp (shrimp < 6.0 243 

mm, < 2-year-old) because these shrimp were too small for precise protein quantification and 244 

therefore they do not appear as part of the lipofuscin-based age structure. The total abundance of 245 

adults in each year was determined by subtracting the proportion of juveniles from total 246 
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abundance estimates. Adult shrimp abundance was converted to numbers-at-age based on the 247 

proportion-at-age determined from the lipofuscin-based cohort mixture analysis described above. 248 

Variances for the abundance estimates were determined using the standard formula for 249 

calculating the product of two variances. Age frequency histograms indicated that our survey 250 

methods did not fully select shrimp less than age 4 in core samples. It is not possible to 251 

accurately determine lipofuscin concentration in shrimp <6.0 mm in body length, primarily due 252 

to the small brain size and very low concentration of brain tissue protein. In addition, variable 253 

growth rates and patchy distributions of young shrimp can affect quantification of sub-adult N. 254 

californiensis (Dumbauld and Bosley, 2018). By age 4, we assumed that all animals had grown 255 

to a size where they captured with our sampling methods and had achieved a size where LF 256 

analysis could be done, thus our mortality model only included numbers-at-age data for shrimp 257 

age 4 and older.   258 

Mortality was estimated by determining the rate of decline in shrimp number as each 259 

cohort progressed through time by fitting a discrete-time exponential decay mortality function to 260 

the numbers-at-age data for all cohorts aged 4 and greater combined: 261 

 262 

��,��� = ��,��	
�      (1) 263 

 264 

Where Nc,a is the number of individuals in a cohort c at age a, Nc,a+1 is the number of animals in 265 

a cohort c alive at age a+1 and kc is the cohort-specific exponential decay coefficient 266 

(instantaneous mortality rate).  267 

 Annual mortality rate (M) was determined using the linearized form of the model which 268 

allowed k to be estimated as the slope of the regression  269 
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�������� = −� + ������ 271 

    (2) 270 

Annual survival fraction (S) was estimated by back-transforming the slope (with bias correction; Newman 272 

1993): 273 

�̄ = �	
̄��.���
�

        (3) 274 

where �

� is the estimated variance of k. Annual mortality (M) for each cohort was then estimated 275 

as: 276 

�̄ = 1 − �̄       (4) 277 

 The difference in mortality rate across cohorts was tested with ANCOVA which included 278 

cohort as a covariate.  A sum-of-squares F-test was used to compare full models which included 279 

cohort (additive and interactive effects) to a reduced model that included only age as a predictor 280 

variable. Average mortality rate and the associated error estimated from the best model was then 281 

used to conduct population simulations.  282 

 283 

2.6 Life-Table Population Simulations 284 

A perturbation analysis was done to test the effects of changes in mortality and 285 

recruitment on the population dynamics of N. californiensis. This theoretical analysis explored 286 

the response of population density under different recruitment and mortality scenarios. The 287 

model assumed recruitment into the adult population occurred at age 2 years, the age at which 288 

the shrimp are initially captured in our survey as determined from lipofuscin-based age structure, 289 

and lifespan for N. californiensis was 13 (Amax) based on previous estimates for the longevity of 290 

the species (Bosley and Dumbauld, 2011) and therefore shrimp were assumed to exit the model 291 

after age 13. For the simulations, it was assumed that the mortality rate was constant across all 292 

age classes in the model.  293 
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  294 

2.6.1 Single cohort mortality calculations 295 

The effect of mortality rate on the population density of a cohort was investigated by 296 

evaluating the cohort model equations over a range of mortality levels (Equation 5). The 297 

mortality rates that we tested were 0.9, 0.5, 0.3, and 0.1 yr-1. 298 

 299 

�� = ���1 − ���	�     (5) 300 

 301 

2.6.2 Multi-cohort equilibrium scenarios 302 

 Projections of the cohort model were completed to examine the outcome of different 303 

combined recruitment and mortality scenarios. Population density was modeled assuming 304 

constant annual recruitment and constant mortality in the following four scenarios: high 305 

recruitment / low mortality; high recruitment / high mortality; low recruitment / high mortality; 306 

low recruitment / low mortality. High and low mortality rates were assumed to be 0.8 and 0.2 yr-307 

2, respectively. High and low recruitment values were modeled as 60 and 20 shrimp m-2, 308 

respectively. These recruitment values were selected because they represent the range of 309 

recruitment values that may be expected based on empirical settlement data from Yaquina Bay, 310 

Oregon (Dumbauld and Bosley, 2018). The multi-cohort equilibrium scenario modeled 311 

population dynamics using the following equations: 312 

��,  = "        (6) 313 

����, �� = ��, �1 − ��     (7) 314 

 315 

2.6.3 Stochastic Recruitment Model 316 
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A stochastic model was constructed that allowed recruitment rate to vary annually. This 317 

was done by setting recruitment (entry of age 2 shrimp into the model) as a random variable with 318 

a negative binomial distribution (mean = 11 and dispersion = 0.4). These parameters were 319 

estimated by fitting a negative binomial distribution to age 2 density data from surveys 320 

conducted in Yaquina Bay from 2005 – 2015 (Dumbauld and Bosley, 2018). This model 321 

assumed that mortality rate was constant within a cohort but was allowed to vary across cohorts 322 

by setting k as a normal random variable with a mean and standard deviation equal to the 323 

mortality fraction determined from ANCOVA (described above). Projections were done into a 324 

tmax x Amax matrix where tmax = the total number of time steps in the model. Numbers-at-age for 325 

each cohort was calculated with the following equation:  326 

 327 

����, �� = ��, �	#     (7) 328 

Where, 329 

$ ∼ �&'(���, �
�     (8) 330 

 331 

Total shrimp numbers were converted to shrimp density (m-2) by summing numbers-at-age for 332 

each time step and dividing by total area (A).  333 

 334 

�ℎ&*'+,�-.*/0 =
�

1
∑ ��, 

3
�4�          (9) 335 

 336 

The mean and variance for shrimp density at each time step was determined for the stochastic 337 

scenario with a Monte Carlo simulation procedure where calculations were repeated 500 times. 338 

Each model was projected for 15 years, a suitable amount of time to enact a management plan. 339 
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 340 

3. RESULTS 341 

3.1 Population Demographics  342 

The total area occupied by N. californiensis changed over the four years that our surveys 343 

were conducted showing a peak in 2013 with the population covering 91,596 m-2 (Table 1, Fig. 344 

2). The total number of shrimp in the area sampled ranged from a high of 7.1 million in 2013 to 345 

3.9 million in 2014. Shrimp abundance increased by 34.1% from 2012 to 2013 and decreased by 346 

14.3 % and 44.3% from 2011 to 2012 and 2013 to 2014 respectively. Despite the fluctuations in 347 

total shrimp numbers, overall shrimp density declined over the four years (~50%) surveyed. The 348 

decline in density was evident in spatially interpolated maps of the surveyed shrimp population 349 

which also showed expansion of the shrimp bed to the north in 2013 and in 2014 a large extent 350 

of the population to the south had disappeared (Fig. 2). The burrow opening-to-shrimp 351 

relationship also varied slightly each year with the steepest slope in 2011; ~2 burrows for every 352 

shrimp (Table 2). In 2013 and 2014 the ratio declined to ~3 burrows per shrimp (Table 2, Fig. 3).   353 

 354 

 355 
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 356 

 357 

Figure 2. Inverse distance weighted interpolation maps of N. californiensis population density 358 

determined from annual sampling of the Idaho Flats region in Yaquina Bay, Oregon (2011 – 359 

2014). Warm colors indicate high shrimp densities. The white area represents land and light grey 360 

represents intertidal flats. 361 
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 362 

 363 

 364 

 365 

Year N 
Area 

(1000 m2) 

Population Size 

(106) 
SD (106) % Change 

Mean Density 

(shrimp m-2) 

2011 105 44.92 6.178 0.211 na 137.54 

2012 154 56.26 5.293 0.237 -14.33 94.07 

2013 145 91.60 7.098 0.242 +34.09 77.49 

2014 100 58.07 3.955 0.830 -44.28 68.10 

 366 

Table 1. Table showing population statistics from data collected during annual surveys of N. 367 

californiensis in Yaquina Bay, Oregon. Estimated population size from each survey year is based 368 

on Inverse Distance Weighted (IDW) interpolations. N; sample size, SD; standard deviation. 369 
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 370 

 371 

 372 

Figure 3. Linear regression analysis of burrow number to shrimp number used to estimate 373 

shrimp abundances from burrow counts in each survey year. Regression coefficients are 374 

presented in Table 2.  375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 

 383 
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 384 

 385 

 386 

 387 

Table 2. Coefficients with standard errors from the regression analysis of burrow opening 388 

number to shrimp number relationship from four years of surveys conducted on Idaho Flats in 389 

Yaquina Bay. (*) indicates statistically significant (p<0.05), d.f.; degrees of freedom. 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

Coefficient 2011 2012 2013 2014 Pooled 

Intercept 19.75 (16.55)* 28.38 (9.34)* 26.56 (12.80)* 12.26 (19.69) 21.63 (7.57) * 

Burrows m-2 0.51 (0.08)* 0.42 (0.04)* 0.34 (0.06)* 0.37 (0.10)* 0.41 (0.04)* 

d.f. 8 9 9 8 40 

adj r2 0.8 0.914 0.733 0.572 0.752 
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Carapace lengths of shrimp sampled in cores indicated a fairly stable size structure. 401 

Juveniles were clearly evident in core samples from 2011 and 2012, presumably shrimp that had 402 

recruited to the population as post-larvae the previous year (Fig. S1). Juveniles (shrimp < 6.0 mm 403 

CL) made up 17.3% and 12.3% of the total population in 2011 and 2012 respectively. There 404 

were few small shrimp collected in 2013 and 2014 core samples (Table S1). Average adult CL 405 

was similar across years averaging around 10 mm in 2011, 2012, and 2013 but was slightly 406 

smaller on average in 2014 (mean CL = 9.78 ± 1.65; Fig. S1). The sex ratio of adults appeared to 407 

be dominated by females (~2:1) in all years but the difference was only statistically significant in 408 

2011 (Χ2 = 8.741, p = 0.003; Table S2).  409 

The mixture of Gaussian distributions determined with the ‘mixdist’ model fit the actual 410 

LF Index frequency data as determined by chi-square goodness-of-fit tests (Table S3), but there 411 

was a fair amount of overlap between the different curves. Evaluation of population age structure 412 

showed age structure to be stable over the four years with ages 2 to age 7 present in core samples 413 

with the exception of 2014 when 6-year-old shrimp were absent in the core samples. In all years, 414 

age 4 animals were the dominant year class in our samples (Table S3). This was likely a result of 415 

variable growth rates causing only a fraction of age 2 and 3 animals being large enough for LF 416 

analysis (<6.0 mm CL). By age 4, all animals had likely grown to a size where they were 417 

captured with our sampling methods and where age analysis could be done (Figs. 5 & S1).   418 

 419 

     420 

 421 

 422 

 423 
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 424 

Figure 4. Carapace length frequency distributions of N. californiensis collected from annual 425 

population surveys on Idaho Flats. Bars are divided by maturity and sex. Mean carapace length 426 

(mm) and standard deviation for each year is shown in the upper right corner of each panel. 427 

Juveniles are animals < 6.0 mm CL and were not aged using lipofuscin. J; juvenile, F; female, 428 

M; male, U; adult of unknown sex.429 
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 430 

 431 

 432 

Figure 5. Results for model progression analysis of lipofuscin frequency data from annual 433 

surveys using the ‘mixdist’ package in R (McDonald and Du, 2012). Age class assignments and 434 

proportions are shown in Table 3.  Red lines denote best fitting mixture components with means 435 

denoted as triangles along the x-axis. The green line denotes full model fit to LF Index frequency 436 

distribution. Age classes are shown with Roman numerals and were selected based on the mean 437 

LF accumulation rates recorded for N. californiensis (Bosley 2016; Bosley, unpublished, 1.43 ng 438 

μg-1 yr-1). 439 

 440 

 441 
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 443 

Age Only Age + Cohort Age * Cohort 

Coefficient Estimate (SE) Estimate (SE) Estimate (SE) 

Intercept 19.981 (0.781)* 21.2842 ( 1.723)* 29.732(8.514) 

Age (yrs) -1.281 (0.146)* -1.451 (0.255)* -2.751 (1.306) 

CohortB - -0.168 (0.720) -8.070 (11.159) 

CohortC - -0.405 (0.636) -9.787 (8.824) 

CohortD - -0.844 (0.845) -8.404 (10.366) 

CohortE - -0.429 (0.844) -8.409 (10.366) 

CohortF - -0.890 (1.042) -4.138 (3.455) 

Age*CohortB - 1.201 (1.847) 

Age*CohortC - 1.470 (1.370) 

Age*CohortD - 1.102 (1.847) 

Age*CohortE - 1.196 (1.847) 

Age*CohortF - NA 

N 13 13 13 

adj R2 0.863 0.797 0.619 

F 0.152 0.217 

p 0.96 0.968 
 

  

   

 444 

Table 3. Coefficients from linear models of log-transformed numbers-at-age used to estimate 445 

mortality rate. The sum of squares F-test was used compare the full models containing cohort 446 

and age with a reduced model containing age only. 447 



26 

 

 

 448 

 449 

 450 

Figure 6. ANCOVA results used to estimate mortality rate using Eq. 2. Mortality rate was not 451 

found to be statistically different among cohorts. Different point types represent numbers-at-age 452 

for separate cohorts as they progress through time. Error bars show standard error for estimates 453 

of lipofuscin-based age (x-axis) and for shrimp abundance-at-age (y-axis). The shaded area 454 

represents 95% confidence interval for the estimate of mortality rate from full model (Table 4). 455 

Points are jittered for visualization. 456 
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Mortality rate, estimated with Equations 2-4, was determined to be 0.757 yr-1 (95% CI; 457 

0.613-0.858 yr-1) after controlling for variation across cohorts. Comparison of the full models 458 

which contained cohort as covariate vs. the reduced model indicated that cohort was not a 459 

significant predictor of mortality rate for N. californiensis on Idaho Flats (Fig. 6, Table 3). 460 

Mortality rate estimated from the reduced model was 0.719 yr-1 (95% CI; 0.633-0.793 yr-1). 461 

  462 

3.2 Life-Table Population Simulations  463 

 Theoretical life-table projections showed that a single cohort experiencing the mortality 464 

rate of 0.719 yr-1 would be reduced to very low population densities after 4 years (0.6% of 465 

original abundance) regardless of recruitment strength (Fig. 7a). Conversely, changes in 466 

mortality rate had a pronounced effect on the density of a cohort over time (Fig. 7a). The 467 

combined scenarios assumed that annual recruitment and mortality rates were constant which 468 

allowed prediction of change in population density as the population reached equilibrium with 469 

multiple overlapping generations (Fig. 7b). The low mortality and high recruitment scenario 470 

showed that following colonization a population can achieve a high density approaching 471 

equilibrium in 20 years (Table S4). The low recruitment example showed population densities 472 

increasing slowly to a much lower equilibrium density (Fig 7b). In both high mortality scenarios, 473 

the population reached equilibrium quickly (4 years) and was maintained at overall low densities 474 

(Fig 7b, Table S4).   475 

 476 

   477 

 478 
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 479 

Figure 7. Prediction for changes in population density calculated in life table scenarios. a) The 480 

single cohort example under different mortality scenarios. Red line indicates measured mortality 481 

for N. californiensis with the dashed line representing 95% confidence interval. b) Multi-cohort 482 

example with population projected to equilibrium under different combinations of constant 483 

recruitment and mortality. Mortality was modeled at 0.2 yr -1 and 0.8 yr -1 for low and high 484 

scenrios, respectively. Recruitment (at age 2 years) was modeled at 20 and 60 shrimp m-2. Red 485 

line represents the actual average density for N. californiensis determined over the 4-year survey 486 

(94 shrimp m-2). 487 
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 488 

Figure 8. a) Negative binomial probability distribution for estimating numbers of 2-year-old 489 

shrimp in monitoring surveys of Neotrypaea californiensis in Yaquina Bay from 2005 – 2015 490 

from Dumbauld and Bosley (2018). The bar plot shows real data and density curve represents the 491 

probability distribution function (mean = 11 and dispersion = 0.4). b) Predictions of population 492 

density from a single iteration of the stochastic recruitment scenario c) Results of 500 iterations 493 

of the stochastic recruitment model used to estimate the average long-term population density 494 

(14.98 shrimp m-2). 495 
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The stochastic model assumed recruitment of age 2 shrimp occurred at low levels with 496 

periodic large events (Figs. 8a & 8b), which is reflective of actual measurements from population 497 

surveys in Yaquina Bay.  As the cohorts progressed through the model, population density 498 

tended to decrease until the next major recruitment event occurred. The average density 499 

estimated from 500 iterations of the stochastic model was 14.98 shrimp m-2 (Fig. 8c) which 500 

suggests that a small population can persist with generally low and infrequent recruitment.  501 

 502 

4. DISCUSSION 503 

 The ability to accurately age crustaceans has hindered the application of standard age-504 

structured models for estimating vital rates for these invertebrates (Hartnoll, 2001; Bosley and 505 

Dumbauld, 2011; Punt et al., 2014). Recent developments of alternative aging techniques 506 

(O’Donovan and Tully, 1996; Ju et al., 2003; Puckett et al., 2008; Harvey et al., 2010) and 507 

improved methods of population assessment have created the opportunity to understand 508 

crustacean population dynamics in a way that was not previously possible. The primary goal of 509 

this study was to apply contemporary methods to estimate the average annual mortality rate for a 510 

population of N. californiensis in Yaquina Bay, Oregon, and determine if that rate was constant 511 

over time. The cohort-based approach showed an exponential decay function described 512 

burrowing shrimp mortality rate at a single sampling location and this function was not 513 

statistically different among cohorts. In addition, the mortality rate we estimated from lipofuscin-514 

based measurements of age was consistent with similar estimates of mortality determined from 515 

size class analysis of N. californiensis and other thalassinidean shrimps. Feldman et al (2000) 516 

tracked cohorts of N. californiensis over two years and estimated mortality rates to be 0.75 yr-1 517 

and 0.22 yr-1 for males and females, respectively, but the authors had difficulty in estimating the 518 
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parameter when females immigrated from outside the sample area. Conides et al. (2012) found 519 

natural mortality rate of the mud prawn, Upogebia pusilla, to be 0.93 yr-1 and Pezzuto (1998) 520 

calculated annual mortality rates of 0.78 yr-1 and 0.71 yr-1 for male and female Neocallichirus 521 

mirim.   522 

 523 

4.1 Accuracy in estimating population parameters with lipofuscin 524 

The estimation errors associated with proportion and mean LF Index-at-age parameters 525 

acquired from the ‘mixdist’ algorithm were quite large in some years. Even though the overall 526 

model for a mixture of frequency distributions fit well, the high level of uncertainty in the 527 

parameter estimates suggests that they are not highly robust. The modal progression analysis we 528 

conducted uses a normal approximation to describe the distribution of lipofuscin concentration 529 

within a cohort. While application of the Gaussian distribution is most common for conducting 530 

age-structure analysis, lipofuscin concentration frequency data may be best described by a 531 

different probability distribution, such as a Gamma distribution, and further work should be done 532 

to refine cohort analysis as it applies to lipofuscin data. Uncertainty in the parameter estimates 533 

may have resulted from fitting the model with limited constraints on the estimates, but could also 534 

be explained by significant overlap of lipofuscin concentration distributions among cohorts.  535 

The primary advantage of using analysis of lipofuscin to estimate crustacean age is that 536 

accumulation rate may be consistent over broad temporal and spatial ranges and can provide an 537 

index of age, despite clear differences in growth. N. californiensis has been previously shown to 538 

have variable growth rates and in some cases, shrimp can molt to a smaller size when 539 

environmental conditions are poor which has led to a decoupling of the age-size relationship both 540 

within and across populations (Bosley and Dumbauld, 2011; Bosley, 2016). Even though growth 541 
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rates are variable, lipofuscin accumulation is fairly consistent across populations and across 542 

cohorts. Bosley et al. (2018) estimated lipofuscin accumulation rate in multiple cohorts grown in 543 

outdoor mesocosms and found 91% of the variability in LF Index value was explained by age, 544 

whereas body size was not correlated with chronological age. Our data showed significant 545 

overlap in LF index frequency histograms for each survey year. Because formation of lipofuscin 546 

is controlled by metabolic processes, the rate in which it accumulates is subject to considerable 547 

individual variability and has been linked to environmental conditions (i.e., temperature) under 548 

natural field conditions (Sheehy et al., 1995; O’Donovan and Tully, 1996). Laboratory and field 549 

experiments showed that temperature had only a weak effect on lipofuscin accumulation in N. 550 

californiensis (Bosley, 2016) but other factors that influence metabolic rates such as genetic 551 

background, oxidative stress, and salinity may be important in dictating lipofuscin accumulation 552 

(Terman, 2001; Allan et al., 2006; Hiebenthal et al., 2012).  553 

The timing of recruitment may also explain, in part, overlapping modes in lipofuscin 554 

concentration frequency histograms. Settlement of N. californiensis typically occurs between 555 

July and October and but has been shown to occur as late as January or as early as March 556 

depending on the year and the location (Dumbauld et al., 1996; Dumbauld and Bosley, 2018). 557 

Extended long recruitment periods would increase variability in mean LF Index-at-age estimates, 558 

broadening modes and increasing overlap in frequency data. Despite these challenges in 559 

estimating “true” age for N. californiensis using lipofuscin concentration, the method has proven 560 

to be a more accurate metric of age than body size and allows for comparison across and within 561 

populations where growth rates can vary significantly. 562 

Other issues in estimating mortality rates involve the assumptions of our simple cohort 563 

model. Two assumptions, in particular, have important effects on the validity of our estimates. 564 
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First is the assumption of a closed population, i.e. that there is no post-recruitment migration into 565 

or out of the sampling area, which is discussed in the next section. Second, we assume that 566 

mortality is constant across age or size and across cohorts. We did use an ANCOVA to test for 567 

cohort effects and found no significant differences, but the limited data implies that this test 568 

would have little power to detect any but extreme differences. At this time, we lack data to test 569 

for age or size effects, which would likely require tracking fates of individuals via tagging or 570 

other techniques. 571 

 572 

4.2 Patchiness in shrimp distribution 573 

Biological populations are primarily governed by two sets of opposing processes; 574 

recruitment and mortality; immigration and emigration. For sedentary or attached benthic species 575 

like N. californiensis, immigration and emigration are generally ignored because these animals 576 

exhibit little or no post-settlement movement (Rosenberg, 1974; Hewitt et al., 1997; Castorani et 577 

al., 2014). Therefore, observed patterns of abundance for benthic macrofauna are usually 578 

described by the opposing forces of recruitment and mortality (Olaffsson, 1994). Because of 579 

their limited motility, these processes likely act on populations at a fine scale, resulting in a 580 

mosaic of densities across the landscape (Thrush, 1991; Hewitt et al., 1997; Lundquist et al., 581 

2010). The burrow count densities we encountered ranged from 0 to >200 burrows m-2 and 582 

exhibited clear spatial structure showing “hotspots” of high density in localized regions. Patchy 583 

distributions of benthic species have been studied for several decades with most work being 584 

focused on settlement and subsequent recruitment as the primary process controlling populations 585 

(Underwood and Fairweather, 1989; Morrisey et al., 1992; Fraschetti et al., 2002).  Long-term 586 

settlement records for N. californiensis in Yaquina Bay have shown annual recruitment patterns 587 
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to be sporadic with relatively low shrimp numbers recorded each year on average, yet adult 588 

populations persist in high densities in some areas (Dumbauld and Bosley, 2018). Population 589 

projections of the cohort model in our study show that high population density can be explained 590 

by either high survival rate, high recruitment or both.  591 

To date, much of the population data collected on N. californiensis has been from areas 592 

with dense shrimp populations (Bird, 1982; Dumbauld et al., 1996; Feldman et al., 2000; Bosley 593 

and Dumbauld, 2011). Bosley and Dumbauld (2011) used lipofuscin-based aging methods to 594 

estimate age structure of N. californiensis in a high-density patch and found 13 age classes 595 

present in their samples. Our projections showed shrimp density to be sensitive to changes in 596 

mortality. Using the mortality equations, a cohort experiencing a low mortality rate of 0.1 yr -1 597 

would have only been reduced to 34.7 % of its original size after 10 years compared to <0.001% 598 

in a cohort of the same size under the high mortality scenario (M = 0.72 yr-1). These conditions 599 

would broaden the age structure with the inclusion of a higher proportion of older shrimp in the 600 

population and increase the estimated survival rate based on age-structure data (Udevitz and 601 

Ballachey, 1998; Carey et al., 2008; Udevitz and Gogan, 2012).  The survey we conducted was 602 

designed to capture as much variability in age distribution and mortality as possible throughout 603 

the area that we sampled and identify spatial changes to the overall population that would not 604 

have been observed if only a single location had been surveyed.  We observed only 7 age classes 605 

using the lipofuscin aging method but sampling took place over a larger spatial extent and 606 

covered areas of low population density where mortality is likely to be much higher, especially 607 

along bed edges where environmental stressors or greater exposure to predators may limit 608 

populations (Bertness et al., 1985).  609 
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The role of post-larval dispersal in regulating population dynamics in soft-bottom 610 

systems has drawn interest as a process responsible for the flux of animals in and out of patches 611 

(Olaffsson, 1994; Valanko et al., 2010; Pacheco et al., 2013). Following settlement, juveniles or 612 

adults can be triggered to actively disperse by abiotic or biotic cues (Lenihan and Micheli, 2001; 613 

Commito et al., 2005; Kumagai, 2006). In population surveys of N. californiensis, new settlers 614 

are typically sampled within the dense shrimp beds along with the established adult population 615 

and are often found in low abundance. This pattern is consistent with other studies that have 616 

shown dense aggregation of adults inhibits settlement and recruitment of juveniles through direct 617 

feeding (i.e. cannibalism) or disruption of sediments (Bertness et al., 1985; Woodin, 1976; 618 

Olaffsson, 1994). Our multi-year survey showed an expansion of the shrimp population that was 619 

likely a result of a settlement event in 2010 (Dumbauld and Bosley 2018). However, densities in 620 

the newly colonized area were initially low and declined following colonization. With a 621 

mortality rate of 0.719 yr-1, reduction in abundance was likely a result of natural mortality but it 622 

may have also involved some migration of adults to replenish loss within a nearby high-density 623 

patch. Some horizontal movement of adult N. californiensis has been documented (Peterson, 624 

1984; Posey, 1986; Castorani et al., 2014) and there are numerous anecdotal reports by oyster 625 

growers and bait harvesters that shrimp move in the water column (Dumbauld, 1994). Low-626 

density areas or bed edges may provide refugia for juveniles to settle and grow before recruiting 627 

to the adult population. This “edge effect” was observed for N. californiensis in Yaquina Bay 628 

(Dumbauld and Bosley 2018) and has been observed in other benthic invertebrates suggesting it 629 

could be an important process in population regulation (Tamaki and Ingole, 1993; Whitlatch et 630 

al., 1998; Minchinton, 1997). Further investigation into the movement of adult and sub-adult 631 

shrimp within shrimp aggregations would confirm whether immigration is a factor to consider in 632 
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describing the population dynamics of N. californiensis. In addition, a greater understanding of 633 

the settlement process and the primary causes of mortality following settlement would provide 634 

insight into how shrimp populations persist in a heterogeneous estuarine environment.  635 

 636 

4.3 Predicting population change with a cohort-based model 637 

 Like many benthic species with prolonged larval periods, N. californiensis populations 638 

are “open” in that larvae are flushed from estuaries into the nearshore coastal ocean and therefore 639 

recruits can come from distant populations (Fairweather, 1988; Underwood and Fairweather, 640 

1989; Grosberg and Levitan, 1992; Caley et al., 1996) and some researchers have been 641 

successful in linking recruitment strength of marine invertebrates to climate variables (Caley et 642 

al., 1996; Shanks and Roegner, 2007; Menge et al., 2009; Menge et al., 2011; Woodson et al., 643 

2012). No studies to date have been able to do the same for predicting settlement in N. 644 

californiensis. We constructed a cohort model which allowed for a theoretical investigation of 645 

population-level changes resulting from different recruitment and mortality scenarios. 646 

Recruitment in our model was defined as animals that enter a population at age 2, when they 647 

have attained a size in which all sampled animals of that age (and older) are likely to be retained 648 

on a 3mm mesh sieve. The model makes no assumptions about how the animals arrived, whether 649 

through immigration or settlement, but also assumed that the shrimp will not migrate out of the 650 

population following recruitment. In addition, we assumed that projected changes in cohort 651 

density are a result of mortality only. While these assumptions may be simplistic, the application 652 

of a simple model with minimal data requirements can provide a useful tool in the development 653 

of management frameworks.  654 
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 As the oyster industry in the Pacific Northwest has moved towards an integrated pest 655 

management strategy for these shrimp, the need to understand how populations change on oyster 656 

grounds following a settlement event has been a primary focus of ecological research on N. 657 

californiensis (Dumbauld et al., 2006; Dumbauld and Bosley, 2018). Based on empirical 658 

estimates of mortality, our model showed that a cohort can experience rapid decay in abundance 659 

following a colonization event. This result suggests that a population may be reduced to levels 660 

below which they can have a significant negative impact on oysters a few years following 661 

settlement (Feldman et al., 2000), even after a relatively high recruitment event. The single 662 

cohort example is somewhat unrealistic, however, because large settlement events for N. 663 

californiensis occur consecutively and/or periodically (Dumbauld et al., 2006; Dumbauld and 664 

Bosley, 2018). In species with multiple overlapping generations, regular settlement causes 665 

populations to increase in size as the year classes are effectively stored in the population (Cole, 666 

1954; Chesson, 1983; Caswell, 2001). This observed pattern in N. californiensis (Dumbauld et 667 

al., 1996; Feldman et al., 2000; Bosley and Dumbauld, 2011) results in a stable size and age 668 

distribution which has also been observed for other similar burrowing shrimp species (e.g. 669 

Nihonotrypaea harmandi, Tamaki et al., 1997). Consequently, prolonged periods of repeated 670 

recruitment like those observed in the early 1990’s in Willapa Bay (Dumbauld and Bosley 2018) 671 

can have a major influence on shrimp populations. We attempted to determine the effect of 672 

variable recruitment on shrimp density by creating a stochastic recruitment model which took 673 

into account the irregular nature of settlement for N. californiensis. Model results showed that N. 674 

californiensis can persist at an average low abundance (~14 shrimp m-2) with generally low, 675 

irregular recruitment and high mortality. The stochastic model also showed shrimp densities to 676 

increase then steadily decrease similar to observations from previous and current monitoring 677 
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programs of N. californiensis populations (Bird 1982; Dumbauld et al. 1996; Feldman et al. 678 

2000; Dumbauld and Bosley, 2018). Our models showed that, theoretically, long-term shrimp 679 

abundance would be above the current threshold for implementing shrimp control in Washington 680 

State (10 burrows m-2; Dumbauld et al. 2006). This suggests that baseline shrimp abundance 681 

would qualify for implementation of control measures, although it is not clear if shrimp cause 682 

significant impact to oyster beds at this low density.    683 

 The persistence of burrowing shrimp populations is clearly linked to the rate at which 684 

new animals enter the population and the rate at which they die. Lipofuscin aging has provided 685 

evidence that N. californiensis is a long-lived animal which explains why populations are stable 686 

despite unpredictable recruitment (Chesson and Warner, 1981; Chesson, 1983). However, our 687 

model projections showed that temporal patterns of recruitment had a marked effect on overall 688 

population density. Settlement strength is a very difficult process to quantify and in many cases 689 

settlement does not correlate to recruitment in benthic invertebrates (Fraschetti et al., 2002; 690 

Pineda et al., 2010). Assuming that mortality remains constant after juveniles recruit into the 691 

adult shrimp population, simple calculations can be used to estimate the abundance of the 692 

following year’s shrimp population within areas of interest using data on recruitment and 693 

population abundance from the current year. These predictions will be useful in guiding 694 

management decisions regarding when to control shrimp and where control may be needed, if at 695 

all.  Future work should consider the development of survey methods to quantify the spatial and 696 

temporal distribution of juveniles within and around areas of interest and also tracking shrimp 697 

populations on shellfish beds to determine where and when shrimp have a potential to 698 

significantly impact shellfish production.   699 

 700 
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5. Conclusions 701 

Our study is the first to apply lipofuscin-based aging methods to estimate mortality and 702 

inform a population dynamics model of a shrimp species. Through broad-scale multi-year 703 

surveys, we documented changes in the population abundance of N. californiensis and 704 

established the methodology to explore spatiotemporal variation in abundance of burrowing 705 

shrimp in estuarine systems. In addition, our work generates hypotheses regarding burrowing 706 

shrimp life-history and elucidates several areas of research that would provide information to 707 

further refine our understanding of burrowing shrimp population ecology including, identifying 708 

the major causes of adult mortality and quantification of the modes and rates of migration. 709 

Finally, the population parameters and cohort model derived in this study can be used to project 710 

future shrimp abundance, providing a valuable tool which can be incorporated into decision-711 

making frameworks and used for development of future monitoring plans. 712 

 713 
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