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INTRODUCTION 

Coastal pelagic environments are important in 

marine and lacustrine systems because of their pro- 

ductivity and role as nursery habitats (Beck et al. 

2003, Dahlgren et al. 2006). Within marine waters, 

numerous fish and wildlife species occupy pelagic 

habitats for portions of their life cycle. Anadromous 

fish such as salmon use pelagic habitats during both 

juvenile and adult phases, and demersal fish often 

make forays into pelagic waters to feed and to move. 

However, the dominant members of fish assemblages


in these areas are generally forage fish: highly pro-

ductive, short-lived planktivores that mature at a


rela tively small body size (Pikitch et al. 2012). Due to


their low diversity but high potential productivity


and numerical abundance, forage fish have the


capacity to regulate patterns of energy flow in pela -

gic ecosystems, and therefore play critical roles in


pelagic ecosystems as both predators of zooplankton


and prey for piscivorous fish, birds, and marine mam-

mals (Cury et al. 2000, Bakun 2006). Both theoretical
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ABSTRACT: Coastal ecosystems face a variety of natural and anthropogenic influences, raising

questions about mechanisms by which species abundance and composition change over time. We

examined these questions by synthesizing 6 surface-trawling efforts in greater Puget Sound,

Washington (USA), spanning 40 yr, and then determining changes in forage fish abundance and

composition and jellyfish prevalence. We also assessed whether patterns were associated with

potential anthropogenic pressures (human population density and commercial harvest) as well as

large-scale climate signals. We found evidence for trends in abundance of all forage species in

4 sub-basins of Puget Sound. Cumulative distribution functions of catch per unit effort indicate

that the historically dominant forage fishes (Pacific herring and surf smelt) have declined in sur-
face waters in 2 sub-basins (Central and South Puget Sound) by up to 2 orders of magnitude. How-
ever, 2 other species (Pacific sand lance and three-spine stickleback) increased in all 4 sub-basins.

Consequently, species composition diverged among sub-basins over the last 40 yr. In  addition, jelly -
fish-dominated catches increased 3- to 9-fold in Central and South Puget Sound, and abundance

positively tracked human population density across all basins. The strongest predictors of forage

fish declines were human population density and commercial harvest. Climate  signals offered

additional explanatory power for forage fish but not jellyfish catch. These patterns suggest possi-
ble linkages between coastal anthropogenic activities (e.g. development, pollution) and the abun-
dance of forage fish and jellyfish in pelagic waters. Our findings also provide a basis for improving

indicators for assessment, monitoring, and spatial planning to rehabilitate pelagic ecosystems.


KEY WORDS:  Pacific herring · Surf smelt · Pacific sand lance · Three-spine stickleback ·

 Gelatinous zooplankton · Human population density · Climate · Commercial harvest


OPENPEN

 ACCESSCCESS


AR016581

http://www.int-res.com


Mar Ecol Prog Ser 525: 153–170, 2015


and statistical modeling studies have confirmed that


the abundance of forage fish can influence the


dynamics of both their predators and prey (Cury et


al. 2000, Griffiths et al. 2010). For example, a robust


threshold between productivity of seabird popula-

tions and forage fish biomass led Cury et al. (2011) to


recommend that managers allocate one-third of for-

age fish biomass to seabirds and other piscivores to


avoid drastic population declines of these predators.


Because of their trophic importance, concern has


grown about declines in forage fish stocks in many


regions, and the potential shifts in species composi-

tion that may result from their decline. Historically,


forage fish have often been heavily harvested, and in


some areas, species composition has subsequently


become dominated by gelatinous zooplankton (‘jelly-

fish’) (Lynam et al. 2011, Flynn et al. 2012, Purcell


2012). In addition to commercial harvesting, anthro-

pogenic pressures such as climate change, hypoxia,


and coastal development may positively benefit


 jellyfish (Parsons & Lalli 2002, Purcell et al. 2007,


Richardson et al. 2009, Purcell 2012) at the expense


of forage fish. Jellyfish are often considered trophic


‘dead ends’ (Purcell et al. 2007, Richardson et al.


2009) because very few predators are specialized to


obtain nutritional benefits by preying on them, yet


they may compete with adult forage fish or consume


larval stages of fish (Pauly et al. 2009). Hence, de -

clines in forage fish and increases in jellyfish are con-

sidered possible ecological warning signs of reduced


trophic capacity (Purcell et al. 2007, Richardson et al.


2009, Pauly et al. 2009, Rice et al. 2012). Unfortu-

nately, long-term datasets on coastal forage fish


 species and jellyfish are rare. Most long-term status


monitoring has focused on larger-bodied, commer-

cially important species, and regular assessments of


smaller or unfished pelagic organisms are not rou-

tinely done (Lauria et al. 2012).


Here, we synthesize historical data from neritic sur-

face trawling efforts in an urbanizing fjord estuary


complex and compare these with more recent surveys


using the same sampling gear. In Puget Sound,


Washington (USA), long-term monitoring for forage


fish has largely focused on surveys for spawning


adult herring (Penttila 2007), and has not examined


the full suite of pelagic species at varying life stages.


In the absence of long-term data, we took advantage


of short-term monitoring efforts targeting juvenile


herring and other forage fish which were conducted


in the 1970s and 1980s across Puget Sound (e.g. Sto-

ber & Salo 1973, Fresh 1979) and have been repeated


in more recent years as part of juvenile salmon and


pelagic food web studies (Reum et al. 2011, Rice et al.


2012). This comparison is by nature a data-limited


time series (see Araujo et al. 2013), yet it nevertheless


provides an opportunity to examine (1) whether pela -

gic forage fish and jellyfish have exhibited changes in


abundance and taxonomic composition over the last


40 yr, and (2) whether such changes correspond with


regional climate patterns and anthropogenic drivers.


MATERIALS AND METHODS


Study system


Puget Sound is a large fjord estuary complex con-

nected to the northeast Pacific Ocean via the Salish


Sea (Fig. 1), and has numerous rivers flowing into 6


sub-basins separated by sills, landforms, and hydro-

graphic fronts (Burns 1985, Ebbesmeyer et al. 1988).


This geomorphology results in extended water resi-

dency, stratification, and strong primary production


(hence, ‘the fertile fjord’, Strickland 1983) across


Puget Sound as a whole. The oceanographic proper-

ties of individual sub-basins vary with differing


freshwater inputs and circulation patterns (Moore et


al. 2008). Historically, extensive estuarine and near-

shore habitats such as beaches, seagrass, and kelp


existed for spawning and rearing by forage fish and


other species in all sub-basins. These systems have


been lost or degraded over time (Simenstad et al.


2011), but evidence suggesting that loss of these


habitat features has directly impacted forage fish


populations is limited (Rice 2006). Broad-scale spatio -

temporal trends in abundance and the direct effect of


habitat loss on abundance have not been evaluated


to date.


We focused on 4 sub-basins with surface trawl data


spanning the last 40 yr (Fig. 1): South Puget Sound,


the Central Basin, Whidbey Basin, and ‘Rosario


Basin’ (areas north of Puget Sound proper). Sub-

basins are delineated based on physical and hydro-

logic features as described by Burns (1985) (South,


Central, and Whidbey Basins) and Rice et al. (2012)


(Rosario Basin). Fish sampling via Kodiak surface


trawling has been conducted in these sub-basins


both historically (1971−1985) and more recently


(2002−2003, 2011; Table 1).


Pelagic fish and jellyfish


Our definition or ‘forage fish’ generally follows


 Pikitch et al. (2012): highly productive pelagic plank-

tivores that maintain small (<300 mm) body size
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throughout their life cycle. Puget Sound’s pelagic


waters are home to at least 7 native species that we


categorized as forage fish: Pacific herring Clupea


pallasii, surf smelt Hypomesus pretiosus, sand lance


Ammo dytes hexapterus, three-spine stickleback


Gasterosteus aculeatus, longfin smelt Spirinchus


thaleichthys, eulachon Thaleichthys pacificus, and


northern anchovy Engraulis mordax. The latter 3 are


much rarer in occurrence than the first 4 (Penttila


2007, Rice et al. 2012), and eulachon is currently
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Time period Principal Basins Number Site Tow duration Time of Reference

investigator(s) of tows selection (min) day (% of tows) (if available)


1971–1972 Stober & Salo W 131 Continuous tows 3−5 Day (89) Stober & Salo (1973)

1974−1976 Fresh R 86 Index sites 10 Night (98) Fresh (1979)

1974−1985 Penttila S, C, W 494 Index sites 5−15 Night (94)

2002 Fresh C 17 Index sites 10 Night (53)

2003 Rice S, C, W, R 392 Index sites 10 Day (99) Rice et al. (2012)

2011 Greene S, C, W, R 257 Index sites 5−10 Day (100)


Table 1. Summary of Kodiak trawl datasets in Puget Sound, Washington (USA), examined in this study. Basin abbreviations

are S: South Sound, C: Central Basin, W: Whidbey Basin, and R: Rosario Basin. The number of tows reflects the subset of


records used in data analysis, which included sampling done in the months of June to September only


Fig. 1. Kodiak surface trawl sampling sites in greater Puget Sound, Washington (USA), over 3 time periods: (A) 1971−1985

 (historical), (B) 2002−2003, and (C) 2011. Blue and green shades describe the extent of 4 sub-basins examined in this study

(labeled in A), and stippled white areas are sub-basins not examined. Inset map in (B) shows greater Puget Sound in the con-
text of its location in northwest North America and its larger Salish Sea bioregion. Sites included for analysis from the various

sampling efforts (see Table 1) are noted as different open shapes. In Panel C, black circles refer to major cities of different


population size based on data compiled in 2007
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listed as ‘threatened’ under the US Endangered


 Species Act.


A broad diversity of other species share pelagic


habitats with forage fish in Puget Sound, although


these species differ in their life history and manage-

ment, and their variation in abundance or distribu-

tion is likely to be distinct from changes in forage fish


populations. Benthic fish species that occasionally


occur in the upper water column and are caught in


surface trawls include flatfish such as starry flounder


Platichthys stellatus, perches (Embio tocidae), rock-

fishes (Sebastes spp.), bay pipefish Syngnathus lep-

torhynchus, and sculpin (Cottidae) (see Table S1 in


the Supplement at www. int-res. com/ articles/ suppl/


m525 p153 _ supp. pdf). As these fish prefer bottom


habitats, surface trawl sampling is not expected to


accurately assess their presence, abundance, or dis-

tribution throughout Puget Sound. Nevertheless,


many trawl samples included members of these


groups, and some of these species share similar


trophic roles as forage fish at particular life stages


(e.g. post-larval stages of sculpin). We grouped these


benthically-oriented species into a ‘demersal’ group


for the purposes of coarse comparison to overall for-

age fish catch per unit effort (CPUE, n min−1).


In addition to various demersal species, 7 species of


salmon and trout (Oncorhynchus spp.) have juvenile


life stages in Puget Sound that overlap in space and


time with forage fish. These salmon populations—


prized as adults in commercial and recreational fishe -

r ies—have been extensively supplemented by hat -

che  ries, with large variation in production practices


over the last 50 yr. Partly as a result of changes in hat -

chery practices, salmon captured in earlier historical


surveys (pre-1990) were not well differentiated as


hat chery or wild fish, nor were salmon consistently


identified to species. As with demersal species, sal -

monids were therefore classified into a ‘salmon’ group


for comparing abundance and distribution with


forage fish CPUE.


In addition to fish, at least 6 species of gelatinous


zooplankton or ‘jellyfish’ are common in Puget Sound


and large enough to be sampled by Kodiak trawls:


water or crystal (Aequorea spp.), moon Aurelia labia -

ta, cross Mitrocoma cellularia, lion’s mane Cyanea


capillata, fried-egg Phacellophora camtschatica, and


umbrella Clytia gregaria jellyfish. In addition to the


cnidarian jellyfish, ctenophore comb jellyfish (Pleu-

robrachia spp.) are quite common. While these spe-

cies vary in their diets and other habits, they were not


well distinguished by fisheries researchers until


recently and were lumped into a general category of


‘jellyfish’ when biomass was recorded (Rice et al.


2012). To assess changes in jellyfish biomass, we


focused on large jellyfish catches (which were con-

sistently recorded), and compared them with recent


data meeting the same high-biomass criteria.


Integrating trawl data


Fish datasets


We obtained counts of forage fish, salmon, and


benthic species from historical monitoring efforts that


employed Kodiak trawls to sample fish and other


organisms in surface nearshore pelagic waters


(Table 1, Fig. 1). A Kodiak trawl net (cod-end mesh


size of 6 mm) is deployed at the surface by 2 boats via


50 m towlines connected to vertical metal posts, and


sweeps a 3.1 m high × 6.1 m vertical plane in the


water column when fully open (Rice et al. 2012).


Trawling programs included an extensive multi-year


survey primarily in South Sound and Central Basin,


and targeted surveys of Skagit Bay in Whidbey Basin


(Stober & Salo 1973), and embayments of the Rosario


Basin and the nearby San Juan Islands (Fresh 1979).


We compared data from these historical surveys to


extensive recent surveys in 2003 and 2011 (Reum et


al. 2011, Rice et al. 2012) that sampled all 4 basins.


Site selection depended upon each survey’s purpose,


but some historical sites were revisited in the recent


surveys. Because historical surveys were usually


conducted from June through September, we restric -

ted data from both historical and recent surveys to


those 4 months to reduce seasonal variation.


The primary differences across sampling efforts


were in trawl duration and time of sampling. Trawl


duration ranged from 3 to 15 min in the 1970s and


from 5 to 10 min in recent surveys (Table 1). In earlier


historical surveys, the majority of sampling occurred


at night, but more recent surveys were largely con-

ducted during the day. While trawl duration can be


corrected readily by calculating CPUE (i.e. n min−1),


correcting for differences in time of sampling is more


complicated. Diel vertical movements are common


for many pelagic species as a way to track food re -

sources and avoid predation, and can result in statis-

tically different catch rates between day and night


(Krutzikowsky & Emmett 2005). The difference in


time of sampling between historical and recent sur-

veys necessitated careful examination of day:night


ratios and adjustment of daytime catch data.


Each dataset typically contained a number of day


to night comparisons conducted at the same sites


within 24 h. Comparisons from these paired tows
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provided a means to test whether


species-specific diel activity patterns


in fluenced catch. Using Wilco xon sig -

ned rank tests, we compared whether


mat ched samples of organisms were


similar in day and night at the same


sites. Surprisingly, most species did


not exhibit significant differences in


day and night CPUE, except Pacific


sand lan ce (nocturnal), salmon (diur-

nal), and benthic species (nocturnal;


Table 2). Nevertheless, ratios of


day:night CPUE averaged across sites


could be substantial, and at least 1


species (long fin smelt) was comple te -

ly absent in the entire dataset of day


tows.


Hence, we used the day:night ratios


to develop 3 representations of the


data: raw CPUE, CPUE from night


sampling converted to day values


(Day CPUE), and CPUE from day sampling con-

verted to night values (Night CPUE). Day CPUE pro-

vides the fullest complement of information because


night sampling has higher species diversity, while


Night CPUE re tains much of the actual historical


catch values. We tested for temporal and spatial con-

trasts in these 3 data representations, and found that


species abundance and composition for all 3 repre-

sentations were strongly correlated with each other


in space and time. Hence, any conclusions about


broad changes in forage fish or jellyfish abundance


and distribution over time are not likely to have been


affected by the time of day of sampling. For consis-

tency, we report forage fish results in terms of Day


CPUE to maximize inclusion of species.


Consistent biases could also potentially result from


vagaries in deployment and towing protocols be -

tween historical and recent surveys. If such differ-

ences existed, we expected these to most directly


 affect the size distribution of fish captured (i.e. faster


tow speeds or more efficient deployment and retrieval


of the net should result in catches of larger fish). We


examined differences between the size distribution of


juvenile herring caught in the broadest historical sur-

vey (D. Penttila’s cruises, see Table 1) and the most


recent surveys (Greene et al.’s cruises, Table 1) in


July, a month dominated by young-of-the year her-

ring. We found that the minimum (t = 16.5, p < 0.01),


average (t= 19.1, p < 0.01), and maximum (t= 9.2, p <


0.01) lengths (summarized by tow) were greater in


the 2011 surveys compared to 1976 to 1985 surveys.


These differences persisted even when adjusted by


average size measured a month earlier to correct for


measurement biases and year-specific differences in


juvenile growth (e.g. due to annual variation in tem-

perature or food availability). Hence, catch efficiency


appeared greater for recent survey protocols.


Jellyfish


Measurements of jellyfish catches in surveys have


improved over time. During the 1970s and 1980s, jel-

lyfish biomass was often not measured. The excep-

tion to this was in Central and South Sound surveys


in cases where jellyfish dominated the catch. In 2003,


Rice et al. (2012) measured total jellyfish biomass for


each catch, and in 2011, biomass of each species was


measured. Because of the historical measurement


bias, analysis of temporal changes in jellyfish neces-

sitated a different approach than we used for fish. We


first examined the distribution of biomass for which


jellyfish were measured in historical surveys, and


found that jellyfish catches were consistently re -

corded only when their biomass was equal to or


greater than 250 g during a 10 min tow. We therefore


calculated the frequency of historical tows which sur-

passed this biomass criterion. Because the historical


estimate was made solely on data collected at night,


we applied the ≥250 g threshold rule to Night CPUE


(based on biomass for jellyfish) for 2003 and 2011


catches to determine whether the frequency of large


jellyfish catches changed over time. We used this


threshold to filter the entire dataset, allowing us to
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Taxon Number Night Day N:D Standard

of site CPUE CPUE error of

pairs the ratio


Pacific herring 34 4.94 12.44 1.46 0.33

Surf smelt 21 2.42 3.71 2.44 0.73

Pacific sand lance* 11 20.84 17.90 1.16 —

Three-spine stickleback 24 5.3 7.03 2.14 0.70

Longfin smelt 0 — — — —

Northern anchovy 9 0.14 0.01 19.68 —

Eulachon 0 — — — —

Salmon* 50 0.86 1.80 1.51 0.54

Demersal species* 8 25.87 10.37 8.171 2.89

Jellyfish 13 1965.27 1745.05 6.52 1.38


Table 2. Summary of day and night differences for species and species classes

in historical and recent tows conducted in greater Puget Sound, Washington

(USA). Mean night and day catch per unit effort (CPUE; n min−1) are across all

sites where day and night tows were paired. Average night-converted-to-day

ratio (N:D) was computed by site first before averaging. Asterisks indicate sig-
nificant differences between night CPUE and day CPUE in matched samples


of organisms (*p < 0.05, Wilcoxon signed rank test)
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examine above-threshold CPUE (kg min−1) at the res-

olution of individual tows.


Anthropogenic and natural influences


We tested the hypothesis that anthropogenic or cli-

mate drivers have impacted forage fish and jellyfish


abundance over time. Given the variety of potential


impact pathways through which humans might affect


forage fish and jellyfish and the few degrees of free-

dom afforded by a discontinuous time series of forage


fish and jellyfish in Puget Sound, we focused on 2


simple and direct metrics of anthropogenic influence:


human population density and harvest of forage fish


from commercial fisheries. Population density was


derived from county estimates of the Washington


State National Census surveys (http://wagda.lib.


washington. edu/data/type/census/) measured each


decade from 1900 through 2000 and yearly there-

after. We calculated annual human population den-

sity for years before 2000 by interpolating between


decade values (see Fig. S1 in the Supplement). Hu -

man population density for each of the 4 sub-basins


was obtained by averaging densities of their sur-

rounding counties.


Herring and surf smelt have historically been com-

mercially harvested, and relatively small operations


continue. We summarized annual commercial land-

ings data available from the Washington State


Department of Fish and Wildlife (Stick & Lindquist


2009; K. Stick pers. comm.) by sub-basin. Although


recreational fisheries exist on herring, smelt, and


anchovy, estimates of effort and harvest have been


episodic and geographically focused; thus we could


not consider this source of mortality.


In order to examine whether forage fish and jelly-

fish patterns of abundance could be ascribed to


 geographic or large-scale climate drivers, we sum-

marized several metrics: the North Pacific Gyre


Oscillation (NPGO), the Pacific Decadal Oscillation


(PDO), the Southern Oscillation index (SOI), and the


Upwelling Index (UWI) at Neah Bay off the outer


entrance to the Strait of Juan de Fuca. The NPGO


describes oscillations of sea level pressure and tem-

perature across the North Pacific Ocean (Di Lorenzo


et al. 2008; data available at www.o3d.org/npgo/).


The SOI measures the atmospheric properties of El


Niño based on sea level pressure changes in the


south Pacific Ocean (Trenberth & Caron 2000; data at


www.pfel.noaa.gov/products/). The PDO summa-

rizes long-term patterns in temperature and precipi-

tation in the Pacific Northwest arising from a combi-

nation of climate drivers in the Pacific Ocean, and


has a periodicity of 20 to 30 yr (Mantua et al. 1997).


The UWI summarizes vectors of wind speed and


direction, with positive values representing stronger


north winds favorable for upwelling along the Pacific


coast (Schwing & Mendelssohn 1997; data available


at www.pfel.noaa.gov/products/).


In addition, we used bathymetric datasets (Fin-

layson et al. 2000) in ArcGIS to estimate the average


depth for each site, using a 1 km radius buffer around


sampling locations with land screened out. Bathy-

metric data were not available for 5 sites; for these


we used average depth measured during sampling.


Datasets on local or basin-scale water quality charac-

teristics (e.g. temperature, turbidity, dissolved oxy-

gen) were lacking for early years, so they were not


included as predictors.


We averaged values of climate indicators May


through August to match the season of maximum


growth for forage fishes, but also examined for


potential time lags by comparing patterns with meas-

urements averaged across January to April. Correla-

tions of climate drivers with forage fish and jellyfish


abundance metrics were uniformly stronger for the


May through August time period, so we report these


relationships only.


To reduce potential biases resulting from collinear-

ity of predictors, we screened variables for strong


correlations. Pearson correlations indicated signifi-

cant covariation among climate indices (Table 3), and


NPGO was the only variable strongly correlated (p <


0.05) with the other metrics (see also Fig. S1). In con-

trast, climate indicators were not strongly correlated


with sub-basin anthropogenic stressors, with 1 sub-

basin exception (commercial landings in South


Sound correlated with NPGO and PDO). Conse-

quently, we used 3 variables for statistical analysis


with forage fish CPUE: NPGO, human population


density, and commercial landings.


We compared depth, climate, and anthropogenic


predictors to metrics of forage fish and jellyfish sta-

tus: total forage fish CPUE (combined count of all


 forage fish species caught per minute), and above-

threshold jellyfish CPUE (biomass per minute for


tows with jellyfish ≥250 g). Annual metrics of forage


fish abundance were compared with annual metrics


for climate, abiotic, and commercial landings data.


Statistical analyses


We used univariate and multivariate techniques to


describe temporal and spatial differences in species
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composition and abundance. One of the challenges


in comparing different datasets is accounting for


inherent differences in the total number of samples


(e.g. tows) and sampling locations. Therefore, to


examine differences in CPUE for individual forage


fish species between historical (1971−1985) and re -

cent (2002−2003, 2011) datasets, we used Kolmo -

gorov- Smirnov (KS) tests to compare cumulative dis-

tribution functions of herring, surf smelt, sand lance,


and stickleback catch, the 4 species for which we had


sufficient data in each basin. Significant test results


indicated species and basin combinations exhibiting


the largest differences in abundance between the 3


different time periods.


Next we conducted multivariate analysis using


non- metric multidimensional scaling (NMDS) to vis -

ualize differences in overall species composition be -

tween historical and recent datasets. NMDS is an


ordination technique that uses an iterative approach


to converge on the best representation of relation-

ships among samples and has outperformed many


other ordination techniques in the analysis of com-

munity datasets (Clarke 1993, Clarke & Warwick


2001, McCune et al. 2002). We conducted the ordina-

tion using Bray-Curtis similarity coefficients from


log-transformed CPUE for all 6 forage fish species


averaged at the level of Month × Basin × Time Period


(Historical vs. Recent), and calculated the dissimilar-

ities to indicate sub-basins with the largest shifts in


species composition over time. Note that to examine


and correct for potential biases due to differences


between datasets in site selection, number of trawls,


and seasonal timing of trawls, we averaged CPUE


data in 3 combinations: (1) Month × Basin × Time


Period, (2) Year × Basin × Time Period, and (3) Year ×


Site. All sets of aggregations produced similar pat-

terns in basin level change over time periods, so for


purposes of brevity we focused our analysis using the


first combination. Analyses of similarity (ANOSIMs)


were performed using PRIMER software (Clarke &


Gorley 2006) to detect changes in species composi-

tion within and among sub-basins. In addition, we


tested for differences in multivariate dispersion


(PERMDISP) between historical and recent condi-

tions to determine whether compositional variation


changed within sub-basins.


We used linear mixed effects models to test for


effects of climate and anthropogenic pressures on


total forage fish CPUE and above-threshold jellyfish


CPUE. Mixed effects models are powerful statistical


tools that are robust to missing data across time or


sites (Zuur et al. 2009). Our analysis included site and


month within site as random effects to account for


variation across sampling efforts. We used 8 models


to examine the relative influence of predictors mod-

eled as fixed effects. The first model examined geo-

graphic predictors only (sub-basin and depth). The


second model added NPGO as the best representa-

tive regional climate variable. Model 3 added the


effect of commercial landings, Model 4 included


human population density, and Model 5 included


both human population density and commercial


landings. Models 6 and 7 added interactions of sub-

basin with commercial landings and human popula-

tion density, respectively. Model 8 included both


interactions. We compared models using Akaike’s


information criterion (AIC), with the criterion of po -

tential good models as those with ΔAIC < 7 (Burnham


& Anderson 2002). For all analyses, total forage fish


CPUE, above-threshold jellyfish CPUE, and commer-

cial landings were (log+1)-transformed, and human


population density was log-transformed.


RESULTS


How dominant are forage fish in the nearshore


pelagic ecosystem?


Forage fish CPUE exhibited strong spatial and tem-

poral trends, and other species exhibited lower abun-
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SOI NPGO PDO UWI


NPGO 0.53*

PDO −0.60* −0.60*

UWI −0.18 −0.49* 0.18


Human population density

South 0.00 0.22 0.08 0.00

Central −0.01 0.21 0.08 −0.01

Whidbey −0.04 0.18 0.13 0.01

Rosario −0.01 0.21 0.09 0.00


Commercial landings

South −0.24 −0.47* 0.36* 0.11

Central 0.06 0.12 −0.04 −0.10

Whidbey 0.04 0.11 −0.04 0.09

Rosario 0.13 −0.01 −0.18 0.03


Table 3. Pearson correlations of climate metrics and 2

anthropogenic stressors affecting Puget Sound, Washington

(USA), across the time period of this study. Correlations

among climate metrics (43 years) were computed independ-
ent of sub-basin, while correlations of climate metrics and

anthropogenic stressors (42 years) were specific to sub-
basin. SOI: Southern Oscillation index, NPGO: North Pacific

Gyre Oscillation, PDO: Pacific Decadal Oscillation, UWI:

Upwelling Index. Asterisks indicate significant covariation


of measures with climate indices (*p < 0.05)
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dance and less variation (Fig. 2). Of the 3 main


classes of fish captured in surface trawls (Fig. 2A−D),


forage fish dominated catches and were historically


at least an order of magnitude greater in abundance


than salmon, the second-most common component of


catch. In recent surveys, salmon catches have ex -

ceeded those of forage fish in South Sound and Cen-

tral Basin (Fig. 2A,B), but forage fish still dominate in


the northern basins (Fig. 2C,D). Within forage fish,


Pacific herring, surf smelt, and Pacific sand lance


dominated catch (Fig. 2E−H), but some of these spe-

cies exhibited apparent declines even within the his-

torical time period surveyed. Demersal fish repre-

sented the greatest diversity of catch (Table S1), but


individual species were collected infrequently. Rela-

tive abundance of the 3 species groups appeared to


shift over time within particular basins, and even


when relative abundance of species groups stayed


the same, contributions of particular species some-

times changed. In particular, herring historically


dom inated Rosario Basin but have exchanged this


position with three-spine stickleback in recent sur-

veys (Fig. 2H).


Has the distribution of species-specific catch


changed over time in different basins?


Examination of the pattern of species-specific


CPUE across all tows revealed strong changes in the


abundance of the more common species, and these


temporal changes were basin-specific (Fig. 3). Cum -

ulative distribution functions of CPUE for 4 forage


fish species revealed over 5 orders of magnitude


 variation in abundance over space and time. Despite


this variation, we observed strong (p < 0.05) species-

 specific differences in the distribution of CPUE


across sampling time periods for each basin. South
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Fig. 2. Catch per unit effort

(n min−1) of 3 species classes

and forage fish species over

time in Puget Sound, Wash-
ington (USA). (A,E) South

Sound, (B,F) Central Basin,

(C,G) Whidbey Basin, and

(D,H) Rosario Basin. (A−D)

Mean ± SE annual catch per

minute for forage fish (closed

circles), salmon (open cir-
cles), and demersal fish (grey

circles) in 4 basins of Puget

Sound. (E−H) Mean catch per

minute for herring (black cir-
cles and solid thick black

line), surf smelt (large gray

circles and dashed gray line),

Pacific sand lance (small gray

circles and solid gray line),

three-spine stickleback (open

circles with black dotted

line), and northern anchovy

(small black dots and solid

black line). Vertical dashed

lines denote large gaps in

data collection. See Table S2

in the Supplement for data
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Sound (Fig. 3A−D) exhibited declines in both herring


and surf smelt over time, as CPUE in both 2003 and


2011 sampling events differed from historical sam-

ples. For surf smelt, these differences amounted to


over an order of magnitude change in median and


maximum CPUE, and a similar loss in the probability


of at least 1 individual captured. However, sand


lance and stickleback did not exhibit major declines,


and showed evidence of increases in CPUE in 3 of 4


sub-basins (Fig. 3, Table 4).


Has community composition


 paralleled changes in


species-specific catch?


Following from the species-specific


results, multivariate analysis of CPUE


for all 6 species detected strong shifts


in forage fish assemblage structure


over time and space. When plotted in


multi-dimensional space using NMDS


(stress = 0.11), historical data (1971−


1985) were tightly clustered, with


recent data (2002−2011) exhibiting a


‘fan’ of divergence (Fig. 4). The pri-

mary drivers of variation (as shown by


the species vectors) between historical


and recent time periods were reduc-

tions in herring and surf smelt CPUE


(Fig. 4). Multivariate centroids of his-

torical and recent time periods were


significantly different when tested


using 2-way ANOSIM (global R = 0.75,


p < 0.01).


Changes in the multivariate centroids for each sub-

basin between recent and historical time periods


were also significant (2-way ANOSIM, global R =


0.32, p < 0.01). This divergence over time was largely


explained by the large and significant change in dis-

persion or variation around the centroid (PERMDISP


p < 0.05) in South Sound and Central Basins, as well


as directional change in the centroid of each sub-

basin (Fig. 4, Table 5). The ordination indicates that
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Herring Surf smelt Sand lance Stickleback

1971−1985 2002−2003 1971−1985 2002−2003 1971−1985 2002−2003 1971−1985 2002−2003


South

2002−2003 0.73* 0.42* 0.09 0.25

2011 0.69* 0.07 0.35* 0.12 0.07 0.12 0.17 0.12


Central

2002−2003 0.72* 0.13 0.17 0.30*

2011 0.75* 0.17 0.08 0.07 0.20* 0.04 0.33* 0.08


Whidbey

2002−2003 0.31* 0.44* 0.25* 0.16*

2011 0.19* 0.43* 0.24* 0.42* 0.04 0.25* 0.37* 0.34*


Rosario

2002−2003 0.25 0.54* 0.27* 0.24

2011 0.59* 0.53* 0.13 0.49* 0.62* 0.48* 0.33* 0.14


Table 4. Kolmogorov-Smirnov test results for differences in cumulative distributions across datasets, for 4 forage fish species

in 4 basins in greater Puget Sound, Washington (USA). *p < 0.05


Fig. 4. Compositional change in Puget Sound (Washington, USA) forage fish

based on 2-dimensional ordination of catch per unit effort (CPUE) for 6 spe-
cies in historical (black symbols) and recent (white symbols) time periods.

Species vectors are overlaid (dotted lines with arrows pointing in the direc-
tion of higher abundance) and describe the direction of change for that spe-
cies and importance (vector length) of the species to the overall ordination.

Each symbol represents the Bray-Curtis similarity scores aggregated by

basin (see legend for symbols), month (June−September), and historical

(1971−1985) vs. recent (2002−2011) time periods. Like a spatial map, larger


distances among points indicate lower similarity
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increasing cross-basin variation between time peri-

ods was related primarily to sand lance and stickle-

back abundance (Fig. 4).


While differences in the composition of forage fish


species were significant (p < 0.05) in 3 of the 6 histor-

ical sub-basin comparisons, similarity scores were


fairly high (Table 5). All sub-basins exhibited signifi-

cant within-basin compositional change, but South


Sound and Central Basin (the 2 more populous sub-

basins) exhibited much lower similarity between his-

torical and recent time periods than Whidbey and


Rosario Basins. Consequently, more recent sampling


exhibited greater divergence across sub-basins, and


the only comparison that did not exhibit significant


divergence was that between Whidbey and Rosario


Basin (Table 5).


Have jellyfish catches changed over time?


We detected evidence for large increases in the


proportion of jellyfish-dominated catches in at least 2


sub-basins. Large catches of jellyfish increased from


27% to over 90% in South Sound, and from 10% to


61−92% in Central Basin (Fig. 5A), and these


changes were highly unlikely to have occurred by


chance (binomial tests, p < 0.001). However, above-

threshold CPUE did not exhibit strong annual trends


over time (Fig. 5B).


Do forage fish and jellyfish catches track changes


in anthropogenic and natural pressures?


Measures of forage fish and jellyfish status (total


forage fish CPUE and above-threshold jellyfish


CPUE) showed evidence of tracking natural and


anthropogenic pressures, and anthropogenic pres-

sures were the most informative predictors. In partic-

ular, the highly urbanized Central Basin exhibited a


negative trend as a function of human population


density (Fig. 6A), with the 3 other sub-basins show-

ing a similar negative relationship but at lower popu-

lation densities. In contrast, relationships between


NPGO and total forage fish CPUE were quite vari-

able across sub-basins, although a negative relation-

ship was suggested across sub-basins (Fig. 6B). Com-

parisons of 8 models of total forage fish CPUE all


revealed a strongly positive relationship with local


depth and a negative relationship with regional


NPGO (Table 6). However, geographic and climate


signals were relatively poor predictors on their own,


and the best models of total forage fish CPUE in -

cluded strong negative relationships with both com-

mercial landings and human population density.


Based on changes in ΔAIC, human population den-

sity had much better explanatory power than com-

mercial landings (ΔAIC between Models 3 and 2 =


8.15, ΔAIC between Models 4 and 2 = 105.86), al -

though both variables additively explained variation


in total forage fish CPUE. We found particularly
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South Central Whidbey Rosario


South 13.3* (2.3) 78.6 63.0 63.3*

Central 27.0* 22.1* (6.3) 66.6* 72.0*

Whidbey 22.6* 34.3* 59.4* (0.7) 69.9

Rosario 27.4* 20.3* 65.4 52.6* (0.9)


Table 5. Bray-Curtis similarity scores averaged across basin,

month, and historical (1971−1985) vs. recent (2002−2011)

time periods. Dark gray cells compare historical data

between basins, light gray cells compare historical with

recent data within the same basin, and white cells compare

recent data between basins. Parenthetical values indicate

the ratio of dispersion (recent:historical) of the multidimen-
sional centroids. Asterisks indicate significant differences


(*p < 0.05, ANOSIM)


Fig. 5. (A) Proportion of tows with jellyfish biomass >250 g

for each sampled basin in Puget Sound, Washington (USA),

by year. (B) Geometric mean of catch per unit effort (CPUE;

kg min−1) for tows surpassing the 250 g threshold. Note


log-scale in (B)
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strong support (model probability > 0.99) for a model


that included geographic, climate, and anthropo -

genic variables as well as an interaction of sub-basin


with human population density. As shown in Fig. 6A,


this interaction produced a strong correspondence of


model predictions with actual observations of a dis-

tinct relationship between forage fish CPUE and


human population density in Central Basin com-

pared to the other 3 sub-basins.


In contrast, above-threshold jellyfish CPUE exhib-

ited no strong geographic or climate effects, and was


positively related to human population density


(Table 6, Fig. 6). The best model (Model 7, model


probability > 0.98) was the same as for forage fish,


although significance tests indicated strong effects of


only basin, commercial harvest, and human popula-

tion density, and the basin × population density inter-

action were strong predictors (p < 0.05). Intriguingly,


jellyfish CPUE was negatively associated with forage


fish harvest. The positive relationship of human pop-

ulation density and jellyfish (Fig. 6C) exhibits an


apparent decline at the highest levels of human pop-

ulation density, and the pattern of CPUE with NPGO


(Fig. 6D) was highest during average NPGO years,


suggesting possible unimodal effects of both predic-

tors upon jellyfish CPUE.


DISCUSSION


Our analysis provides evidence for substantial


changes in abundance and composition of Puget


Sound forage fish populations during the last 40 yr,


and suggests concurrent increases in the occurrence


of large jellyfish aggregations in some sub-basins.


Some species like Pacific herring and surf smelt ex -

hibited declines within basins, while other species


such as Pacific sand lance, three-spine stickleback,
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Fig. 6. (A,B) Total forage fish catch per unit effort (CPUE; n min−1) and (C,D) jellyfish geometric mean CPUE (kg min−1) for

tows surpassing 250 g in South Sound, Central Basin, Whidbey Basin, and Rosario Basin in Puget Sound, Washington (USA),

as a function of human population density (A,C) and NPGO (B,D). Open symbols are actual observations, and small gray


symbols are predicted values based on the best mixed effects model
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and species of jellyfish exhibited increases in catch.


Two of the 4 sub-basins we examined, viz. South


Puget Sound and the Central Basin, showed greater


divergence from historical conditions than the others,


but all sub-basins appear to have undergone some


change in composition, and these changes were cor-

related with human population density. Consequent -

ly, species composition in surface pelagic waters has


apparently shifted from a state of relative similarity to


one of high divergence among the sub-basins of


Puget Sound (Fig. 4).


Potential causes of change in abundance and


composition


Our results suggest that some sub-basins have re-

duced capacity to support forage fish that were


highly abundant historically, and these patterns are


consistent with additional studies documenting de -

clines at adult life stages (Penttila 2007). Intriguingly,


the magnitude of decline reported here is greater


compared with the pattern in adult herring estimates,


which suggests that compensatory processes after


early stages mute overall population impacts on co -

horts. Our findings agree with observations of large-

scale spatial and temporal covariation in forage fish


(Hare et al. 1999, Reum et al. 2011, Gröger et al. 2014)


or jellyfish (Condon et al. 2013) communities. We


found a strong negative relationship between forage


fish CPUE and NPGO, and climate-driven patterns


have been substantiated for other forage fish popula-

tions in the northeastern Pacific Ocean (Reum et al.


2011, Liztow et al. 2014). However, large-scale cli-

mate indices like NPGO were insufficient to ex plain


the substantial variation in forage fish CPUE across


Puget Sound’s sub-basins, which was better pre -

dicted by accounting for anthropogenic influen ces.


One explanation for compositional shifts is an in -

crease in mortality of younger forage fish life stages


(eggs, larvae, and other juvenile stages) resulting


from anthropogenic impacts to shoreline areas,


either through loss of critical spawning habitat or


prevalence of pollutants that are particularly detri-

mental to early life-history stages (Rice 2006, West et


al. 2008, Landis & Bryant 2010, Shelton et al. 2014).


Other explanations for anthropogenic causes of high -

er mortality are losses of preferred zooplankton prey


due to nutrient inputs, eutrophic state, and hypoxia


(Parsons & Lalli 2002).
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Model Inter- Basin Depth NPGO Commer- Human Basin Basin ΔAIC Probability

cept cial population × × of


landings density landings density model


Forage fish

1 + +/− + 233.31 <0.0001

2 + +/− + − 126.93 <0.0001

3 + +/− + − − 118.78 <0.0001

4 + − + − − 21.07 <0.0001

5 + +/− + − − − 15.59 0.0004

6 + − + − − + + 72.22 <0.0001

7 + − + − − − +/− 0.00 0.9954

8 + − + − − − +/− +/− 10.74 0.0046


Jellyfish

1 + +/− +a 8.69 0.0127

2 + +/− +a +a 13.39 0.0012

3 + +/− +a +a − 16.81 0.0002

4 + +/− +a +a −a 14.17 0.0008

5 + +/− +a +a a 16.93 0.0002

6 + +/− +a +a − − +/− 12.01 0.0024

7 − +/− −a −a − + +/− 0.00 0.9824

8 NA NA NA NA NA NA NA NA — —


ap > 0.05


Table 6. Results of mixed-effects models of combinations of predictors listed as columns. Signs indicate direction of effects of

predictors on total forage fish catch per unit effort (CPUE; n min−1) or above-threshold jellyfish CPUE (kg min−1). Unless oth-
erwise noted, all parameter values strongly differed from 0 (p < 0.05). Predictors that included Basin had 3 parameter estimates

and so could have both positive and negative effects (+/−). Models are compared using the difference in Akaike’s information

criterion (ΔAIC) and the probability of the model based on the ΔAIC (best model shown in bold). Values listed as ‘NA’ for


Model 8 indicate that the model did not converge on a solution. NPGO: North Pacific Gyre Oscillation
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These very conditions are also hypothesized to


benefit jellyfish because they are more tolerant than


forage fish to these states (Parsons & Lalli 2002, Pur-

cell et al. 2007, Richardson et al. 2009). In turn, jelly-

fish may impact forage fish by competing with them


for zooplankton prey (Brodeur et al. 2008, 2014) or


even consuming early life stages (Purcell & Arai


2001). We did detect positive effects of human popu-

lation density on jellyfish CPUE, and increases in the


prevalence of large catches over time. However, we


also observed reduced jellyfish CPUE in the most


urbanized basin, suggesting that the highest levels of


human population density may impact jellyfish as


well as forage fish. It should be noted that the histor-

ical data did not discriminate among jellyfish species,


leaving no opportunity to investigate potential com-

positional changes. Although not impacting the gen-

eral conclusions of our study, the implications should


be considered within a range of potential composi-

tional shifts (e.g. increases in a single large-bodied


species such as Cynea) corresponding with the pat-

terns we observed.


We also detected some influence of commercial


harvest on forage fish and jellyfish CPUE. Extensive


commercial harvest of forage fish has been implica -

ted as a cause of declines in forage fish abundance


across the world (Pikitch et al. 2012) and in the North


Pacific in particular (Litzow et al. 2014), as well as


increases in jellyfish biomass resulting from re lease


from predation (Purcell & Arai 2001) or com petition


(Daskalov 2002). Mixed effects models  suggested


that commercial landings were less consequential


than human population density, although both were


important predictors of forage fish and jellyfish


CPUE.


Commercial landings do not account for recreatio -

nal harvest, which is more related to human popula-

tion density than commercial fishing. Recreational


harvest of forage fish is not rigorously controlled in


the state of Washington (e.g. 10 lbs [~4.5 kg] of for-

age fish d−1 person−1 [all species combined], no fish-

ing license required for smelts), and landings are not


well-quantified for surf smelt, herring, sand lance, or


anchovy. Data collected from 1980 to 2003 as part of


a national recreational fisheries survey (Ihde et al.


2011) suggest that annual recreational harvest of for-

age fish in the region was 0.2−36% of commercial


harvest across this time period and increased over


time. Although recreational harvest is considered


low for most species (Bargmann 1998), its impact on


populations remains unclear.


Examining species-specific increases and declines


over time offers additional insight into the potential


drivers of change in composition and overall abun-

dance of forage fish. We found evidence for declines


in both surf smelt and Pacific herring, and increases


in sand lance and stickleback. Surf smelt and herring


share at least 3 characteristics: both are common in


the pelagic water column, both are large enough to


be sought by large predators including people, and


both spawn exclusively in nearshore and intertidal


zones. Following from these traits, these 2 species


may be particularly sensitive to pelagic water quality


problems, seabird and marine mammal predators,


commercial and recreational fisheries, and shoreline


buildout and hardening. In contrast, while sand lance


are beach spawners, neither sand lance nor stickle-

back are targets for recreational or commercial har-

vest (development of a sand lance fishery is in fact


disallowed by Washington Department of Fish and


Wildlife policy), and stickleback in particular are re -

latively tolerant to environmental stress and pollu-

tants (Deegan et al. 1997).


An alternate but non-exclusive hypothesis explain-

ing spatial changes in CPUE over time is a change in


cross-basin movement rates by forage fish and jelly-

fish (Bilkovic & Roggero 2008). For example, forage


fish may inhabit turbid areas to reduce risk of preda-

tion without greatly reducing prey consumption


(DeRobertis et al. 2003), or prefer areas with higher


arthropod zooplankton abundance, better tempera-

ture patterns, and higher dissolved oxygen to im -

prove growth conditions. If such variables exhibited


directional change over the time period of this study,


changes in composition among sub-basins may re -

flect changes in movement (see Reum et al. 2013)


into other sub-basins. Behavioral shifts may not be as


severe an ecological impact as hypothesized changes


in mortality or recruitment of forage fish, but they


would nevertheless point to a reduction in the capa -

city of some sub-basins within Puget Sound to sup-

port forage fish, and consequently would still be of


high concern to fisheries management entities.


Potential methodological differences over time


Our findings should be considered in light of


methodological differences between recent and his-

torical datasets. We examined 3 such differences that


could influence results: day versus night sampling,


spatial variation in sampling locations, and vessel/


gear deployment effects. When corrected for day−


night differences, we found that our metrics were


insensitive to different assumptions about activity


patterns of individual species. Hence, while differing
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sampling times might influence the absolute level of


abundance for some species, the overall conclusions


of our study remain—i.e. that the abundance of cer-

tain species has changed over time in particular


basins, and that species composition has diverged


spatially over time.


Our findings were also robust to site-level varia-

tion. Despite variation in sampling sites in different


datasets, explicitly including site variation in the


analysis did not strongly influence interpretation of


changes in composition over time. We did find a


strong positive relationship between total forage fish


CPUE and depth, but depths sampled did not differ


strongly over time, and inclusion of the parameter


improved model fit.


The third potential methodological challenge, viz.


that gear was deployed or trawled in different ways,


is the most difficult to test directly because cruise


methodologies are confounded with time (historical


versus recent). However, several observations sug-

gest that methodological differences are likely not


strong factors. First, consistent geographic variation


has been observed in forage fish abundance and


composition within sets of cruises where methodo -

logy has been constant. Cruises in 2003 and 2011


used similar methodology, yet in both years we ob -

served high jellyfish abundance in the Central Basin


and South Sound and low abundance of forage fish,


and the reverse in Whidbey and Rosario Basins (Rice


et al. 2012). Our findings are also consistent with


observed declines in spawning adult herring within


Puget Sound (Penttila 2007, Stick & Lindquist 2009),


which have been measured consistently over longer


time periods. Finally, we tested for differences in


capture efficiency by examining size distributions in


historical compared to recent surveys; recent proto-

cols were more efficient in capturing fish, a pattern


opposite what we would expect if gear efficiency


changes accounted for differences in recent and his-

torical fish abundance. While we cannot rule out the


influence of methodological biases, the evidence


suggests that these biases are small, especially in


light of the very large observed differences in fish


abundance and species composition.


IMPLICATIONS


Our finding of strong divergence from a similar


 historical species composition across sub-basins has


several important implications. These patterns are


consistent with other research suggesting that


anthropogenic influences can simplify community


structure (Tewfik et al. 2005, Lotze et al. 2006),


reducing resilience of particular areas (Thrush et al.


2008) to support forage fish populations. Scientists


and managers working to understand and remediate


impacts on forage fish populations in coastal and


estuarine areas may benefit by incorporating anthro-

pogenic factors and spatial scale into their analysis.


This information can also help inform and prioritize


protection and restoration actions. For example, our


study suggests that Rosario and Whidbey Basins are


relative hotspots for forage fish production, so habitat


protection measures of nearshore habitats within


these basins might improve resilience of the larger


Puget Sound forage fish complex. Likewise, areas


with relatively low urbanization within South and


Central Basin might be better targeted for large-

scale restoration efforts (Simenstad et al. 2011).


In addition, our study suggests that discontinuous


data sets can be valuable for determining ecosystem


change. Long-term (>50 yr), continuous datasets re -

lating to status of forage fish, jellyfish, and other


aquatic systems are rare. Even fewer environments


provide opportunities to establish paleorecords (e.g.


Baumgartner et al. 1992, McKechnie et al. 2014) of


population fluctuations over time scales surpassing a


few human generations. Nevertheless, a wealth of


data on aquatic systems was collected 40 to 60 yr ago


(e.g. Teal 1962, Sutcliffe 1972, Allen & Horn 1975,


Miller et al. 1977, Turner 1977), even though many


such studies were short in duration. In the face of


both local anthropogenic pressures and global cli-

mate change (Collie et al. 2008), examination of


these datasets with newly collected information


should shed further light on the breadth of ecological


changes in our aquatic systems (Lotze et al. 2006).


Our analysis also suggests areas for important


future research in other anthropogenically influen -

ced estuary and coastal environments. Further study


is needed on interactions between forage fish and


jellyfish and how they may be exacerbated by


anthropogenic changes to marine habitats. Likewise,


inverse trends in abundance of forage fish and


salmon (Fig. 2) beg the question of whether large


pulses from hatcheries influence forage fish popula-

tions through competition or predation at sensitive


life stages (Stewart et al. 1981). Additionally, the re -

lative impacts of recreational versus commercial


 harvest on forage fish populations need better quan-

tification (Ihde et al. 2011). Ecosystem models with


scenarios that test for multiple anthropogenic im -

pacts (Fulton et al. 2011, Kaplan et al. 2012) may help


resolve their relative and cumulative risk upon for-

age fish and their prey, competitors, and predators.
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