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Abstract Blooms of jellyfish around the world have

been correlated with climatic variables related to

environmental causes. Sizeable populations of large

medusae, primarily Chrysaora fuscescens and Aequo-

rea sp., appear annually in shelf waters of the

Northeast Pacific Ocean. Previous research has shown

that C. fuscescens is abundant seasonally in the inner

shelf and exhibits high feeding rates on zooplankton.

We examined medusae caught in surface trawls over

an 8-year period (2000–2007) using (1) mesoscale

surveys sampling 8–10 transects in May, June, and

September, and (2) biweekly surveys along two

transects from April to August, relating abundance

to environmental parameters. C. fuscescens abun-

dances generally peaked in late summer, whereas

Aequorea sp. peaked in May or June. General additive

models of the mesoscale data indicated that station

catches for both species correlated with latitude,

temperature, salinity, and distance from shore (and

chlorophyll a for Aequorea sp.). Analysis of interan-

nual variability revealed that highest catches of

medusae correlated with cool spring–summer condi-

tions, or negative anomalies of the Pacific Decadal

Oscillation, and low winter–summer runoff from the

Columbia River. Results confirmed our hypothesis of

connections between jellyfish populations and regio-

nal climate conditions in a region known for strong

physical forcing of ecosystem processes.

Keywords Jellyfish � Chrysaora � Aequorea �
Climate � Upwelling � California Current

Introduction

Gelatinous zooplankton remain understudied compo-

nents of marine ecosystems, largely due to difficulty in

collecting them with standard sampling gear (Purcell,

2009) and the perception that they represent trophic

dead ends in marine food webs (but see Purcell & Arai,

2001; Houghton et al., 2006b; Pauly et al., 2009).

Some studies have suggested that populations of these

taxa may be increasing worldwide (reviewed by Mills,

2001; Purcell, 2005, 2012; Purcell et al., 2007).

Consequently, fisheries and ecosystem scientists have

identified a need to document existing populations,

their role in food webs, and how they are affected by
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ecosystem stressors, such as eutrophication, overfish-

ing, exotic species introductions, and climate change

(Richardson et al., 2009).

Because they have fast growth rates, gelatinous

zooplankton respond quickly to variability in local or

regional environmental conditions, but general abun-

dance patterns and the mechanisms responsible for

those patterns have been difficult to discern. Although

some literature suggests that with warming climate

populations of large medusae will increase, the

evidence is equivocal (reviewed in Purcell, 2005,

2012; Purcell et al., 2007). For example, in the Bering

Sea, a dramatic increase in Chrysaora melanaster

Brandt 1838 was followed by a steep decline; mod-

eling studies suggest that these population changes

best correlate with ice cover, spring and summer sea

surface temperature, and wind mixing (Brodeur et al.,

2008a). In the Irish Sea, abundance of Aurelia aurita

Linnaeus 1758 and Cyanea spp. increased over a

16-year period and was positively correlated with sea

surface temperature and negatively correlated with

precipitation (Lynam et al., 2011). In contrast, in the

North Sea, some scyphomedusan populations corre-

lated with low temperature anomalies associated with

the negative North Atlantic Oscillation Index (Lynam

et al., 2004).

In this study, we examine the hypothesis that

populations of medusae in coastal upwelling systems

are closely tied to within-year environmental condi-

tions. The shelf waters of the Northern California

Current provide a particularly good system to look for

the influence of the environment on plankton popula-

tions. First, biological productivity is closely tied to

physical processes, in this case seasonal coastal

upwelling (Hickey & Banas, 2003; Checkley & Barth,

2009). Moreover, because many regional-scale inter-

disciplinary studies have been supported in the area

(e.g., US Global Ocean Ecosystem Dynamics and

River Influences on Shelf Ecosystems Programs),

there are rich data sets and synthetic activities, such as

index development, to draw from and add to (e.g.,

Batchelder et al., 2002; Hickey et al., 2010). Large

medusae are conspicuous in surface water in this

system and coupled with their fast growth rates, may

have potential to serve as an indicator species of

changing ocean conditions. Because the annual

growth period for these organisms is tied closely to

the months with upwelling winds, we hypothesize that

increases in populations may be more likely to have

linear relationships with seasonal environmental vari-

ables than other plankton with shorter generation

times (Hsieh & Ohman, 2006).

Large medusae appear annually off the coasts of

Washington and Oregon in the Northern California

Current (Suchman & Brodeur, 2005). Previous work

showed that large jellyfish, particularly the scyphome-

dusa Chrysaora fuscescens Brandt 1835 and the

hydromedusa Aequorea sp.,1 are seasonally abundant

in shelf waters (Shenker, 1984; Suchman & Brodeur,

2005) and that C. fuscescens can be an important

predator on zooplankton, particularly early stages of

euphausiids (Suchman et al., 2008). Because of

overlap in diet with co-occurring planktivorous fish

(Brodeur et al., 2008b), C. fuscescens may also be an

important competitor with these taxa and in turn may

indirectly impact other commercially important spe-

cies such as salmon (Ruzicka et al., 2007) and other

planktivorous fishes (Brodeur et al., 2011). Therefore,

factors that influence abundance of gelatinous taxa

have implications for broader ecosystem processes in

this and similar upwelling ecosystems. In this study,

analysis of a multi-year data set enabled us to examine

abundance and distribution of medusae in relation to

environmental variables in the Northern California

Current and determine whether relationships exist

between regional climate indices and interannual

patterns of jellyfish abundance. We hypothesize, as

demonstrated for other ecosystems (Lynam et al.,

2005, 2010; Brodeur et al., 2008a), that large medusae

are highly opportunistic and will therefore respond

quickly to regional and local forcing factors.

Materials and methods

Data collection

Sampling locations were in surface, shelf waters of the

Northern California Current between Tatoosh Island,

1 Identity of this hydromedusan species in the Northern

California Current is not clear. Recent studies in the Northeast

Pacific have called it Aequorea victoria (Murbach and Shearer,

1902), but in here it will be called Aequorea sp. Claudia Mills

describes the confusion on her website as ‘‘a big problem and

has led to the use of at least three different species names

(Aequorea aequorea, A. forskalea, and A. victoria) in the

modern literature for what is very likely all the same animal in

the NE Pacific’’ (http://faculty.washington.edu/cemills/).
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Washington (48.4�N, 124.7�W) and Newport, Oregon

(44.6�N, 124.0�W; Fig. 1). Data were collected during

two types of cruises, 2000–2007: (1) mesoscale

cruises in May, June, and September sampled a grid

of 5–10 cross-shelf transects during daylight hours;

and (2) 8–10 biweekly nighttime cruises from April to

August collected data along only the Willapa Bay and

Columbia River transects (Fig. 1). Each transect

consisted of 6–8 stations, from the shallowest depth

practical using the trawl (*30 m) to approximately

50 km from shore, often extending beyond the con-

tinental shelf.

In addition, paired surface and midwater trawls

were conducted 21–22 June 2000 to compare catch of

medusae from the surface (to approximately 18 m) to

those from subsurface waters (approximately

20–40 m). Eight paired trawls were completed

between 0515 PST and 2330 PST at a station 13 km

from shore on the Columbia River transect (Emmett

et al., 2004).

At each station, medusae were collected using a

Nordic 264 rope trawl (30-m wide 9 18-m deep) built

by Nor-Eastern Trawl Systems, Inc., towed in surface

waters for 30 min at 1.5–2.0 m s-1 (approximately

5–7 km h-1). Start and end latitude and longitude

were recorded using Global Positioning System. Mesh

size of the trawl ranged from 162.6 cm at the throat to

8.9 cm at the cod end, with a 6.1-m long, 0.8-cm mesh

liner sewn into the cod end. Medusae were identified,

counted, and measured at sea immediately after

capture. Each species was weighed in aggregate (wet

weight), and individuals of each species were counted

and bell diameters measured (to nearest mm). For

exceptionally large hauls, a subsample (at least 50) of

each species was measured, counted, and weighed,

and the total number of medusae was calculated based

on total species weight for the haul (total num-

ber = subsample number 9 total weight/subsample

weight). Over the 8 years of the study, 1,746 trawls

collected data for this analysis (Table 1; Fig. 2).

Area trawled was calculated as the distance towed

(determined by start and end latitude and longitude,

corrected for the curvature of the earth) multiplied by

the mouth width of the trawl (0.03 km). Abundance of

Fig. 1 Locations of stations sampled (dots) during 2000–2007

along transects off the Washington (WA) and Oregon (OR)

coasts. The 200-m isobath is shown as a dashed line. Transect

name abbreviations: NP Newport, CH Cascade Head, CM Cape

Meares, CR Columbia River, WB Willapa Bay, GH Grays

Harbor, QR Queets River, LP La Push, FS Father & Son, TI
Tatoosh Island

Table 1 Annual FO and abundance (cumulative average) of

medusae in all trawls (mesoscale and biweekly)

Year FO Medusae

(km-2)

No. trawls

2000 0.54 3,633 170

2001 0.59 5,562 214

2002 0.66 3,272 220

2003 0.49 1,924 237

2004 0.73 3,245 230

2005 0.62 2,187 221

2006 0.67 1,667 252

2007 0.35 2,955 202
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medusae was reported as number km-2. Because of

the large number of zero catches at individual stations,

cumulative averages were used to report abundance

(km-2) by month or year unless otherwise noted.

Several environmental parameters were also mea-

sured at each station. The temperature and salinity

throughout the water column were determined using a

CTD deployed from 1 m below the surface to a depth

of either 100 m or 5 m off the bottom (for shallower

stations). In addition, during the mesoscale cruises,

chlorophyll a samples were collected from 3-m depth

using a Niskin bottle. Chlorophyll a values were

determined in the laboratory using fluorescence

measurements.

Statistical analysis

For the mesoscale cruises, we used generalized

additive modeling (GAM) to test the hypotheses that

both the occurrence and the abundances of the three

dominant species (Chrysaora fuscescens, Aequorea

sp., and Aurelia labiata Chamisso & Eysenhardt 1821)

are related to environmental variables at the local

(station) scale. GAM is a nonparametric regression

technique that does not assume an explicit functional

relationship between the dependent variable and the

covariates. Relationships between the response vari-

able and the covariates are modeled with nonparamet-

ric smooth functions (Hastie & Tibshirani, 1990).

Because of the large number of stations with no

jellyfish present (zero-inflated data), we used a two-

stage approach, first modeling presence/absence data

using a binomial distribution (Barry & Welsh, 2002).

Then we modeled the standardized densities of

dominant taxa assuming a normally distributed error

(Gaussian family and identity link) on loge(n ? 1)-

transformed data excluding the zero catches. Initial

covariates included: latitude (decimal degrees), bot-

tom depth at station (m), sea surface temperature (�C),

sea surface salinity, loge of chlorophyll a concentration

at 3 m (mg l-1), and distance from the coast (km). The

models also included two factors, month (May, June,

or September) and year (2000 through 2007), to

examine the significance of these temporal factors on

jellyfish catch. To decide which covariates to retain in

the final models, we applied a backward strategy based

on the minimization of the generalized cross validation

(GCV), a measure of the model prediction error (Wood

& Augustin, 2002; Wood, 2006). Only stations with all

variables available were used in GAM analyses.

We used linear regression to test interannual

variability of dominant jellyfish taxa in relation to

Fig. 2 Distribution of trawl sampling by year, month, and

transect. Mesoscale cruises were conducted over 10 days in

May, June, and September 2000–2007, covering 10 cross-shelf

transects. Biweekly 2-day cruises were conducted April–August

2000–2007 along Columbia River and Willapa Bay transects
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regional-scale environmental conditions. The monthly

Pacific Decadal Oscillation (PDO) index was accessed

from the University of Washington’s Joint Institute for

the Study of the Atmosphere and Ocean (http://jisao.

washington.edu/pdo/), and monthly streamflow for the

Columbia River (Beaver Army Terminal) was

obtained from the US Geological Survey (http://water

data.usgs.gov/nwis/uv?14246900). For both the

dependent and the independent variables, annual

anomalies were calculated as deviation from the

means over the 8 years of the study.

Results

Abundance and size patterns

In this region, distribution and abundance of five

species of medusae varied among the 8 years of the

study (Table 1). In 2007, only 35% of trawls caught

medusae (the lowest frequency of occurrence (FO))

compared with 73% in 2004. Magnitude of catch also

varied, from a cumulative average of 1,667 km-2 in

2006 to 5,562 km-2 in 2001. FO and abundance were

not correlated (P [ 0.05), indicating variability in

distribution, as well as number of medusae. The

scyphomedusa Chrysaora fuscescens dominated, with

catches an order of magnitude higher than the next

most abundant species, the hydromedusa Aequorea sp.

(Table 2). These two species were each caught in

about 40% of trawls, when 66% contained at least one

large medusa. Aurelia labiata was much less abundant

and was present in nearly 20% of trawls. Repeated

stratified trawls showed no significant difference in

jellyfish catch between surface (to approximately

18 m) and subsurface (approximately 20–40 m)

waters (Fig. 3).

Separating catch by month showed a seasonal

pattern of abundance for the two most commonly

caught species (Fig. 4). Over the 8 years of the study,

Table 2 FO and abundance of medusae by species collected

during mesoscale cruises, reported as cumulative averages and

standard deviations across years (2000–2007) (n = 951)

Species FO (±SD) Medusae (km-2) (±SD)

Chrysaora
fuscescens

0.42 ± 0.15 2,930 ± 1,417

Aequorea sp. 0.40 ± 0.21 217 ± 177

Aurelia labiata 0.19 ± 0.18 20 ± 33

Other medusae 0.10 ± 0.11 2 ± 1

Total medusae 0.66 ± 0.19

The ‘‘other’’ category of large medusae consisted of

Phacellophora camtschatica (Brandt, 1835) and Cyanea
capillata (Linnaeus, 1758)

Fig. 3 Stratified tows showed no difference in catch of

Chrysaora fuscescens or Aequorea sp. from surface versus

subsurface trawls (n = 8, paired t-test P [ 0.05). Sampling was

conducted June 21–22, 2000 at a station 8 nm from shore on the

Columbia River transect

Fig. 4 Chrysaora fuscescens and Aequorea sp. caught in trawls

by month for all years (n = 1,746)
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Chrysaora fuscescens was not abundant in April or

May and had relatively low abundances in June.

Populations peaked in July and August, with relatively

high numbers remaining in September at the end of the

sampling season. Aequorea sp. showed a different

pattern. Following low abundances in April, Aequorea

sp. numbers peaked in June and declined in July and

into late summer months. These seasonal patterns

were relatively consistent, despite interannual vari-

ability in the magnitude of jellyfish populations

(Fig. 5).

Bell diameters for all three species increased with

month of sampling (Kolmogorov–Smirnov compari-

son of distribution, P \ 0.05 for each species, each

month) (Fig. 6). Average size of C. fuscescens

increased from 12.6 cm in May to 17.3 cm in

September, with most growth between May and June,

earlier than the population increase (Figs. 4, 6). The

two next most abundant species, Aequorea sp. and

Aurelia labiata, increased in size later in the season

(between June and September), although sample sizes

for A. labiata were much smaller than for the other two

species. Aequorea sp., though larger in September,

were also much less abundant (Figs. 4, 6). Bell

diameter analysis for this species was restricted to

2001, 2002, 2003, and 2005, as sample sizes were

small in September during other years. In addition, a

few very large Aequorea sp. individuals ([20 cm)

were caught in September 2004, 2006, and 2007.

Fig. 5 Chrysaora fuscescens and Aequorea sp. caught in trawls

by month and year. Number of trawls available in Fig. 2

Fig. 6 Average bell diameters of medusae caught during

mesoscale cruises, 2001–2007, by species and month. Averages

and standard deviations are across years (Aequorea sp. data are

for 2001, 2002, 2003, and 2005 only)
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Maps of peak seasonal abundance in contrasting

years provide snapshots of interannual variability, as

well as differences in distribution between taxa.

Figure 7 compares September 2001 and 2006 for

Chrysaora fuscescens and Fig. 8 compares June 2001

and 2006 for Aequorea sp. In both years, the highest

catches of C. fuscescens were at nearshore stations,

whereas Aequorea sp. was more widely distributed

across the shelf. More medusae were caught during

2001 than 2006 (Table 1). For C. fuscescens, a higher

proportion of stations in the inner shelf had high

catches in September 2001 (Fig. 7). In contrast, during

June 2001, Aequorea sp, particularly along the north-

ern transects, were caught at the shelf break. In June

2006, Aequorea sp. were more abundant and more

widely distributed (Fig. 8).

Relationship to environmental variables

Results of GAM analysis for the mesoscale data

showed station-specific nonparametric relationships

with environmental conditions (Table 3). Presence–

absence analysis of the full data set (n = 876)

explained approximately 38% of Chrysaora fusces-

cens variance. The model included latitude, station

depth, salinity, and distance offshore. The binomial

models for Aequorea sp. and Aurelia labiata explained

relatively little variance and showed few significant

covariates or factors (Table 3). The models using only

stations with medusae present proved much more

useful. For Chrysaora fuscescens, 49% of the deviance

in catch was explained for the 381 stations with

complete data available for analysis. Chrysaora

fuscescens abundance was nonlinearly related to

latitude, with a peak in abundance around 47�N and

smaller catches to the north and south in our sampling

grid (Fig. 7). Abundance was highest at moderate

salinities, and negatively correlated with both SST and

distance from shore. Significant temporal factors also

included all months and the majority of years (not

2000, 2003, or 2006). For Aequorea sp., the GAM

explained 37% of the deviance (n = 364). Catches

were lowest at mid-latitudes (46–47�N; Fig. 8), with

higher abundances at higher salinity and SST. Aequo-

rea sp. abundance showed negative relationships with

other variables, including both distance from shore

and chlorophyll a. Temporal factors were significant

for May and September and some years (2001, 2004,

2005, and 2007). Finally, for Aurelia labiata

(n = 179), 28% of the deviance was explained in the

Fig. 7 Chrysaora fuscescens abundance and distribution

(medusae km-2) during mesoscale cruises in September 2001

and 2006. Stations sampled are represented by a dot

Fig. 8 Aequorea sp. abundance and distribution (medusae

km-2) during mesoscale cruises in June 2001 and 2006. Stations

sampled are represented by a dot
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model, with higher abundances at moderate salinities,

relatively low and high chlorophyll a, and inner shelf

and shelf-break stations. Catches of A. labiata were

significantly related to SST. May and September were

significant temporal factors for this species, with no

significant interannual variability (Table 3).

The aggregate catch of medusae in the region

varied among years, with the highest abundances in

2001 and lowest in 2006 (Table 1). Multiple linear

regression related the annual anomalies of medusan

catch to the PDO (May–August), and to streamflow of

the Columbia River (January–August) (P \ 0.05,

radj
2 = 0.93), where

Medusae km�2 ¼ 3309� 328� PDO anomalyð Þ
� 0:002 streamflow anomaly ft3 s�1

� �
:

PDO and Columbia River streamflow were not

correlated (P [ 0.05). Years with negative anomalies

in PDO and streamflow were associated with highest

catches of medusae (Fig. 9).

Chrysaora fuscescens, the most abundant species in the

region, drove the overall relationship (multiple regression

of anomalies with PDO and Columbia River streamflow:

P\0.001, radj
2 = 0.95). The multiple regressions with

anomalies of Aequorea sp. (P = 0.06, radj
2 = 0.54) and

Aurelia labiata (P = 0.76, radj
2 = 0) were not significant.

Discussion

A number of scientific studies and reports in popular

literature suggest that for a variety of reasons,

Table 3 Results of GAM based on presence/absence (binomial model) and the natural log of positive catches (Gaussian model) for

Chrysaora fuscescens, Aequorea sp., and Aurelia labiata

Covariates Presence/absence Natural log of positive catches

Chrysaora
fuscescens

Aequorea sp. Aurelia
labiata

Chrysaora
fuscescens

Aequorea sp. Aurelia
labiata

Latitude (decimal degrees) (?/-)** n.s. (-)** (?/-)** (-/?)* n.s.

Station bottom depth (m) (-/?)** n.s. n.s. n.s. n.s. n.s.

Sea surface temperature (�C) n.s. (?)** n.s. (-)** (?)* (-)*

Sea surface salinity (?/-)* n.s. n.s. (?/-)** (?)** (?/-)**

Chlorophyll a (mg l-1, 3 m) n.s. (-)* n.s. n.s. (-)** (-/?)*

Distance from shore (km) (-)* n.s. (-)* (-)** (-)* (-/?)**

Factors Levels

Month May n.s. n.s. ** n.s. ** **

June ** n.s. n.s. ** ** n.s.

September ** n.s. ** ** * *

Year 2000 n.s. * n.s. n.s. * n.s.

2001 * n.s. n.s. ** * n.s.

2002 ** n.s. n.s. ** n.s. n.s.

2003 * n.s. * n.s. n.s. n.s.

2004 ** n.s. n.s. ** * n.s.

2005 * n.s. n.s. ** n.s. n.s.

2006 n.s. ** n.s. n.s. ** n.s.

2007 ** n.s. n.s. ** n.s. n.s.

Sample sizes 876 876 876 381 364 179

Deviance explained (%) 37.7 11.4 17.7 49.0 37.1 28.1

Significance values for each covariate and factor/level are coded as follows: * P \ 0.05; ** P \ 0.01; n.s. P [ 0.05. In parentheses

are relationships with covariates (?, increasing; -, decreasing; ?/-, nonlinear concave; -/?, nonlinear convex). The bottom rows

contain sample sizes and percentage of deviance explained by the final model
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populations of gelatinous zooplankton are increasing,

and these increases may lead to a shift in coastal or

ocean food webs (Parsons & Lalli, 2002; Lynam et al.,

2005; Richardson et al., 2009). Although some studies

have linked changes in jellyfish populations with

fluctuations in climate (reviewed in Purcell et al.,

2007; Purcell, 2012), there remain relatively few

published multi-year data sets to support generalized

assertions (Pauly et al., 2009). Therefore, research to

identify species- and region-specific population sizes

and trends is sorely needed to establish baseline

information and support or refute hypotheses about the

roles of medusae in marine ecosystems and whether or

how their population sizes are changing.

Several sampling challenges make quantifying

populations of large medusae particularly difficult

(Purcell, 2009). Smaller nets used for crustacean

zooplankton often do not filter enough water to

quantify larger gelatinous taxa and usually destroy

more delicate organisms. Video from towed or

remotely operated systems can be useful (Raskoff,

2001; Graham et al., 2003), particularly to determine

fine-scale horizontal or vertical distribution, but these

methods often do not cover large spatial scales

effectively. Other noninvasive methods, such as

acoustics (Brierley et al., 2005; Graham et al., 2010)

or surface counts via observers or aircraft (Houghton

et al., 2006a), must be compared with other collection

methods for quantitative accuracy and species com-

position. A growing number of studies use data

collected with a continuous plankton recorder (CPR)

to correlate time series for zooplankton presence or

absence with climate indices (e.g., Edwards & Rich-

ardson, 2004); however, the CPR was designed to

capture much smaller plankton, and identification or

quantification of gelatinous taxa, usually from pre-

served tentacles, must be interpreted with caution

(Haddock, 2008; Baxter et al., 2010; Lynam et al.,

2010).

Some of the best time series data have come from

trawls deployed for fisheries-independent surveys,

when fisheries scientists have identified and counted

medusae caught incidentally (Lynam et al., 2004,

2011; Brodeur et al., 2008a); however, these data are

best thought of as semi-quantitative, as the nets are

selective with respect to size and behavior of the biota.

The surface trawl used in this study sampled only the

top *20 m, and the mesh size near the trawl opening

was large enough so that some of the smaller medusae

may not have been caught. Another challenge is that,

like other marine organisms, medusae are patchy in

space and time. One methodological concern with

using surface trawls is that medusae may be aggre-

gated below the sampled depth or may migrate beyond

the surface layer in response to light or temperature

cues (Schuyler & Sullivan, 1997; Sparks et al., 2005).

More directed studies might reveal fine-scale detail in

vertical distribution patterns, but preliminary analysis

of diel patterns (Suchman & Brodeur, 2005) and

stratified trawls (present study) suggest that surface

trawls in this region are not biased across time of day

or across the upper 40 m of the water column.

Furthermore, even when interannual variability in

medusa populations has been measured, mechanisms

responsible for that variability remain difficult to

identify. One reason for this is that scyphozoans

alternate between benthic, asexual polyps and

planktonic, medusan forms. Therefore, changes in

Fig. 9 Yearly anomalies of total jellyfish catch (all species),

PDO index (May–August), and Columbia River streamflow

(January–August, ft3 s-1). Anomalies were calculated as

deviations from the means over the 8 years of the study
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abundance of medusae in the water column could be

caused by factors influencing either or both stages.

Identifying correlations with environmental or eco-

system variables allow scientists to form hypotheses

and begin to test potential mechanisms underlying

variability in populations. Understanding these mech-

anisms will allow us to distinguish between true

‘‘blooms’’ of jellyfish, which reflect rapid reproduc-

tion and growth rates and apparent bloom conditions

caused by physical aggregations of organisms (Gra-

ham et al., 2001). Various hypotheses have been tested

to link medusa abundance with environmental and

ecosystem variables. These include the influence of

temperature, salinity, and light on asexual reproduc-

tion or mortality of the polyp stages of scyphomedusae

(Purcell, 2007; Purcell et al., 2007, 2012; Liu et al.,

2009; Astorga et al., 2012; Holst, 2012; Thein et al.,

2012); advection of ephyrae or medusae (Suchman &

Brodeur, 2005; Lynam et al., 2010); physiological

challenges associated with low salinity (Wright &

Purcell, 1997); and availability of prey or abundance

of competitors (Lynam et al., 2011).

We observed some correlations with local environ-

mental variables by species and station within the

study area. Because only 28–49% of the deviance in

species distribution was explained through GAM

analysis, it is clear that fine-scale distributions are

difficult to predict using only the variables included.

Chrysaora fuscescens was the dominant medusan

species in the region, and its distribution was the one

best explained by GAM analysis. As in the shelf region

immediately to the south (Suchman & Brodeur, 2005),

C. fuscescens catch was highest close to shore

(distance covariate was significant). Suchman &

Brodeur (2005) postulated that nearshore distribution

minimized downstream transport in this highly advec-

tive system. In general, primary productivity in this

study region is higher to the north, off the coast of

Washington (Hickey & Banas, 2003; Hickey et al.,

2010), and yet C. fuscescens abundances were higher

off the Columbia River and, during years with highest

abundances (e.g., 2001), to the south (Fig. 7). Catches

of C. fuscescens were also correlated with latitude

(Table 3), with highest abundances at mid-latitude

transects near the Columbia River. Other studies have

suggested that fronts created by the Columbia River

plume could aggregate plankton and serve as areas

of enhanced feeding potential for juvenile salmon

(Morgan et al., 2005; Peterson & Peterson, 2008).

Similar processes could lead to local retention of large

medusae.

When medusa catch data were aggregated by year,

variability among the 8 years of the study showed a

strong negative correlation with the PDO and Colum-

bia River streamflow (Fig. 9). The PDO represents sea

surface temperature variability poleward of 20�N,

with negative anomalies associated with the relatively

cool conditions associated with stronger upwelling. In

the Northern California Current, upwelling occurs

when surface water is pushed offshore by northerly

winds via Ekman transport and colder, nutrient-rich

deeper water replaces it. Studies in the region have

demonstrated a correlation between negative PDO, or

cool conditions, and ‘‘good years’’ for coho salmon

and northern copepod species (Peterson, 2009). This

study demonstrates that in the Northern California

Current, large medusae had a similar response to the

PDO as other marine organisms: cool years corre-

sponded with periods of high productivity. A similar

pattern has also been demonstrated or suggested for

medusae in coastal upwelling areas in other regions of

the world (e.g., Buecher & Gibbons, 2000; Miglietta

et al., 2008; Quiñones et al., 2010). These results in

upwelling systems are important in the context of

global jellyfish populations because they run counter

to the prevailing trend for temperate species that warm

temperatures lead to increased numbers. Large-scale

environmental indices that we did not include such as

the El Niño/Southern Oscillation (ENSO) Index may

negatively affect jellyfish populations through

decreased plankton productivity or positively affect

biomass in terms of increased growth rates through

higher temperatures. We did not include ENSO in our

model because none of the values during the years we

included (2000–2007) were highly anomalous. Longer

time series would be required to reveal larger-scale

climate and population trends such as ENSO.

The negative correlation between Columbia River

streamflow and catches of large medusae in the study

area was surprising to us. The relationship was most

obvious when comparing 2000 versus 2001 or 2006

versus 2007. In each of these 2-year pairs, the PDO

anomalies were similar, yet Columbia River stream-

flow was substantially different. In 2001, an anoma-

lously dry year, catch of medusae was higher than in

2000; in 2006, a relatively wet year, catch was lower

than in 2007. Despite the potential for aggregation

within fronts created by the plume, a larger area of
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stratification of surface waters during high flow years

may lead to changes in vertical distribution of

medusae (but see Fig. 3; Peterson & Peterson, 2008)

or increase transport away from nearshore retention

areas. Conversely, years with low Columbia River

streamflow may allow Chrysaora fuscescens to remain

closer to shore and less prone to downstream transport.

A few other studies have also shown negative

relationships between abundance of medusae and

precipitation or streamflow (Cargo & King, 1990;

Purcell & Decker, 2005; Lynam et al., 2011), with a

number of possible mechanisms presented to explain

these correlations.

Despite our lack of full understanding of the

underlying mechanisms at work, the strong relation-

ships we found in this 8-year data set supports the

hypothesis of the importance of physical forcing in

regulating medusan biomass at a regional scale.

Moreover, we demonstrate that these seasonally

increasing populations have linear relationships with

environmental variables on a similar time scale, as

predicted by the ‘‘linear tracking window’’ hypothesis

(Hsieh & Ohman, 2006). The availability of these

indices by the middle of the summer of each year

could allow us to make near real-time predictions of

interannual variability of medusae in the Northern

California Current and frame future research to

explain causal relationships.

Conclusions

In this study, we analyzed surface trawls conducted

during spring and summer in the Northern California

Current from 2000 through 2007, reporting seasonal

and interannual patterns of abundant large medusae in

relation to small- and regional-scale environmental

variables. Our results indicate that these populations

respond to regional climate parameters, the PDO and

Columbia River streamflow, with highest aggregate

abundances associated with cool and relatively dry

conditions. These findings run counter to the hypoth-

esis that resident jellyfish populations would increase

with warm conditions in the Northern California

Current. Instead, conditions supporting high regional

productivity (years with strong upwelling) lead to high

abundances of gelatinous zooplankton as well as other

taxa. These data, when considered with what we know

about fish communities (Brodeur et al., 2005) and

trophic interactions (Miller & Brodeur, 2007; Brodeur

et al., 2008b; Suchman et al., 2008), provide a better

understanding of ecosystem processes and the poten-

tial effects of climate variability in this highly

productive region. Finally, we suggest that jellyfish

biomass can be one of the most sensitive indicators of

changing ecosystem status as shown for other ecosys-

tems worldwide (Richardson et al., 2009; Samhouri

et al., 2009) and should be continued to be monitored

in this and other ecosystems.
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