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Abstract
Aim

Understanding the fundamental drivers of species’ range edges has been a core question in ecology and
biogeography for centuries and has taken on new urgency in the Anthropocene. Yet, range edges can
rapidly shift over large distances, complicating long-term study of their dynamics. This is especially true
in marine systems, where ranges may move hundreds of kilometers from one year to the next and where
biodiversity monitoring programs are limited.

To fill this gap, we synthesized nearly 120 years of records of marine invertebrate poleward range
extensions in the eastern North Pacific to examine their prevalence and association with interannual
environmental variability.

Location

Eastern North Pacific Ocean: 23°N - 60°N

Time Period

1903-2020

Major Taxa Studied

Marine invertebrates.

Methods

We collated a database of poleward range extensions of marine invertebrates through a systematic review
of peer-reviewed literature and reports from California Cooperative Oceanic Fisheries Investigations. We
then analyzed the frequency and geographic distance of range extensions over time and in association
with the El Nifio Southern Oscillation and the 2014-2016 marine heatwave.

Results

The final dataset comprised 153 poleward range extensions from 68 species. We found that the episodic
range extensions were significantly associated with El Nifio, and that further extensions occurred during
stronger El Nifio events. Twenty-two percent of the range extensions were during the 2014-2016 large
marine heatwave, far more than in the years preceding or following it.

Main Conclusions

Our synthesis underscored that across many years and taxa, episodic range extensions were not isolated
curiosities but signals of how climate variability and warming are continuously reshaping marine
ecosystems. Gaining greater insight into short-term redistribution events and their interplay with long-

term ecological change including range shifts is essential for forecasting long-term biogeographic change
and for designing adaptive management strategies in a warming ocean.

Keywords: climate extreme, coastal ecosystem, historical ecology, marine invertebrate, range limit,
species redistribution, California Current
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1. Introduction

Marine environments experience environmental variability across daily to interannual timescales, from
short-lived extreme events (e.g., marine heatwaves, cold spells) to recurring climate oscillations (e.g., El
Nifo Southern Oscillation, North Atlantic Oscillation). Species responses to environmental variability
include changes in geographic distributions (Pinsky, Selden, & Kitchel, 2020; Harvey, Marshall, Harley,
& Russell, 2022; Fredston et al., 2025). These redistributions may be transient, representing dispersal
beyond established ranges without successful establishment, or they may constitute the earliest stages of
range shifts if repeated arrivals and persistence subsequently occur (Soifer et al., 2025; Bates et al., 2014;
Zinmeister, 1974; MacArthur, 1972). Most global change research on range edges has focused on
decadal-scale shifts and concordance with ocean warming (Fredston et al., 2021).

Despite their importance, short-term redistributions remain difficult to characterize because they require
repeated observations across broad geographic extents that span historical biogeographic boundaries, yet
such long-term, large-scale datasets are uncommon (Hughes et al., 2021). Marine systems provide an
informative setting for these questions because species exhibit diverse dispersal strategies and constraints,
creating the potential for different redistribution responses to the same climatic events (Cowen &
Sponaugle 2009). Understanding how environmental variability influences range extensions therefore
requires study systems that combine long-term biodiversity observations with recurring environmental
variability across broad spatial scales and taxa.

Marine invertebrates are well suited to these questions because they encompass a wide range of dispersal
strategies. Many have planktonic larvae that can be transported long distances by changing ocean currents
(Cowen & Sponaugle 2009; Shanks, 2009; Pineda, Hare & Sponaugle, 2007; Kinlan & Gaines, 2003),
whereas others have short larval durations or direct development. This diversity allows us to examine how
species across a wide range of dispersal capacities are responding to the same climatic forcing.

The eastern North Pacific presents an opportunity to study patterns in short term redistribution events
because it combines a long history of biodiversity monitoring programs such as the California
Cooperative Oceanic Fisheries Investigations (CalCOFI) with recurrent climate events including El Nifio
Southern Oscillation (ENSO) and marine heatwaves (MHW) (Sanford, Sones, Garcia-Reyes, Goddard, &
Largier, 2019; Cavole, Demko, Diner, Giddings & Koester, 2016; Lluch-Belda, Lluch-Cota & Lluch-
Cota, 2005; Mearns, 1988; Hubbs,1948). Paleontological records in the eastern North Pacific indicate that
many warm-affinity marine taxa occupied more poleward distributions during past warm interglacial
periods than they do today, demonstrating that substantial redistributions have occurred repeatedly in this
system over geological timescales (Roy, Jablonski, & Valentine, 1995; Mubhs et al., 2022). Whereas
paleontological records capture the cumulative outcomes of climatic change over thousands of years,
recurrent ENSO events and marine heatwaves provide contemporary natural experiments for examining
redistribution events as they occur. These events alter ocean circulation and elevate sea surface
temperatures by up to 2 °C, allowing evaluation of how short-term environmental variability influences
species’ range edges (Cavole et al., 2016; Di Lorenzo & Mantua, 2016; Jacox et al., 2016; Gentemann,
Fewings & Garcia-Reyes, 2017; Sanford et al., 2019; Harvey et al., 2022; Cimino et al., 2021; Soifer et
al., 2025).

Beyond its extensive monitoring history and environmental variability, the eastern North Pacific also
contains several well-recognized biogeographic transition zones, including Cape Flattery, Cape
Mendocino, Point Conception, and Punta Eugenia, where many species reach historical range limits and
community composition changes over relatively short spatial scales (Valentine, 1966; Spalding et al.,
2007; Blanchette et al., 2008; Krumhansl et al., 2023, Drake et al., 2011). These transition zones provide
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a natural context for evaluating whether environmental variability is associated with temporary excursions
beyond established distributions.

Marine invertebrate range shifts associated with environmental variability have been documented
globally, including contemporary tropicalization and thermophilization linked to climate warming
(Burrows et al., 2019; Zarzyczny, Rius, Williams & Fenberg, 2024b). In the eastern North Pacific,
observations spanning more than 75 years have documented distributional changes and poleward range
extensions associated with environmental variability, from early reports (Hubbs, 1948; Zinsmeister, 1974;
Mearns, 1988; Lluch-Belda et al., 2005) to recent studies of the 2014-2016 marine heatwave and
concurrent El Nifio (Cavole et al., 2016; Sanford et al., 2019; Cimino et al., 2021; Wonham & Hart, 2018;
Starko et al., 2025). Together, these studies demonstrated that climatic anomalies can coincide with rapid
species redistributions, but because they largely focused on individual events, habitats, or subsets of taxa,
they did not resolve how widespread poleward redistributions are across taxa, how frequently they
occurred over recent decades, or whether they consistently coincide with warming events rather than
occurring sporadically through time.

Here, we synthesized nearly 120 years of records of marine invertebrate poleward range extensions in the
eastern North Pacific from 23°N - 60°N to examine their association with ENSO and the 2014-2016
MHW. We conducted a systematic review of peer-reviewed literature and reports from scientific surveys
to generate a synthesized time-series of when, where, and which marine invertebrates were observed to
extend poleward. We analyzed whether these events more likely represented predictable biogeographic
responses to environmental variability or instead were chance occurrences. More specifically, we tested if
more poleward range extensions of marine invertebrates occurred during El Nifio events than expected by
chance; we tested if stronger El Nifio events resulted in geographically further extension distances; and
we tested if more poleward range extensions occurred during the 2014-2016 MHW interval than expected
by chance.

2. Methods

We collated a database of poleward range extensions, defined as the observation of one or more
individuals of a particular species occurring poleward of its historical range edge (see Section 2.4), of
marine invertebrates in the eastern North Pacific through a systematic review of reports from scientific
surveys and peer-reviewed literature (Fig. 1; Supp. Fig. 1; Supp. Table 1). We extracted narrative records
of invertebrate range extensions from the California Cooperative Oceanic Fisheries Investigations
(CalCOFI) documents, which describe environmental conditions and living resources of the California
Current formally since 1950, capturing observations made before ENSO was widely recognized. These
documents contain serendipitous records of unusual species occurrences that were noted by scientists
during quarterly oceanographic surveys along established survey lines extending about 500km offshore
from San Francisco Bay to San Diego, California. While these surveys are not designed to detect range
shifts or novel species, the reports note unusual biological occurrences in the context of the collected
oceanographic data by scientific teams familiar to those waters. We combined the observations extracted
from the historical reports with observations extracted from a systematic review of the peer-reviewed
scientific literature. Together, these sources cover a wide range of habitats and species. CalCOFI
primarily contributed observations of pelagic taxa, while the broader literature synthesis included range-
extension records across a wider diversity of habitats, including intertidal and nearshore benthic
environments. This synthesis assembled a comprehensive time series of poleward range extensions
observed within the past 120 years (see Section 2.2).

2.1 Geographic Extent

All records used in this analysis came from onshore or nearshore (i.e., coastal) observations of marine
invertebrates with range extensions in the eastern North Pacific (Fig. 1; Supp. Fig. 1; Supp. Table 2). The
eastern North Pacific has a high density of systematic and opportunistic oceanographic sampling,
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allowing us to minimize the influence of geographic variation in observation effort on reported range
extensions. We focused on species whose historical range edges (see Section 2.4) occurred between
approximately 23°N and 48°N. This criterion was applied only to the historical range edge; extension
events themselves were not geographically constrained, and the furthest north extension captured in this
study went to 60°N.

2.2 Systematic Literature Review

2.2.1 California Cooperative Oceanic Fisheries Investigations Review

We manually screened all available CalCOFI documents, including volumes 01-60 of their now-retired
publication (1950-2019) and the State of the California Current Reports published in Frontiers in Marine
Science (2020-2021). These sources, which we collectively refer to as the “CalCOFI documents,” include
narrative-form observations of unusual marine invertebrate occurrences as far back as 1926. We skimmed
all sections of the CalCOFI documents until we came across mention of an invertebrate, at which point
we did an in-depth reading of the section. Any paragraph or sentence was recorded when the reporting
author described an occurrence of an invertebrate that the author thought was unusual or poleward of the
species’ range. Information from these excerpts were converted into structured data, including species
identity, observation location, and observation date for each extension.

2.2.2 Peer Reviewed Literature Search

We systematically reviewed the wider scientific literature base for reports of any poleward extensions in
the eastern North Pacific. We developed iterations of search terms to map the literature and maximize the
number of relevant documents using the recommended scoping method from Foo, O’Dea, Koricheva,
Nakagawa & Lagisz (2021). The search returned articles relevant to the West Coast of North America
that included marine- and invertebrate-related terms as well as language indicating range shifts. The
search terms and methods regarding taxa name selection can be found in the supplementary
documentation.

We performed an additional opportunistic search wherein if poleward extensions discussed in a reviewed
article were from a referenced article, the referenced article was also included in the review (Harari,
Parola, Hartwell & Riegelman, 2020; Foo et al., 2021). The search resulted in a total of 409 peer reviewed
articles.

2.3 Inclusion Criteria

To be included in this study, observations from CalCOFI and the peer-reviewed literature had to meet the
following criteria: (1) involve a focal species (marine animal that was not a vertebrate, insect,
microscopic organism, parasite, or invasive species); (2) occur in or after 1900 and before 2025; (3) be a
poleward range extension; and (4) have a historical range edge (see Section 2.4) in the eastern North
Pacific (see Section 2.1). Of the 409 peer-reviewed articles, criterion 1 rejected 93 articles; criterion 2
rejected 31; criterion 3 rejected 184 articles; and criterion 4 rejected 34 articles. We excluded six peer-
reviewed articles because they were already reviewed in the CalCOFI documents screening. Additionally,
we deemed twenty-seven articles as ‘inconclusive’ (see Supplementary). This yielded 39 peer-reviewed
articles containing 272 distinct observations of range extensions of invertebrates in this region. The
CalCOFI documents (see Section 2.2.1) contained an additional 64 range extension observations.

For the systematic literature review, we assigned a confidence rating to each observation. If the
observation was at a never-before-surveyed or very-infrequently-surveyed location, the extension was
considered low confidence. If the observation was made at a frequently but irregularly surveyed location
(e.g., data from a citizen science platform), the extension was considered medium confidence. If the
observation was made at a frequently surveyed site by an expert, the extension was considered high
confidence. All CalCOFI records were classified as high confidence. Only the medium and high
confidence range extension observations were included in the analyses, reducing the literature review
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observations from 272 to 251. These criteria increase confidence that extension events reflect recent range
extensions rather than isolated observations of previously undocumented populations.

Merging the CalCOFI dataset and systematic review dataset, we totalled 315 observations of marine
invertebrate range extensions. We retained only the furthest-north observation of a single species in a year
to ensure a common temporal resolution (yearly), and if multiple observations occurred at the same
latitude, we retained the observation on the earliest date in the year. This de-duplication of the dataset
reduced the observations to 237. The exact location of observation was used when it was available. If
only general descriptions of the locations were available, we estimated the latitude (e.g. “the San Diegan
region” is assigned the latitude for San Diego, California). In a few instances, longitudes were provided in
reference to a coastal position (e.g., 45 miles off Coos Bay) and were estimated by hand with spherical
geometry. If longitude was not recorded, we snapped the observation latitudes to the coastline (R package
‘sf” v. 1.0.20, Pebesma, 2018; Pebesma & Bivand, 2023).

2.4 Historical Range Edge Classification

We defined a “historical range edge” as the poleward range edge position previously described for a
species in reference texts and/or the ecological literature. Not all of our primary sources of range
extension observations reported species-specific historical range edge locations; thus, we developed a
workflow to determine those independently. For each species identified as having a poleward extension
meeting our criteria (see section 2.3), we recorded the historical range edge from reference texts on
invertebrate distributions as they were available (41 of 68 species), using the extensions’ reference article
as a secondary source if necessary (27 of 68 species; Supp. Table 2; a list of the data sources is found in
Appendix 1). When sources described historical range edges qualitatively within the eastern North Pacific
rather than providing exact latitudes, we assigned representative biogeographic latitude values as follows:
‘southern California’ = 34.5; ‘warm to warm-temperate waters’ = 34.5; ‘southern species’ = 34.5;
‘tropical Pacific’ = 24 ‘Transition Zone Waters’ = 34.5; ‘Mexico’ = 32.5. For these latitude
classifications, we used the most poleward plausible latitude as a conservative estimate to reduce the
likelihood of falsely classifying observations as range extensions at the recognized cost of potentially
losing real extensions. While the designation of “southern species”, and “Transition Zone Waters” is
necessarily arbitrary, we selected Point Conception (~34.5°N) for both cases because it represents a major
oceanographic and biogeographic transition characterized by strong gradients in temperature, circulation,
and species composition along the eastern North Pacific coast (Valentine, 1966; Spalding et al., 2007;
Blanchette et al., 2008).

2.5 Filtering of Extension Observations & Extension Event Classification

After establishing historical range edges (see section 2.4), we filtered for observations (see sections 2.2,
2.3) poleward of species’ historical range edges, reducing the dataset to 228 observations. These
observations beyond historical range edges may have represented either transient occurrences or
successful establishment. Of these observations, 195 came from peer-reviewed articles and 33 came from
the CalCOFI documents (a list of the data sources is found in Appendix 2). If at least one individual of a
species was observed beyond its historical range edge for one or more consecutive years within the
synthesized data, this was classified as a single “extension event”. We considered the event to end when
the species did not have an observation in the synthesized dataset beyond the historical range edge for at
least one year (e.g., if pelagic red crab had observations beyond the historical range edge in 2002 and
2014, 2015, and 2016, we assigned two events: 2002 and 2014-2016). The 228 observations became 153
extension events. Some analyses below used only species with at least three distinct extension events,
which we termed “episodic extension events” of which there were 95.

2.6 Analyses
We tested whether the annual frequency of poleward extension events changed over time using a hurdle
model implemented in the R package pscl (v. 1.5.9; Jackman, 2024), because annual counts included
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many zero-event years. The model separately estimated temporal trends in the probability of observing at
least one event and in the number of events observed during years with one or more events. In both
components, the year index was included as the predictor variable. We compared Poisson and negative
binomial hurdle models using Akaike’s Information Criterion (AIC) and visual inspection to assess model
fit.

For the following analyses, El Nifio events were defined by the Oceanic Nifio Index (ONI; National
Oceanic and Atmospheric Administration, 2024) in which a strong El Nifio event is classified when Nifio
3.4 SST anomaly (ERSST.v5) exceeds +0.5°C for five consecutive overlapping three-month running
averages (available February 1950 - April 2025 at time of analysis; NOAA, 2024). The monthly ONI and
associated ENSO classifications by month were acquired using R package ‘rsoi’ v. 0.5.6 (Albers, 2023).
We tested three hypotheses using these ENSO data and the episodic extension events: (1) that extension
events occur more frequently in association with El Nifio than expected by chance alone, (2) that stronger
El Niflo events are associated with more extension events, and (3) that stronger El Nifio events are
associated with further (i.e., more distant) extension events. Of the episodic extensions, only extension
events from 1950 onwards aligned with the ONI timeframe and were retained (82 extension events).

First, we used a y-squared goodness-of-fit test to compare the observed frequency of extension events
across all species during El Nifio years with the expected frequency based on the long-term proportion of
months classified as El Nifio (using the reduced dataset of 82 extension events; Fig. 2a). Our sample size
precluded us from accounting for differences in taxonomic identity, life history, and event coverage. We
classified an extension event as occurring during El Nifio if the first year of the extension coincides with
either (a) the peak year (i.e., a year containing the maximum number of El Nifio months for an event) or
(b) the terminal year of an El Nifio event.

Second, we tested whether stronger El Nifio events (higher ONI values) are associated with an increased
number of poleward extension events (using the reduced dataset of 82 extension events). For each of the
annual ONI values calculated from our 75-year ONI time-series, we counted up the total number of
associated extension events (sometimes across multiple years, if that ONI value occurred more than
once), retaining the ONI values with zero extension events. We then fitted models with number of events
as the response variable and ONI as the predictor variable, again using a hurdle model (R package ‘pscl’
v. 1.5.9 Jackman S, 2024) because the response consisted of zero-inflated count data. In both components
of the hurdle model, annual mean ONI was included as the predictor variable. We compared Poisson and
negative binomial hurdle models using Akaike’s Information Criterion (AIC) and visual inspection to
assess model fit. We performed a leave-one-species-out analysis to evaluate whether results were driven
by any single species. For each iteration, one species was excluded, annual extension counts were
recalculated, and the hurdle model was refit.

Third, we tested whether stronger El Nifo events (higher ONI values) are associated with geographically
further extensions (using the reduced dataset of 82 extension events). For each extension event, our
response variable was the maximum observed extension distance within that extension event, which was
log-transformed prior to analysis to improve normality and stabilize residual variance. Our predictor
variable was the assigned ONI for each extension event, same as above. We evaluated multiple candidate
models including linear, quadratic, and GAMs (R package ‘mgcv’ v. 1.9.1, Wood, 2003, 2004, 2011;
Wood et al., 2016; Wood, 2017). We also fitted a linear mixed-effects model with species as a random
factor, first with random intercepts only, then with both random intercepts and slopes with respect to ONI
(R package ‘Ime4’ 1.1-37, Bates, Méachler, Bolker & Walker, 2015). We then evaluated relative support
using AIC. We also tested whether extension distances (log-transformed) differ significantly between
high ONI values (> 0.5, the El Nifio threshold) and low ONI values with a Welch two-sample, two-tailed
t-test.
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Finally, we examined how the 2014-2016 MHW influences extension event frequency (using the full
dataset of 153 extension events). We tested whether the number of extension events during 2014-2016
exceeded expectations by chance using a y-squared goodness-of-fit test, with the expected frequency
based on the proportion of years spanned by the heatwave (3 of 117 years of extension data). Due to data
limitations, we were unable to account for differences in taxonomic identity and event coverage.

3. Results

The final dataset comprised 153 poleward extension events (21 from CalCOFI documents, 126 from
literature search, and 6 identified in both; Supp. Fig. 2; Supp. Table 1) observed from 1903 to 2020 for 68
species (eight phyla). Of these species, 26 were fully pelagic (38%), 27 were benthic as adults with
pelagic larval phases (40%), five were benthic with limited dispersal or direct development (7%), and 10
were benthic with unknown developmental traits (15%; Supp. Table 2). The median extension event
frequency (pooled across all species) was 0.5 extension events per year (range: 0 - 20 events per year) and
the median extension distance was 484 km (range: 3-4,548 km). Of the 26 pelagic species in our
synthesized dataset, 21 exhibited median extension distances that were greater than the overall median
(Supp. Table 1). Thirty-eight species had only one extension event and 20 species had episodic extension
events (3+ extension events). Pelagic red crab (Pleuroncodes planipes) had the most recorded extensions
with nine events. Between 1903 and 2020, the probability of observing at least one poleward extension
event increased significantly through time (zero component: f = 0.035 per year, p < 0.001). Conditional
on at least one extension event occurring, the number of extension events also increased significantly
through time (count component: f = 0.028 per year, p < 0.001; Supp. Fig. 3). The negative binomial
hurdle model was selected over the Poisson hurdle model based on its lower AIC (AAIC = 21.2).

We report 82 episodic extension events for 20 species with a median extension distance of 459 km (range:
14-4,548 km; Fig. 1; Supp. Fig. 1; Supp. Table 1). More than two-thirds of the episodic extension events
occurred during an El Nifio (55 of 82 extension events; 67%), which was over double the expected
frequency based on the long-term El Nifio baseline (26%; y-squared = 71.49, df = 1, p-value < 0.001; Fig.
2a and 2b). Four of the 20 species had all of their extension events occur during or just after an El Nifio
phase: Pacific mole crab (Emerita analoga), Euphausia eximia, pelagic red crab (Pleuroncodes planipes)
and Velella velella (Fig. 2b).

Higher ONI increased the probability of at least one extension event occurring (zero component: f = 1.24
per ONI, p = 0.005). Conditional on an extension event occurring, higher ONI was also associated with a
greater number of extension events (count component: = 0.81 per ONI, p < 0.001; Fig. 2¢). The Poisson
hurdle model was selected over the negative binomial hurdle model based on its lower AIC (AAIC = 2).
The positive relationship between ONI and extension event frequency was robust to the exclusion of
individual species. Despite unequal observations among species, in every leave-one-species-out iteration,
ONI remained a significant positive predictor in both the hurdle and count components of the model.

Extension distance increased 42.5% (95% CI: 2% - 99%) for each one-unit increase in ONI (B = 0.36;
Fig. 3b, Supp. Table 3). The mixed-effects model with species-specific random intercepts provided the
best fit based on AIC and is thus reported (AAIC = 3.9 relative to all other alternatives). Species identity
accounted for a substantial proportion of the variation in maximum extension distance (ICC = 0.64),
supporting the inclusion of species as a random intercept. For visualization purposes, we displayed the
linear model fit in Fig. 3b. A t-test comparing extension distances between categorically high- and low-
ONI years was suggestive but did not provide evidence to reject the null hypothesis of equal extension
distances between high ONI years and low ONI years (tso = 1.21, p = 0.23; Fig. 3a). Pelagic taxa had
significantly greater extension distances than limited-dispersal (LD) taxa (5.4-fold; p < 0.05), while
benthic taxa with pelagic larvae had an estimated 1.7-fold greater extension distance than LD taxa that
was not statistically significant (p > 0.05; Supp. Fig. 4; Supplementary Methods & Results).
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More than one-fifth of all extension events occurred during the 2014-2016 marine heatwave (33 of 153
extension events; 22%), which was about eight times the expected frequency based on the duration of the
heatwave (2.6%; y-squared = 221.38, df = 1, p-value < 0.001; Supp. Fig. 5). In 2015 alone, our dataset
recorded 13 extension events, the most in any single year. Nearly half of all species in our full dataset
extended their ranges during the 2014-2016 marine heatwave (31 of 68; 46%); 17 of those species had
extension events exclusively during the 2014-2016 marine heatwave with no other record (Supp. Table 1).

4. Discussion

Episodic appearances of invertebrate species in the eastern North Pacific are a remarkable part of the
region’s ecology and history, yet previously a synthesis of these range-extending species was lacking. Our
inventory of the scientific and historical records since 1900 shows that many species exhibit episodic
extension events (Fig. 1). We also found multiple lines of evidence that episodic extension events were
significantly associated with El Nifio. The number and distance of range extensions were both positively
correlated with El Nifio strength (Fig. 2¢, 3b) and range extensions were more likely to coincide with El
Nifio than expected by chance (Fig. 2b). This pattern held across an ecologically and taxonomically
diverse set of species, although the species-specific associations between El Nifio and extension events
differed (Fig. 2b). Building on the extensive literature documenting ecological impacts of the 2014-2016
marine heatwave in the eastern North Pacific (Suryan et al., 2021; Freedman et al., 2020; Sanford et al.,
2019), our synthesis identified 33 distinct range extension events during this interval—nearly one quarter
of all events compiled across more than a century of observations. Together, these results situate episodic
range extensions as a recurring and climatically structured component of the eastern North Pacific’s
marine biogeography.

Consistent with a transport-based mechanism, pelagic species in our dataset generally exhibited longer
extension distances than benthic species (Supp. Table 1 & 2; Supp. Fig. 4; Supplementary Methods &
Results). Species whose extensions occurred exclusively during El Nifio (Pacific mole crab, Fuphausia
eximia, pelagic red crab, Vellela velella) are completely pelagic or have long pelagic larval phases and
have all been reported to be associated with anomalous poleward and onshore transport (Sorte, Peterson,
Morgan & Emmett, 2001; Lilly & Ohman, 2021; Cimino et al., 2021; Jones, Parrish & Burgess, 2021;
Simpson, 1984). The documented failure of these species to persist between El Nifios may be because
reproduction and recruitment are inhibited under cooler, upwelling-dominated conditions (Williams et al.,
2001; Simpson, 1984; Cimino et al., 2021). One notable exception was the dark unicorn whelk
(Mexacanthina lugubris), which extended poleward repeatedly independent of El Nifio despite lacking a
pelagic larval stage. Its iterative extensions likely reflect an ongoing climate-driven range expansion
rather than anomalous transport events (Wallingford & Sorte, 2022; Fenberg et al., 2023; Muhs et al.,
2022).

These species-level patterns are consistent with broader oceanographic theory and empirical observations.
In typical years, poleward flow in the California Current is relatively weak during winter, spring, and
summer, (Hickey, 1979; Lynn & Simpson, 1987; Melton, Washburn & Gottschalk, 2009; Checkley &
Barth, 2009), potentially limiting poleward dispersal for species with short pelagic durations or spawning
periods in this seasonal window. During El Nifio, however, poleward and onshore flows strengthen and
persist for longer periods (Lynn & Bograd, 2002; Durazo & Baumgartner, 2002; Zacherl, Gaines &
Lonhart, 2003; Jacox et al., 2016), increasing opportunities for northward transport. Consistent with this
mechanism, particle-tracking studies predict substantially greater poleward dispersal for long-duration
than short-duration propagules during El Nifio (Drake, Edwards & Barth, 2011; Strub et al., 2024; Strub
& James, 2025). These mechanisms are consistent with previous work showing that fully pelagic
invertebrates extended nearly three times farther than benthic species during the 2014-2016 marine
heatwave and concurrent El Nifio (Sanford et al., 2019). Our results similarly indicate that species with
longer pelagic durations tended to exhibit longer extension distances and that extension events in these
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species were more frequently associated with El Nifio conditions, supporting the hypothesis that enhanced
poleward transport facilitates long-distance dispersal in species that spend more time in the pelagic
environment.

Many of the range extensions in our dataset crossed one or more recognized biogeographic boundaries
(Supp. Table 4), indicating that these boundaries are not absolute barriers, at least not during periods of
anomalous ocean conditions. Because our synthesis did not distinguish between transient observations
beyond historical range limits and persistent population establishment, these crossings should not be
interpreted as evidence of permanent range shifts (Zinmeister, 1974; Brodie et al., 2025). Rather, they
demonstrate that climatic events can facilitate dispersal and occurrence beyond historical distributions.

El Nifio amplified the number of extensions of marine invertebrates, as did the 2014-2016 large marine
heatwave. While the El Nifio Southern Oscillation is a long-term natural climatic phenomenon, the large
2014-2016 marine heatwave was likely fueled, at least in part, by anthropogenic climate change (Jacox et
al., 2016 and 2018). During this heatwave, we found a pronounced increase in the frequency of extension
events. Seventeen species exhibited poleward range extensions that occurred exclusively during the 2014-
2016 MHW and at no other time (Supp. Table 1). This pattern indicates that extreme warming events may
drive species to extend their range edges that have not historically done so, even under El Nifio
conditions, and potentially act as a catalyst for sustained shifts (Soifer et al., 2025). When these species
expand poleward, they may disrupt established ecological networks by introducing novel competitive and
predator-prey interactions, altering trophic interactions, and potentially reshaping top-down control
(Parmesan, 2006; Walther, 2010; Fenberg et al., 2023; Zarzyczny et al., 2024b). The sustained presence
of these species and the resulting “tropicalization” of temperate ecosystems could produce cascading and
unpredictable ecological consequences (Verges et al., 2019; Zarzyczny et al., 2024b).

Our synthesis is necessarily constrained by the heterogeneous nature of historical observations. The
dataset combined systematic observations from CalCOFI with published reports that differed in sampling
design, geographic coverage, taxonomic focus, and reporting effort (Supp. Fig. 2). As a result, observed
spatial and temporal patterns likely reflect both biological processes and variation in survey effort, and
regions or taxa with few reported extensions should not be interpreted as necessarily lacking climate-
mediated redistributions. We did not incorporate biodiversity databases because our goal was to
synthesize published observations and augment existing records, and because marine invertebrates remain
incompletely represented in many large biodiversity repositories. Similarly, increased scientific attention
following major El Nifio events may have increased the likelihood that unusual species occurrences were
detected and reported, potentially contributing to temporal variation in extension records.

Detection probability also varied through time due to changes in sampling technology, taxonomic
expertise, and research priorities. Unresolved taxonomic complexity, inconsistent identification of
morphologically similar taxa, and cryptic or rare species may also have contributed to misclassification of
some range extension events (Hollister et al., 2025; Zarzyczny et al., 2024a; Hollister et al., 2023). In
addition, because most synthesized records documented adult occurrences, the timing of first observation
may lag months or even years behind arrival, particularly for long-lived sessile species (Zacherl et al.,
2003). Our analyses therefore relate the first documented observation beyond the historical range edge,
rather than the timing of arrival, to environmental variability. This uncertainty, together with differences
among species in life history, dispersal, and detection probability, would generally be expected to weaken
rather than inflate the relationships with El Nifio and marine heatwaves that we recorded. Finally, because
the synthesis is based on presence-only records, it cannot quantify the true frequency of range extension
events, distinguish transient occurrences from permanent establishment, or rule out undocumented
extensions in unsurveyed regions.
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Range edge dynamics have long been a central focus in biogeography and ecology, as the limits of
species distributions define both their environmental tolerances and opportunities for expansion
(MacArthur, 1972; Wallace, 1876). Recent studies have highlighted that range edges are often more
permeable and dynamic than previously thought, responding rapidly to variability in temperature and
habitat availability (Parmesan & Yohe, 2003; Hickling, Roy, Hill, Fox & Thomas, 2006; Burrows et al.,
2014; Fredston et al., 2021). Short-term redistribution events are critical yet complex to study in marine
systems, where species distributions are three-dimensional, vary across seasons and years, are strongly
influenced by ocean circulation, and remain incompletely documented by long-term observations
(Fredston et al., 2025). By synthesizing observations across taxa, habitats, and decades, this study
broadens our understanding of the frequency, magnitude, and taxonomic breadth of episodic poleward
range extensions in a dynamic marine ecosystem.

Long-term monitoring programs such as CalCOFI, the Multi-Agency Rocky Intertidal Network
(MARINe, 2018), and the Partnership for Interdisciplinary Studies of Coastal Oceans (PISCO; Blanchette
et al., 2008) provide an essential foundation for detecting biological responses to environmental
variability and change (Lindenmayer et al., 2012; Hughes et al., 2017). Because no single monitoring
program can provide complete spatial, temporal, or taxonomic coverage, synthesis across long-term
surveys, targeted studies, and published observations has become increasingly important for identifying
broad ecological patterns and testing hypotheses in rapidly changing ecosystems (Halpem et al., 2020).
Our synthesis demonstrates that episodic range extensions are not isolated curiosities but recurrent
features of eastern North Pacific ecosystems, with many marine invertebrates shifting their observed
distributions by hundreds to thousands of kilometers within a single year. These findings challenge
management and conservation strategies that rely on static representations of species’ geographic ranges
(Melbourne-Thomas et al., 2021) and highlight the importance of sustained monitoring and data synthesis
for anticipating ecological responses to ongoing climate variability.
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Figure 1. Marine invertebrates in the eastern North Pacific repeatedly extended their ranges hundreds of
kilometers beyond historical poleward edge, based on our >100-year synthesized dataset. Each arrow
represents one species. The arrow origin is the historical poleward range edge (see Supp. Table 2 with the
historical range edge data), and the arrow destination is the northernmost point of anomalous observation
of the species. Up to -1 degree of jitter is added to the arrow longitudes to reduce overlap. The 95 episodic
extension events of these 20 species have a median distance of 459 km (range: 14km - 4,548 km).
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Figure 2. Range extensions of marine invertebrates in our synthesized dataset were more frequent the
stronger the El Nifio events. a. Time-series of the Oceanic Nifio Index (ONI; National Oceanic and
Atmospheric Administration, 2024) where red is positive ONI, or an El Nifio event if greater than 0.5, and
blue is negative ONI, or a La Nifia event if less than -0.5. The number of extension events (when a
species appears north of its historical range edge for a year or set of consecutive years) per year for
species with 3+ extension events is depicted by the diameter of the overlaid white circles. b. The
proportion of extension events occurring during the peak or at the end of an El Nifio event, for each
species with 3+ extension events (20 species; one gray circle per species). Over two-thirds of all 1950-
2020 episodic extension events (55 of 82; 67%) occur during El Nifio years, which is more than double
the expected frequency based on the long-term El Nifio baseline (26%; dotted red line). c. Each black
point represents the number of extension events (y-axis) associated with a given ONI (x-axis).
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Figure 3. Range extensions of marine invertebrates in our synthesized dataset covered more distance with
stronger El Nifio events. a. The probability density function (y-axis) of the distance of each extension
event (x-axis) for extension events occurring during a high Oceanic Nifio Index (ONI) period (red, >=0.5;
36 extension events) and distance of extension events occurring during a low ONI period (blue, <0.5; 46
extension events; teo = 1.21, p = 0.23). Extension event distance is the distance in kilometers from the
historical range edge of the marine invertebrate to the furthest poleward point at which they were found
during an extension event. b. Each black point represents an extension event with its distance on the y-
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axis and its associated ONI on the x-axis. The yellow line represents the overall trend with the ribbon
indicating the 95% confidence interval; statistical inference was based on the mixed-effects model with
species-specific random intercepts where extension distance increased 42.5% (95% CI: 2% - 99%) for
each one-unit increase in ONI (f = 0.36).

Appendix 1 - Data sources for historical range edges
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