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Abstract

Speciesyrichness has long been used asdarator of ecosystem functioning and health.
Global richness is declining, but it is unclear whether sub-global trends &#gional trends
are especially understudied, with most focused on island regions where richness is strongly
impacted by novel colonizations. We addressed this knowledge gap by testing fatenaite
trends in species richness in nine open marine regions around North America (d8¥eags)
while accounting for imperfect observations and grounding our findings in spexétsange
dynamics. ' Wesfound positive richness trends in eight of nine regions, four of which were
statistically.significant. Species’ range sizes generally contractegkfiretion and expanded
postcolonization, but the ranges of transient species expanaegdhe long-term, slowly
increasing their regional retention and driving increasing richness. Témgtsmprovide more
evidence that sublobal richness trends are stable or increasing, and highlight the utility of range
size for understanding richness dynamics.
I ntroduction

Biological diversity is a key determinant of ecosystem function and change clsaffe
food web stability (Hoopest al. 2005; Loreau & de Mazancourt 2013), ecosystem productivity
(Tilman et al..2001), and benefits human well bethgough ecosystem services and its social
and cultural value (Millennium Ecosystem Assessment 2005; Careiralle2012).
Anthropogenic forcings are causing rapid and long-term change in biodiversity (Neavalold
2015), but'the,magnitude of this clganvaries across the globe and is difficult to measure.
Species richness, for example, is a straightforward enumeration of distinct species, but precise
measurement is difficult because there are many species, most of them are rare, and observations

are inperfect (Darwin 1859; Gotelli & Colwell 2011). Despite this difficulty, estimates of
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species richness and extinction rates make it clear that global species richness is currently
declining and will likely continue to do so over the next century (Peseala2010; Pimmet al.
2014). Biodiversity trends are therefore an important focus of current resedrchreservation
efforts.

Though.declining globally, biodiversity is scale dependent, and processes like
colonization and extirpation only affect sglwbal diversity, potentially decoupling trends at
different'spatial’'scales (Sax & Gaines 2003). In fact, recent studies have fa i @nerage,
net changes‘and multi-year trends in losze diversity are approximately stable (Vellehd.
2013; Donelaset al. 2014). These results have sparked controversy about whether diversity
trends differ between local and global scales (Gonzlalz 2016; Vellencet al. 2016);
however, relatively few studies have quantified contemporary changes in bidgiaersigional
scales. Most studies of regional richness focus on islands, where richness has often increased
through human introduction of novel species (&at. 2002; Sax & Gaines 2008; Velleetal.
2017). Marine systems are particularly underregavesd (McGillet al. 2015), with the few
existing studies suggesting diversity has increased in some regions and decreasesl in othe
(Hiddink &tersHofstede 2008; ter Hofstedeal. 2010; Hiddink & Coleby 2012).

Conglusions of existing sub-global studies of diversity change have been criticized on
grounds_ of-their geographic representativeness and statistical methods. Fgtipailibtudies
are not spatially comprehensive (Vellestiél. 2016) and are not rementative of spatially
heterogeneous drivers of richness (Gonzelet. 2016) like geographic connectivity,
environmentakechange, and anthropogenic stressors (Hiddink & Coleby 2012; Betrebws
2014; Elahietal. 2015). Other critiques have focusedstatistical tests for richness trends and
the need for multdecade time series (Gonzakal. 2016; Vellencet al. 2016), although
measurement error is another important statistical challenge affecting trends (Deiralelas
2013). Specifically, equipment and observation techniques often improve over time, pgptential
improving,detection of rare species and introducing a bias to long-term richness $limghey
& Beissinger2013). Statistical methods that account for imperfect detection with casnmuni
datasets have been developed (Iknagah. 2014; Guillera-Arroita 2016), but are not
commonly used (Kellner & Swihart 2014). Overcoming statistical challenges amatasy
diversity trends for a wider representation of ecosystems will improve tacleirsy of global
diversity change.
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92 Speciedevel dynamics provide insight into the process of diversity change. Changes in
93 regional species richness are primarily driven by individual species shifgiigaénges into
94  (colonization) or out of (extinctigra region. Range shifts — which can include changes in range
95 size or location- can be driven by changes in local habitat suitability (Chetag 2009; Elahi
96 etal.2015; Melinoset al. 2015) or humarfiacilitated changes in connectivity (Sax & Gaines
97 2008). Changes in range size (proportion of occupied sites within a region) often alsto refl
98 changes in‘population size (Fretwell & Lucas 1969; Hanski 1982; MacCall 1990), anal in tur
99 predict extinction probability, as small populations (or ranges) Hawe expected times to
100  extinction (MacArthur & Wilson 1967). However, changes in range size depend on both
101  abundance and density, and range can change rapidly after colonizations (van desh &osch
102 1992; Hastingst al. 2004; Urbaret al. 2008) or before extinctions (Wilcove & Terborgh 1984;
103 Lawton 1993). Range dynamics are further complicated when different processes govern the
104 dynamics of rare and common species (Hanski 1982; Geisabrl997; Holtet al. 1997; Yenni
105 etal. 2012), and by the difficty in modeling the distribution of rare species (Lorebal.
106  2010). Thusgrange size should provide insights into richness dynamics, but quantifying range
107  trends for raresSpecies is challenging.
108 Nonetheless, time series of range size and its related measures have been used to
109 illustrate_.hew changes in community structure arise from population processes. In the eastern
110  North Sea, specidsvel range size trends in fishee sus unfished populations explained
111 increased local species richness over an eigirtperiod (Hiddink & Coleby 2012). Similar
112 processess«coniributed to changes in local richness over a longer period in the Sceli
113  (Shackell &krank 2003). In another part of the eastern North Sea, local species richness was
114  generally stable, but laegcompositional changes were observed in the form of assemblage
115  homogenization (Magurraet al. 2015), due either to range expansion or shifts in range location.
116 Conversely,local richness and beta diversity both increased over several decades orathe Scoti
117  Shelf, likely.as.@ consequence of fishing reducing the abundance of cod, an important predator i
118  the region (Ellingsesrt al. 2015). Although range size and spatial community turnover are
119 inversely related, it is important to note that beta divergpedds on both range size and
120 location (Harrisoret al. 1992). These studies emphasize how changes in range size and beta

121 diversity impact changes in local richness.
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Less clear is how specisvel range size affects richness at regional scales. Changes in
range sizes have the potential to increase regional richness via two separate processes:
colonization and retention. First, a species not present in a region may espandg,
eventually colonizing; this process is important for increasing islandessh(Sax & Gaines
2008; Byerst.al. 2015). In this case, prior to the colonization, no wHiggion change in range
size would\be ebserved. For the second process, retention, it is useful to distintyvesin lwore
species‘that'are widespread and always present, and transient species that are sometimes present
and geographically constrained (Hanski 1982; Magurran & Henderson 2003). Retention
increases richness by reducing species loss, and would be expected to increase as a result of
range expansionsirige they are rare, transient species have the greatest potential for increased
retention. Therefore, lontgrm trends in species richness could be reflected in range expansion,
but only if richness trends are not dominated by changes in colonizatianTiates are few
tests of this idea at regional and decadal scales.

We tested for long-term changes in regional species richness and for contributions of
range sizesdynamics to these trends. We analyzed-dad#ide time series of the occupancy and
geographie distribution of marine fishes and invertebrates in nine ecosystemd tre North
Americanteoastline. The large area of our study regions might suggest that their richness trends
should bessimilar to the negative global trend, but neutral or posiginds would match results
from previous regional studies (Sax & Gaines 2008; Hiddink & Coleby 2012), of which only a
few were in_open or marine ecosystems. We hypothesized that a trend in richness should be, at
least in partydriven by changes in range sRange size should influence richness trends if 1)
range size declines with increased proximity to extinction, 2) transient species have small ranges,
and 3) the range size of transient species exhibits atésngtrend. The first two conditions are
commonly.met, but we tested for their applicability to our study systems and usedthem t
facilitate the interpretation of other results. If the third condition is aksto tieen changes in

richness were at least partly driven by changes in the persistence of rare species.

Methods
Survey Data

We used data on the presence and absence of marine species sampled by scientific
bottom trawl surveys from nine regions around the North American continenta\skeelf.
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analyzed observations of 581 species, which principally included bottom-dwelling fishes and
invertebrates such as flatfishes and shellfish (Supporting Information). $aragiens were

Eastern Bering Sea (192014, n=31), Aleutian Islands (192814, n=12), Gulf of Alaska
(1984-2013, n=13), West Coast U.S. (1977-2004, n=10), Gulf of Mexico (1984-2000, n=17),
Southeast U:S. (1990-2014, n=25), Northeast U.S. (1982-2013, n=32), Scotian Shelf (1970-2010,
n=41), and,Newfoundland (1996-2011, n=16; Table S1, Fig. S1). Measurements of bottom water
temperature‘anblottom depth were taken for each trawl sample; these values were used as
covariates'in‘models.

We restricted our analysis to samples from years and sites that had the most consistent
sampling metheds. The fundamental sampling unit is the tow, a drag &t net at a given
place andtime: Data were restricted to tows with consistent gear, season, and site; tows within a
site and year were considered repeat samples of that site. Sites were defined by binning regular
intervals of longitude, latitude, and depth. We chose a spatial resolution (0.5° for lorgitude
latitude) that yielded a large number of sites that were sampled at least once in most years. Sites
were thendinned by 500 m or 100 m depth increments. In most regions we used 500 m depth
incrementsy which rarely subdivided the 0.5° bins but guarded against large siti¢hin-
differences.in depthelated habitat suitability. However, sampling was relatively dense across
longitude.and latitude in the Aleutian Islands and the West Coast U.S. rgjlawito use 100 m
depth increments while still sampling the sites in most years. We only idcsitds in our
analysis that were sampled in at least 85% of years, except in Eastern Bering Sea and Gulf of
Alaska wheressites had to be present in all yeaavoid large interannual changes in the
extremes oflengitude or latitude (Supporting Information: Excluding Years).

Analyses were restricted to taxa identified to species and that wereowat km have
undergone large changes in identification accuracy. We used automated and manualgsrocedur
to correct errors in taxonomy (Supporting Information: Taxonomic & Sampling §tensy).

After these corrections, we removed any species that were not observed in at least 10 tows over
the course.ofithat region’s time series.
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181  Species Richness

182 We refer to the number of species in a sampled assemblage as the species richness of that
183 community. Note that because sampling methods differ somewhat among regionspdgfatiti
184  “community”, and therefore richness values, are not entirely comparable agmssr

185 Species richness is rarely ascertained accurately from raw survedagti & Colwell

186  2001). We calculated a naive measure of species richness (observed species counts) and
187  estimated‘truerichness using a multispecies occupancy model (MSOM; (Dorazio & Royle
188  2005)). MSOMSs accounted for imperfect detection of species, makingates of richness more
189  robust to possible methodological improvements in survey methods that could bias natve tre
190  (lknayanetal 42014).

191 MSOMs'use a mixed modeling and stapace framework to separate true absences (1
192  occupancy probability) frorfalse absences ¢Idetection probability), and to estimate true

193  richness by accounting for those undetected species likely to be present.aatlsite

194  probabilities of occupancy and detection can each be modeled as a funetmnooi

195  covariatessQeariate coefficients and intercepts are spespexific, but are drawn from

196 community=wide hyper-distributions, making the model hierarchical. Model hieratichys

197  observations of one species to inform parameter fits for other species, inchalmgmbership

198  and occupancy parameters of unobserved species (Supporting Information: Occupancy Model),
199  allowing estimated richness to exceed observed richness. This technique is known as data
200 augmentation, and has previously been used to estimate occuparspeeied richness (Royle

201 etal. 2007 Kéryet al. 2009). We fit the MSOMs in a Bayesian framework using JAGS

202 (Plummer22003), and fit 197 separate models, one for each year and region.

203

204  Trendsin Soecies Richness

205 Species.richness trends were quantifiedgu&iandall’'s7s, which measures the similarity
206 in rank-order for two variables, or in this case, whether richness tended to exhitotonic

207  trend over.time. We used Kendall'sbecause it is nonparametric and does not assume a linear
208 trend, whichivisuainspection indicated may not be the case for several time series. Our

209 calculation of Kendall's» uses the MSOM posterior samples of richness and accounts for serial
210  correlation (Supporting Information: Trends in Species Richness).

211
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Range Sze

Range size is the proportion of sites in a region occupied by a species in a year. To
account for variation in the number of tows per site, for each site we calctilatiddtion of
tows that contained the species; range size was rarefied to a singpg sowiming this fraction
across sites«Lhis measure of range size was used to compare changes in range size prior to
extinction and.after colonization, and to compare Ilterg: changes in range size for transient
and core groups of species.

In additionto range size, we define a lotgrm species range index (SRI), and the cross-
species average of SRI, community range index (CRI). SRI is thedomgaverage of a species’
range sizes«exeluding range sizes of 0). SRI is the typical range size of a species when it was
present. SRI'was compared with the total number of a species’ colonizations aatiogstiin
order to relate range size to transience (transient species were expected to have a small SRI). CRI
was calculated annually as the average SRI of species present in that year. We used CRI as a test
for how community composition might change with richness; decreases in CRI attedxpe

occur as thesnumber of transient species increases (as a proportion of richness).

Species Categories

Colenizations and extinctions were defined according to observed changes in occupancy.
As a result, a species that was present but undetected would be recorded as absent since it was
not observed. Furthermore, extinctions were defined regionally, not globallyfotieeie species
could repeatedly colonize and go extinct.

All species were categorized as either core or transient in each region. Core species were
those that were present in a region in all years, and transient species were those that were absent
from aregion in at least one year (but not all years). Each transient species was further
categorized.according to its colonization and extinction his@uhkonizing species colonized the
region but.never went extindgaving species went extinct from the regibut were never
observed tashave colonized, and the remaining transient species, categdod as

experienced at least one colonization and extinction.
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Trends in Range Sze
We tested for prextinction contractions and post-colonization expansibnarge size
for transient species. For any year in which the species was present, a Vianatadabsence
was defined as the number of years before an absgsars ljefore extinction) or after an
absenceygarsafter colonization). Each transient species’ time series was separated into years
that were either postolonization or preextinction, depending on which event type was most
proximal (ties'were postolonization). No analysis included range sizes of 0 because range size
is defined"as'0"whetime to absence is 0. We performed regressions separately for each region
using a linear mixed effects model witdnge size as the response variable airde to absence
as a covariates(we excluded stretches of fewer than three years); species identity was modeled as
a random effect that allowed the slope parameter associatetinmgtio absence and the
intercept parameter to vary among species. This is the final model used for all regions, except the
Gulf of Mexico, for which we did not allow intercept to vary among species becauserthis t
preventedithe model from properly converging. Models that allowed slopes andpitst¢oce
change withgphasiype did not improveit according to AIC, except for Scotian Shelf (intercept
x type p = 0:005; AAIC = 0.228), though improvement was minor. Henceforth we present results
from the simpler models because the purpose here was to test the idea that range size changes in
proximity.tecolonization or extinction, and this outcome did not differ among model structures.
To test for longterm changes in range sizes of transient and core species, we used mixed
effects models with range size as the response variable. Predictors wespgeas group
(transient greore; adjustment to intercept) and its interaction with year (adjustment to slope),
and speciessidentity as a random factor that allowed the intercept parenmvatigr among
species. Range sizes of 0 were excluded. Regressendit separately for each region.
All analyses aside from Bayesian model fitting were performed in R v3.3.0 (R Core
Team 2016). In.calculating richness trends we useHléhelal | function in the package
Kendall (McLeod 2011), andut o. ar i ma in forecast v7.1 (Hyndman & Khandakar 2008).
The mixed.effects regressions were performed usimgy in Ime4 (Bateset al. 2015).
Conditionaland marginal Ralues were calculated usisgm nodel . fi t s in piecewiseSEM
(Lefcheck 2016). Conditionalfndicates the vaation explained by both fixed and random
effects; marginal Rindicates variation explained by fixed effects (Nakagawa & Schielzeth
2013).
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Results
Soecies Richness

Estimated longerm trends (Kendall’s 1) in both observed and estimated richness were
positive for.mest regions (Fig. 1, Table 1). Trends in MSOM estimates of species richness were
significantiin_four of the nine regions, and all significant trends were positive: Eastern Bering
Sea (tp = 0742);"West Coast U.S. (1p= 0.61), Scotian Shelf (1, = 0.45), and Newfoundland (tp =
0.73) (Table™™;"Fig. 1). Any region with a significant MSOM trend also had a signifreauat in
naive richness; naive richness was significant in three additional regions, including a negative
trend in the Seutheast U.8.able S2). Although MSOM estimates of richness were greater than
naive estimates, estimates from the two methods were correlated (Fig. S2). Henceforth, we report

species richness as MSOM estimates unless otherwise specified.

Colonization and Extinction

Acrossregions, most species were core species: with 536 out of 8633pegties
combinationstbeing present in all years (Fig. S3). Core species were the mosincgraap in
all regionssexcept the Northeast U.S., where transient specidéstinadlonizd and went
extinct were'the most common, followed by core species. Summed across regiongnsi@stttr
species were categorizedkmth (263 region-species), followed loglonizing (60) andeaving
(4). Aleutian Islands was the only region with mookonizing species thaboth species (Fig.
S3).

If richness increased and yet the numbesobdnizing species was less than the net
change in‘richness, then species buth colonized and went extinct (possibly multiple times)
from the region must also have contributed to the net change in richness. The net change in
richness was. calculated as the difference between the last and first predicted values of a linear
trend fit to.the time series of MSOM richness estimates. The numbeloafzing species was
less than the'net change in richness for all regions with a significant trend in richness (Table S3):
E. Bering Sea A= 12.5, colonizing = 2; Newfoundland A = 12.7, colonizing = 10; Scotian Shelf
A =17.6, colonizing = 1; West Coast US A = 18.8, colonizing = 12, indicating that species that
hadboth entered and exited the region during the time series also contributed to increases in

richness.
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303

304 Trendsin Range Sze Near Colonizations and Extinctions

305 Species’ range sizes contracted in the years leading wgirtot®n (Fig. 2A), and

306 expanded.in the years following colonization (Fig. & Fig. S5 for a version that is not

307 averaged).We fit separate mixed effects models for each region, and excluded points at

308 years preextinction or post-colonization. As the number of years before extinctioneor af

309 colonization‘increased, range size also increased (across region$, 4.4 .2, average = 4.8

310 perceniceupancy per decade, all correcped0.036). Proximity to colonization or extinction

311 explaineda modest amount of variation in range size (OB < 0.19). Amongspecies

312 differencesiinsslopes and intercepts explained much more vaf68e cR? < 0.95; Fig. S5).

313 Indeed, variationrmong species’ slopes was similar to the average %?6.5 percent per

314 decade), indicating that some species exhibited very steep trends in range size. In general,
315  species were at their rarest just before extinction or just after colonization.

316

317 Richness andRange Sze

318 The'total number of colonizations and extinctions was greatest for species with small
319  SRIs, and'many specidmth) colonized and went extinct multiple times (Fig. S4). In mixed

320 effects moedels with intercepts varying among species and tnaugisus core as a categorical

321  predictor, transient species had range sizes that were 18 (% occugraatig) than the ranges

322  of core species (average intercept; all @02 after correcting for multiple tests). Furthermore,

323  species richness was negatwcorrelated withthe community range index (CRI) in each region
324  (Fig. 3; separate linear regression for each region, for slope all correst@d(2, 0.36 < R*<

325 0.95, avefage R= 0.79). These results indicate that smaller {tergn averages of rangéze

326  were characteristic of transient species, and richness was highest when more geographically
327 constrained.(transient) species were present.

328 Richness was highest when more transient species were present, but why did transient
329 species aceumulate regions with positive trends in richness? Range size was negatively related
330 to the proximity. of upcoming extinctions (Fig. 2, Fig. S4). We found that the range sizes of many
331  species, but particularly transient species, expanded over time in mossrégg. 4). We used

332 mixed effects models to predict range size from the main effects of survey year and-the core

333 transient category, their interaction, and an intercept that varied randomly gomecressRange
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sizes for core species decreased in Southeas(@ﬁ%l.S% occupancy per decade),

Newfoundland@y =-1.7), and Scotian Shéiff( =-0.36), and increased in the six other regions (

BY+:1.6; after correcting for multiple testing, alk®.045). However, the interaction term

indicated that the slopes of core drahsient species were different in six of the regions (p

0.004), including positive interactions in Newfoundlaﬁd@ =4.8) and Scotian §Iyre<lf(

=2.1), wheresthemnet trenﬁ&( + 5Y><T) for transient species was positive. In all regions except
Southeast,U.S., the range sizes of transient species expanded over the course of the time series

(average =.2.6% occupancy per decade).

Discussion

We found that londerm trends in regional spes richness tended to be positive.
Previous studies have found local trends to be stable (Doetelag2014; Magurraret al.
2015), andrregional trends to increase (Sax & Gaines 2003, 2008; Hiddink & ter Hofstede 2008;
ter Hofstedest-al 2010; Hiddink& Coleby 2012). Although most of the regions studied were
islands, andonly a few marine, our findings of positive trends in nine open marine @uesyst
lend more support to the conclusion that regional richness trends are generallg positind
the wald andwacross ecosystems.

Trends.in species richness require careful analysis and interpretation. First, changes in
richness can be context dependent, varying with space, time, and taxa (Sax &6agddahi
et al. 2015;'Gonzaleet al. 2016; Vellencket al. 2017). All datasets have limited taxonomic,
spatial, and temporal scope, but we analyzed many decades of observations from nine regions
that encompass a large fraction of coastal North America. Second, deteghabijity usually
increases'withlaundance and range size, causing the number of colonizations and extinctions to
be overestimated, and range sizes underestimated; for our purposes, thesetionsevweuld
be most problematic if they were changing over time. However, our analysis efsiaag
detected bothlonterm trends and shetérm rises and falls near absences, patterns unlikely to
be produced in nine regions by sampling artefacts alone. Furthermore, when estictatggsy
we accountedfor possible temporal bias in detectalwitusing the MSOM (Tingley &
Beissinger 2013; Iknayaat al. 2014; Guillera-Arroita 2016). While MSOMs fit to many years
can infer colonization and extinction dynamics (Kérgl. 2013), we fit models separately to
each year of data because we did not know how detectability would change over time. The
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365 MSOM results had dampened trends compared to naive results, suggesting that the MSOM
366 estimated more undetectbdtpresent species in early, lewchness years. These results

367 demonstrate how imperfect detection can exaggerate richness trends, and ragieigéfit of

368  using the MSOM.

369 A goal.of our study was to gain insight into the process by which regional species

370 richness changes by decomposing these changes into colonizations and extinctions, terimich i
371 should be‘reflected in range size dynamics. We found pre-extinction range comsraod post-

372  colonization"eéxpansions, a pattern often reported in paleoecological, macroedplgic

373  metapopulation studies (Hanski 1982; Jablonski 1987; Harrison 1991; Gaston 2003). However,
374  these studiessfecused on select species with many consecutive years of presences, unlike the
375 numerous rare‘species in our analysis whose small ranges and short time series (average duration
376  of pre-extinction and post-colonization stretches = 4.2 years) made trendsaobaglEnging.

377  Nonlinear dynamics over long periods also obscure expected trends, such as for the green sea
378 urchin in the Aleutian Islands: originally at a range of < 1%, it increased to 66% byears,

379 then declined+to < 20% over 20 years before going extinct (Fig. S5, Fig. 2A). A linear trend

380 through this time series does not reflect thegxutinction contraction. Therefore, it is

381  unsurprising.that marginal®Ralues were low, and similar challenges likely agplgther

382 systems. Fransient species are generally rare (Gaston 1994), and steep or nonlinear dynamics
383 frequently characterize both pre-extinction (Wilcove & Terborgh 1984; Simbé&riGibbons

384 2004) and postolonization (Lewis & Kareiva 1993; Hastingsal. 2004) dynamics. The

385 general rule"ofipre-extinction contractions and padbnization extinctions encompasses a wide
386 variety of ceamplex dynamics that are typically tested with select;obskrved species. Our

387 findings suggest that similar theory aawhlysis can be applied to a large number of rare and

388 intermittently present species whose occupancy dynamics define species richness.

389 Trends.in the range size of transient species were essential for linking range size to

390 regional trends/in richness. Richness was tightly correlated with CRI, whieghdigyrexplained

391 by atendeney for transient specieshose occupancy defines richness chantgehave small

392 ranges (seerabove). These relationships, however, do not imply a trend in spewsss riwhich

393 results from changes in colonization or extinction rates. We found thaetméepecies had

394  positive, longterm trends in their range sizes, which implies decreased extinction rates. Thus,
395 increased retention allowed species to accumulate. Howeveamalysis may have excluded
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418
419
420
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425
426

some colonizing species that did not persist or were infrequently detected, aayl isotibe a
comprehensive test of the relative roles of increased colonizatisus retention. Species
distribution models that cover multiptegions (Molinoset al. 2015) and include rare species
(Lombaet al. 2010) might be useful for testing this idea. Nonetheless, the role of increased
retention in.these marine regions contrasts with past studies of regional richness on islands,
where incrased connectivity and novel colonizations were important processes (Sax & Gaines
2003, 2008)."Thus, marine regions and islands both experienced increased specgss baohne

for different'reasons.

Temperature and fishing are factors that could haveibated to the range expansion of
transient speeies. The geographic ranges and abundances of the more common species in these
data are known to be responsive to temperature changes (Mueter & Litzow 20R¢ePahs
2013; Sundayt al. 2015; Morleyet al. 2017), and temperature changes could increase the
prevalence of certain species. For example, there is a biogeographic break between the Northeast
U.S. and the warmer Southeast U.S., and the strength of the latitudinal diversity gradient
fluctuates withelimate oscillations (Fisheat al. 2008). During warm years, southerly fish may
be introduced:to the northern region, but retreat upon cooling. The Northeast U.S. has
experienced longerm warming trends (Pershiegal. 2015), possibly enhancing the range and
duration ofthe northern establishment of southern species. In addition, fishingd@sulte
collapse of cod in the 1990’s, after which many invertebrates expanded (Shackatk&2B03;

Choiet al. 2004; Boudreau & Worm 2010; Ellingsenal. 2015). The timing of perturbations

can determineawhether positive trends indicate a recovery to a “normal” state or an increase
beyond baseline conditions. In this case, the effect of cod collapse did not explagndéfein
richness trends among theftheast U.S. (began before the collapse, no trend), Scotian Shelf
(began before, positive trend), and Newfoundland (began after, positive trend). However, we did
not specifically.test for the drivers of richness change. Future work should consider whic

drivers played.a role in increased range sizes and richness, and how the timing of changes in
drivers mightraffect what are perceived as baseline conditions.

Long<erm changes in species richness have been the subject of recent debate (Gonzalez
et al. 2016; Vellenckt al. 2016): do global and stdfiobal time series have opposing trends? We
tested for multidecade trends in regional marine species richness, an underrepresented
ecosystem and spatial scale (Mc@@ilkl. 2015). Our results supported the general conclusion
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427  that regional trends are stable or increasing, and that this result is consistent across ecosystems
428 types. However, richness is a measure of community change that aggregates over the dynamics
429  of many species. By decomposing richness change into the range dynamics of individas] speci
430 we also found that increases in regional richness were driven by the longtelency for

431  regionally rare species to expand their geographic ranges and become more comai@n as

432  sites became suitable for them, which contrasted with previous results emphasizing changes in
433  connectivity:"Our results suggest that the spatial dynamics of individual species are closely tied
434  to richnessdynamics, which might explain differences between local, regionalpbaattggnds.

435  Continuing to improve our understanding of these trends and their drivers is twitival

436  successfulprediction and management of the biodiversity changes takingrplawe the globe.

437

438  Acknowledgments

439  For financial support we thank Rutgers Univgrénstitute of Marine and Coastal Sciences

440 Postdoctoral Fellowship (RDB), NSF OCE Postdoctoral Research FellowshGE(1521565)

441  (RLS), ThesPew Charitable Trusts (JWM), Alfred P. Sloan Fellowship (MLP), NSF #OCE

442 1426891 and#DEB-1616821, Green Growthdgbsn Marine Resources: Ecological and Socio
443  Economie:Constraints (GreenMAR) funded by Nordforsk #61582, and the NOAA COCA

444  program..\We thank reviewers for their criticisms and suggestions thaygneatbved the

445  manuscript.

446

447  References

448 1.
449  Bates, D.yMéacler, M., Bolker, B. & Walker, S. (2015). Fitting Linear Mixé&ffects Models
450  Using Ime4d=Sat. Softw., 67, 1-48.

451 2.
452  BenjaminiyY. & Hochberg, Y. (1995). Controlling the False Discovery Rate: A Prbatida
453  Powerful Approach to Multiple Testing. R. Stat. Soc. Series B Sat. Methodol., 57, 289-300.

454 3.
455 van den Bosch, F., Hengeveld, R. & Metz, J.A.J. (1992). Analysing the Velocity of Animal

This article is protected by copyright. All rights reserved



456

457
458
459

460
461
462
463

464
465
466
467

468
469
470

471
472
473
474

475
476
477

478
479

480
481
482

Range Expansiond. Biogeogr., 19, 135-150.

4.
Boudreau, S.A. & Worm, B. (2010). Top-down control of lobster inGh# of Maine: insights
from local ecological knowledge and research surMeys. Ecol. Prog. Ser., 403, 181-191.

5.
Burrows, M.T., Schoeman, D.S., Richardson, A.J., Molinos, J.G., Hoffmann, A., Buckley, L.B.,
et al. (2014). Geographical limits to speciesige shifts are suggested by climate velocity.

Nature.

6.

Byers, J.E.;"'Smith, R.S., Pringle, J.M., Clark, G.F., Gribben, P.E., Hewitt,eCdl.. (2015).
Invasion Expansion: Time since introduction best predicts global ranges of marders ci.
Rep., 5, 12436.

7.
Cardinale, B.J., Duffy, J.E., Gonzalez, A., Hooper, D.U., Perrings, C., Venat aR.(2012).
Biodiversity less and its impact on humaniyature, 486, 59-67.

8.

Cheung, W.W.L., Lam, V.W.Y., Sarmiento, J.L., Kearney, K., Watson, R. & Pauly, D. (2009).
Projecting_glebal marine biodiversity impacts under climate change scefasioBish, 10,
235-251.

9.
Choi, J.Sy,"Frank, K.T., Leggett, W.C. & Drinkwater, K. (2004). Transition to an alterngge sta
in a continental,shelf ecosyste@an. J. Fish. Aquat. ci., 61, 505-510.

10.
Darwin, C.(1859)On the Origin of Species.

11.
Dorazio, R.M. & Royle, J.A. (2005). Estimating Size and Compositionabgical
Communities by Modeling the Occurrence of Spedeam. Sat. Assoc., 100, 389—398.

This article is protected by copyright. All rights reserved



483 12.

484  Dornelas, M., Gotelli, N.J., McGill, B., Shimadzu, H., Moyes, F., Sieverst @l., (2014).
485 Assemblage time series reveal biodiversity change but not systematfgciesse, 344, 296
486  299.

487 13.

488 Dornelas, M., Magurran, A.E., Buckland, S.T., Chao, A., Chazdon, R.L., Colwell,drRd.,
489  (2013). Quantifying temporal change in biodiversity: challenges and opportuRroesBiol.
490 &oi., 280, 20121931.

491 14.

492  Elahi, R., O'Connor, M.1., Byrnes, J.E.K., Dunic, J., Eriksson, B.K., Hensel, Mel &.,

493 (2015). Recenttrends in local-scale marine biodiversity reflect communitse and human
494  impacts.Curk=Biol., 25, 1938-1943.

495 15.

496  Ellingsen, K.E., Anderson, M.J., Shackell, N.L., Tveraa, T., Yoccoz, N.G. & Frank, K.T. (2015).
497  The roléof‘a'dominant predator in shaping biodiversity over space and time in a marine

498  ecosysteml.Anim. Ecol., 84, 1242-1252.

499 16.
500 Fisher, J. amDwrFrank, K.T., Petrie, B., Leggett, W.C. & Shackell, N.L. (2008). Temporal
501  dynamics/within a contemporary latitudinal diversity gradienotl. Lett., 11, 883—-897.

502 17.
503 Fretwell, S.D. & Lucas, H.L. (1969). On territorial behavior and other factors ndilg habitat
504  distribution in birdsActa Biotheor., 19, 16-36.

505 18.
506 GastonyK. (1994 Rarity. Population and Community Biology Series. Springer Netherlands.

507 19.
508 Gaston, K.J. (2003)he Structure and Dynamics of Geographic Ranges. Oxford series in
509 ecology and evolution. Oxford University Press.

This article is protected by copyright. All rights reserved



510 20.
511  Gaston, K.J., Blackburn, T.M. & Lawton, J.H. (1997). Interspecific Abund&acege Size
512  Relationships: An Appraisal of MechanisrdsAnim. Ecoal., 66, 579-601.

513 21.

514  Gonzalez; A., Cardinale, B.J., Allington, G.R.H., Byrnes, J., Arthur Endsley, K., Brown,dD.G.,
515 al. (2016). Estimating local biodiversity change: a critique of papers claiming taseedf local
516  diversity.Ecology, 97, 1949-1960.

517  22.

518 Gotelli, N& Colwell, R. (2011). Estimating species richnessFhontiersin Measuring

519  Biodiversity (eds.Magurran, A.E. & McGill, B.J.). Oxford University Press, New York, pp. 39—
520 54.

521 23.
522  Gotelli, N.J. & Colwell, R.K. (2001). Quantifying biodiversity: procedures and pitialise
523 measurement and comparison of species richkesk.Lett., 379-391.

524 24,
525  GuilleraFArroita;: G. (2016). Modelling of species distributions, range dynamics and communities

526  under imperfect detection: advances, challenges and opportuBdogsaphy .

527  25.
528 Hanski, I. (1982). Dynamics of regional distribution: the core and satellite sgggethesis.
529  Oikos, 38,/210-221.

530 26.
531  Harrison, S. (1991). Local extinction in a metapopulation context: an empiricah&oalBiol.
532  J.Linn. Soc. Lond., 42, 73-88.

533  27.
534  Harrison, S., Ross, S.J. & Lawton, J.H. (1992). Beta Diversity on Geographic Gradients in
535  Britain.J. Anim. Ecol., 61, 151-158.

536  28.

This article is protected by copyright. All rights reserved



537
538
539

540
541
542

543
544
545

546
547
548

549
550
551

552
553
554
555

556
557
558

559
560
561

562
563

Hastings, A., Cuddington, K., Davies, K.F., Dugaw, C.J., EImendorf, S., FreestoaealA.,
(2004). The spatial spread of invasions: new developments in theory and evigbehdestt., 8,
91-101.

29.
Hiddink, J.G. & Coleby, C. (2012). What is the effect of climate change on marine fish
biodiversity in an area of low connectivity, the Baltic S&hab. Ecol. Biogeogr., 21, 637—-646.

30.
Hiddink, J.G.& ter Hofstede, R. (2008). Climate induced increases in species richness of marine
fishes.Glob! Chang. Biol., 14, 453-460.

31.
ter Hofstede,"R., Hiddink, J.G. & Rijnsdorp, A.D. (2010). Regional warming changes fish
species richness in the eastern North Atlantic Oddan. Ecol. Prog. Ser., 414, 1-9.

32.
Holt, R.D., Lawton, J.H., Gaston, K.J. & Blackburn, T.M. (1997). On the Relationship between
Range Size'and Local Abundance: Back to BaSidss, 78, 183—190.

33.

Hooper, D.U., Chapin, F.S., Ewel, J.J., Hector, A., Inchausti, P., Lavoreti a5.(2005).
Effects of biediversity on ecosystem functioning: a consensus of current knowkedge.
Monogr., 75,.3<35.

34.
IknayanpKadwTingley, M.W., Furnas, B.J. & Beissinger, S.R. (2014). Detecting diversity:
Emerging methods to estimate species diversiignds Ecol. Eval., 29, 97-106.

35.
Jablonski, D.(1987). Heritability at the species level: analysis of geographic mdrggetaceous
mollusks.Science, 238, 360—363.

36.
Kellner, K.F. & Swihart, R.K. (2014). Accounting for imperfect detection in ecology: a

This article is protected by copyright. All rights reserved



564  quantitative reviewPLoSOne, 9, €111436.

565  37.
566  Kéry, M., Guillera-Arroita, G. & Lahoz-Monfort, J.J. (2013). Analysing and mapping species
567 range dynamics using occupancy mod&I8iogeogr., 40, 1463-1474.

568  38.
569 Kéry, M., Royle, J.A., Plattner, M. & Dorazio, R.M. (2009). Species richness and occupancy

570 estimation in communities subject to temporary emigrafoology, 90, 12791290.

571 39.
572  Lawton, J.H{ (1993). Range, population abundance and consernvatods Ecol. Evol., 8, 409—
573 413.

574  40.
575 Lefcheck,J:$#(2016). piecewiseSEM: Piecewise structural equation modellifay ecology,
576  evolution,/and systematidslethods Ecol. Evol., 7, 573-579.

577 41.
578 Lewis, M.A=& Kareiva, P. (1993). Allee dynamics and the spread of invading orgafiiseos.
579  Popul. Biol., 43, 141-158.

580 42.

581 Lomba, A, Pellissier, L., Randin, C., Vicente, J., Moreira, F., Honrads,al.,(2010).

582  Overcoming.the rare species modelling paradox: A novel hierarchical framewaoldapphn
583 Iberian gndemic planBiol. Conserv., 143, 2647-2657.

584  43.
585 Loreau, Mw&.de Mazancourt, C. (2013). Biodiversity and ecosystem stability: lzesigof
586  underlyingsmechanismg&col. Lett., 16 Suppl 1, 106-115.

587 44.
588 MacArthur, R.H. &Wilson, E.O. (1967). The Strategy of Colonization.The Theory of Island
589  Biogeography. Princeton University Press, pp. 68-93.

This article is protected by copyright. All rights reserved



590
591
592

593
594
595

596
597
598

599
600
601

602
603
604

605
606
607
608

609
610
611

612
613
614

615
616

45.
MacCall, A.D. (1990)Dynamic geography of marine fish populations. Washington Sea Grant

Program Seattle, Washington.

46.
Magurran; A.E.; Dornelas, M., Moyes, F., Gotelli, N.J. & McGill, B. (2015). Rapid biotic
homogenization of marine fish assemblagég. Commun., 6, 8405.

47.
Magurran, A.E. & Henderson, P. a. (2003). Explaining the excess of rare species in natura
specis abundance distribution¥ature, 422, 714-716.

48.
McGill, B.J.;"Dornelas, M., Gotelli, N.J. & Magurran, A.E. (2015). Fifteen forms of erdity
trend in the Anthropocenérends Ecol. Eval., 30, 104-113.

49.
Millennium Ecosystem Assessment. (2005)o&ystems and human wéking: biodiversity

synthesis.

50.

Molinos, J.G., Halpern, B.S., Schoeman, D.S., Brown, C.J., Kiessling, W., Mooref &8.J.,
(2015). Climate velocity and the future global redistribution of marine biodivelatyClim.
Chang., 6,"83-88.

51.
Morley, 3"WepBatt, R.D. & Pinsky, M.L. (2017). Marine assemblages respond rapidly to winter
climate variability.Glob. Chang. Biol., 23, 2590-2601.

52.
Mueter, F.J"&Litzow, M.A. (2008). Sea ice retreat alters the biogeography of ting Bea
continental shelfecol. Appl., 18, 309-320.

53.
Nakagawa, S. & Schielzeth, H. (2013). A general and simple method for obtaining R2 from

This article is protected by copyright. All rights reserved



617

618
619
620

621
622
623
624

625
626
627
628

629
630
631
632

633
634
635

636
637
638
639

640
641
642

643

generalized linear mixedffects modelsMethods Ecol. Evol., 4, 133-142.

54.
Newbold, T., Hudson, L.N., Hill, S.L.L., Contu, S., Lysenko, I., Senior, RAl,. (2015).

Global effeets'of land use on local terrestrial biodiversisture, 520, 45-50.

55.

Pereira, H.M., Leadley, P.W., Proenca, V., Alkemade, R., Scharlemann, J.P.W., Fernandez
Manjarrés, J.Fet al. (2010). Scenarios for global biodiversity in the 21st centaignce, 330,
1496-1501.

56.

Pershing,'A.J.; Alexander, M.A., Hernandez, C.M., Kerr, L.A., Le Bris, A., Mills, KtEl,
(2015). Sloew adaptation in the face of rapid warming leads taps®#l of the Gulf of Maine cod
fishery.Science, 350, 809-812.

57.

Pimm, S.L., Jenkins, C.N., Abell, R., Brooks, T.M., Gittleman, J.L., Joppa, ¢.8l.,(2014).
The biodiversity of species and their rates of extinction, distribution, and pootegiience,
344, 1246752:

58.
Pinsky, M Lss\Worm, B., Fogarty, M.J., Sarmiento, J.L. & Levin, S. a. (2013). Marine taxa track
local climate velocitiesScience, 341, 1239-1242.

59.

Plummery M=(2003). JAGS: A program for analysis of Bayesian graphical models usbwy Gi
sampling. InProceedings of the 3rd International Workshop on Distributed Statistical

Computing.

60.
R Core Team. (2016IR: A Language and Environment for Satistical Computing. R Foundation
for Statistical Computing, Vienna, Austria.

61.

This article is protected by copyright. All rights reserved



644
645

646
647
648

649
650
651

652
653
654

655
656
657

658
659
660

661
662
663
664

665
666
667

668
669
670

Royle, J.A., Dorazio, R.M. & Link, W.A. (2007). Analysis of Multinomial Models with
Unknown Index Using Data Augmentatiah Comput. Graph. Sat., 16, 67—-85.

62.
Sax, D.Fr&Gaines, S.D. (2003). Species diversity: from global decreases to loceas@sc
Trends Ecal. Eval., 18, 561-566.

63.
Sax, D.F. & Gaines, S.D. (2008). Species invasions and extinction: The future of native
biodiversity on.island$?roceedings of the National Academy of Sciences, 105, 11490-11497.

64.
Sax, D.F.;"Gaines, S.D. & Brown, J.H. (). Species Invasions Exceed Extinctions on Islands
Worldwidé:"A"Comparative Study of Plants and Biréis. Nat., 160, 766—783.

65.
Shackell, N.L. & Frank, K.T. (2003). Marine fish diversity on the Scotian Shelf, CaAquakt.
Conserv., 13, 305-321.

66.
Simberloff, D. & Gibbons, L. (2004). Now you See them, Now you don’t! — Population Crashes
of Established Introduced Specisol. Invasions, 6, 161-172.

67.

Sunday, J.M.,.Pecl, G.T., Frusher, S., Hobday, A.J., Hill, N., Holbrook,&nal.,(2015).
Speies,traits.and climate velocity explain geographic range shifts in an-a@@anng hotspot.
Ecol. Letty, 181944-953.

68.
Tilman, DgsReich, P.B., Knops, J., Wedin, D., Mielke, T. & Lehman, C. (2001). Diversity and
productivity“in,a longterm grasslandx@eriment.Science, 294, 843-845.

69.
Tingley, M.W. & Beissinger, S.R. (2013). Cryptic loss of montane avian richness and high
community turnover over 100 yeaEcology, 94, 598—-609.

This article is protected by copyright. All rights reserved



671 70.
672  Urban, M.C., Phillips, B.L., Skelly, D.K. & Shine, R. (2008). A toadre traveled: the

673 heterogeneous invasion dynamics of cane toads in AustalidNat., 171, E134-48.

674 T71.

675 Vellend, M., Baeten, L., Becker-Scarpitta, A., Boucher-Lalonde, V., McCune, J.L.,a@vleksi
676 etal. (2017). Plant Biodiversity Change Across Scales During the Anthropoteme.Rev.
677 Plant Biol.

678 72.

679 Vellend, M7, Baeten, L., Myers-Smith, I.H., EImendorf, S.C., Beauséjour, R., Brown,eCaD.,
680 (2013). Global' metanalysis reveals no net change in leszdle plant biodiversity over time.
681  Proc. Natl. Acad: Sci. U. S A, 110, 19456-19459.

682 73.
683 Vellend, M., Dornelas, M., Baeten, L., Beauséjour, R., Brown, C.D., De FreneealP (2016).
684  Estimates oflocal biodiversity change over time stand up to scréiohogy.

685 74.
686  Wilcove; D:S«é& Terborgh, J.W. (1984). Patterns of population decline in Binasican Birds,
687 38, 10-13.

688 75.
689  Yenni, G.,”Adler, P.B. & Ernest, S.K.M. (2012). Strong $iefiitation promotes the persistence
690 of rare spécie€cology, 93, 456-461.

691

692

693 Tables

694 Table 1iTrends in MSOM estimates of richness. Kenddll's , which accounts for ties, was
695 calculated after removing serial correlation in each resampled time series of the posterior. P
696 values were corrected for multiple comparisons in order to maintain a falegatiscate of

697 « = (.05 (Benjamini & Hochberg 1995). Significant trends andapies are bolded.

This article is protected by copyright. All rights reserved


https://paperpile.com/c/MAte0j/2vU0t�

Region Kendall'sT [P-alue (BH)
Aleutian Islands|0.23 0.37
E. Bering Sea (0.42 0.0030
Gulf of Mexico_ |0:098 0.61
Gulf of Alaska ™ 10:24 0.36
Northeast US 019 0.22
Newfoundland [0.73 6.4E-4
Southeast US' [=0.22 0.22
Scotian Shelf@=(0.45 4.4E-4
West Coast US (0.61 0.042

698

699

700  Figurelegends

701  Fig. 1. Time series of MSOM estimates of regional richness. Each point o#terior mean of

702  regional richness in a year. Lines indicate loeign trends from fitted values of linear regression
703  models predicting richness from time. Solid lines indicate that 1, was significant, dashed lines

704  insignificant (Table 1).

705

706  Fig. 2. Rangesize versus years before extinction (A) and years after colonization (B). The

707  horizontal axis is the number of years to the nearest absence, separated into either a pre

708 extinctionior postolonization phase. A species might experience repeatezkpnetion and

709  postcolonization phases in the same time series. For visualization, range sizes within a region
710  were averaged-across each speplesse combination for a given number of years to absence.
711 Statistics (see main text) use unaggregated gaddrig. S5). By definition, range size is 0 when
712  years to eventis 0, and we excluded points at (0,0) from all figures and analysesréeitrends
713  from linear regressions fit to aggregated range sizes.

714

715  Fig. 3. Regional species richness (estimated from MSOMjugecommunity range index (CRI).
716  CRI is the community average of each species’ typical range size. There is one point per region
717  per year. Solid lines are linear regression fits. Colors represenediffegions (Figs. 1,2).

718
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719
720
721
722
723

Fig 4. Changes in range sizes (rarefied) for the transient (red) and core (blue) members of each
of the nine regional assemblages. The shading encompasses the middle 50% of the observations
and thick lines are at the median. The black line represents CRI, which is the same metric
represented by the horizontal axis of Fig. 3. Range sizes of zero were excluded whatiroglcul

all metrics.
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