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Abstract
Evaluating impacts to biodiversity requires ecologically informed comparisons over 
sufficient time spans. The vulnerability of coastal ecosystems to anthropogenic and 
climate change- related impacts makes them potentially valuable indicators of biodi-
versity change. To evaluate multidecadal change in biodiversity, we compared results 
from intertidal surveys of 13 sandy beaches conducted in the 1970s and 2009–11 
along 500 km of coast (California, USA). Using a novel extrapolation approach to ad-
just species richness for sampling effort allowed us to address data gaps and has prom-
ise for application to other data- limited biodiversity comparisons. Long- term changes 
in species richness varied in direction and magnitude among beaches and with human 
impacts but showed no regional patterns. Observed long- term changes in richness dif-
fered markedly among functional groups of intertidal invertebrates. At the majority 
(77%) of beaches, changes in richness were most evident for wrack- associated inver-
tebrates suggesting they have disproportionate vulnerability to impacts. Reduced di-
versity of this group was consistent with long- term habitat loss from erosion and sea 
level rise at one beach. Wrack- associated species richness declined over time at im-
pacted beaches (beach fill and grooming), despite observed increases in overall inter-
tidal richness. In contrast richness of these taxa increased at more than half (53%) of 
the beaches including two beaches recovering from decades of off- road vehicle im-
pacts. Over more than three decades, our results suggest that local scale processes 
exerted a stronger influence on intertidal biodiversity on beaches than regional pro-
cesses and highlight the role of human impacts for local spatial scales. Our results il-
lustrate how comparisons of overall biodiversity may mask ecologically important 
changes and stress the value of evaluating biodiversity change in the context of func-
tional groups. The long- term loss of wrack- associated species, a key component of 
sandy beach ecosystems, documented here represents a significant threat to the bio-
diversity and function of coastal ecosystems.
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1  | INTRODUCTION

On a global scale, biodiversity is unequivocally considered to be de-
clining due to species extinctions driven by climate change, develop-
ment, and other human impacts (Butchart et al., 2010; Gonzalez et al., 
2016; Hoegh- Guldberg & Bruno, 2010; Pimm, Russell, Gittleman, & 
Brooks, 1995; Sala et al., 2000). However, biodiversity declines have 
not been consistently observed at local and regional spatial scales 
(Dornelas et al., 2014; Hautekèete et al., 2015; Sax & Gaines, 2003; 
Thomas, 2013; Vellend et al., 2013). As Earth’s climate changes, de-
termining whether and how biodiversity is decreasing and the pro-
cesses responsible is the most pressing issue facing modern ecologists 
(Gonzalez et al., 2016).

Shifts in geographic ranges of individual species in response to cli-
mate change have already been described extensively (e.g., Burrows 
et al., 2011; Chen, Hill, Ohlemüller, Roy, & Thomas, 2011; Parmesan & 
Yohe, 2003; Schoeman, Schlacher, & Defeo, 2014). At the same time, 
human impacts can increase diversity at multiple scales through mech-
anisms including changing disturbance regimes (Devictor & Robert, 
2009) and addition of exotic species (Bruno, Kennedy, Rand, & Grant, 
2004). Despite a growing number of local scale long- term biodiversity 
studies (see Dornelas et al., 2014; Vellend et al., 2013), major gaps in 
the understanding of biodiversity change outside of developed na-
tions and for underrepresented biomes seriously impede our ability 
to accurately quantify biodiversity change across the planet (Gonzalez 
et al., 2016). For example, only a few studies have assessed long- term 
change in biodiversity for coastal ecosystems on a regional scale (e.g., 
Elahi et al., 2015; Novoa, Talley, Talley, Crooks, & Reyns, 2016; Smith, 
Fong, & Ambrose, 2006; Zabin et al., 2013) and none of these stud-
ies have addressed diversity change for sandy beach ecosystems, 
which dominate shorelines globally making up ~70% of open coasts 
(Schoeman et al., 2014).

Understanding the responses of communities and ecosystems 
to climate forcing is critical for conservation (Gonzalez et al., 2016; 
Harley et al., 2006). Coastal ecosystems are expected to be particularly 
sensitive to sea level rise and warming as intertidal communities are 
exposed to extremes in abiotic conditions (Harley et al., 2006). Sandy 
beach ecosystems support diverse, endemic intertidal communities on 
a narrow strip of habitat between the land and sea (Dugan et al., 2010; 
McLachlan et al., 1995). Local scale anthropogenic drivers, including 
beach filling, grooming, armoring, off- road vehicle (ORV) use, fishing, 
and recreation, have been shown to impact beach ecosystems (Defeo 
et al., 2009; Schlacher et al., 2007), but data on scales sufficient to 
detect regional or global scale biodiversity change are lacking for these 
underrepresented biomes (Dugan et al., 2010; Gonzalez et al., 2016; 
Schoeman et al., 2014).

Ecosystems and species are not expected to be equally vulnerable 
to climate change and other stressors (Pacifici et al., 2015). Ecological 
theory and experiments have shown that declines in biodiversity 
could depress ecosystem stability and function and increase invasibil-
ity, which could lead to higher species richness (Cardinale et al., 2012; 
Gamfeldt et al., 2015; Lefcheck et al., 2015; Tilman, Isbell, & Cowles, 
2014). Analyses of overall biodiversity could mask important changes 

that may only be apparent in a subset of the community that shares 
specific ecological traits. Identifying the functional groups or taxa with 
traits that make them vulnerable to extinction could increase our abil-
ity to accurately detect meaningful change in community structure, 
identify the mechanisms responsible, and predict which aspects of 
biodiversity are most likely to be impacted by changes in specific envi-
ronmental factors or processes (Elahi et al., 2015).

Sandy beaches are characterized by low in situ primary produc-
tion and subsidies of marine macrophytes cast ashore as wrack 
provide food and shelter to an important component of the overall 
intertidal community, wrack- associated species (Figure 1). The diverse 
invertebrates associated with wrack (Figure 1) are highly sensitive to 
local impacts as well as climate change (Dugan, Hubbard, McCrary, 
& Pierson, 2003; Dugan, Hubbard, Rodil, Revell, & Schroeter, 2008; 
Hubbard, Dugan, Schooler, & Viola, 2014). Climate change is likely to 
affect the availability of wrack through multiple processes: warming is 
expected to decrease productivity of kelps in upwelling areas (Schiel 
& Foster, 2015), while losses of beach habitat due to sea level rise 
and erosion will reduce retention of wrack on beaches (Revell, Dugan, 
& Hubbard, 2011; Vitousek, Barnard, Limber, Erikson, & Cole, 2017). 
Wrack- associated invertebrates, moreover, are characterized by lim-
ited dispersal ability and direct development (Grantham, Eckert, & 
Shanks, 2003) both of which likely reduce their resilience to distur-
bance (Dugan et al., 2003; Hubbard et al., 2014).

Here we evaluate the direction and magnitude of change in the 
biodiversity of sandy beach ecosystems in southern and central 
California, USA across more than three decades. We hypothesized 
that declines in overall species richness on beaches due to anthropo-
genic and climate change  related impacts on habitat and food supply 
would be evident at both local and regional scales over this time span. 
We predicted that a vulnerable functional group, wrack- associated in-
vertebrates, would exhibit greater declines in species richness and be 

F IGURE  1 Macroalgal wrack, which is beach cast marine 
macrophytes, provides food and shelter for a large component of 
sandy beach macroinvertebrates. The large piles of wrack pictured 
here are composed primarily of giant kelp (Macrocystis pyrifera). The 
dense aggregation of burrows surrounding the wrack belong to low 
dispersal wrack- associated species, talitrid amphipods (Megalorchestia 
spp.), which are the primary consumers of wrack on sandy beaches
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most sensitive to local and regional stressors due to their low disper-
sal ability and life histories and their dependence on a variable cross- 
ecosystem subsidy.

2  | MATERIALS AND METHODS

2.1 | Biodiversity surveys

Our 13 study beaches spanned ~500 km of coastline in California, 
USA, from Cayucos (35°26.058′N) to San Diego (32°44.523′N) 
(Figure 2, Table 1). All beaches could be classified as intermedi-
ate morphodynamic type for both study periods. Extensive in-
tertidal macroinvertebrate surveys were conducted in the 1970s 
by Patterson (1974) and Straughan (1982). We used data from a 
total of 214 surveys conducted at the 13 beaches from 1969 to 
1980 (hereafter 1970s surveys) (Appendix S1). To address the 
lack of complete datasets on species abundance and biomass at all 
13 sites, we relied on cumulative species lists (Table S1) and area 
sampled data compiled for each site for our comparisons between 
survey periods. We compiled cumulative lists of overall, wrack- 
associated, and low dispersal wrack- associated species for each 
site from Patterson (1974) and Straughan (1982). We calculated a 
cumulative sampling area for each study beach using the number of 
surveys conducted, active intertidal zone widths (distance from the 
24-hr high tide line to the low swash limit), and sampling design for 
each survey based on Straughan (1982). We estimated the sampling 
area for wrack- associated invertebrates by calculating the area of 
the upper- beach zone where wrack- associated species are found 
for each survey. This zone was smaller than the active intertidal 
zone and covered from the 24- hr high tide line down to the low-
est sample containing wrack- associated species (Dugan, Hubbard, 
& Quigley, 2013).

We resurveyed intertidal macroinvertebrate communities at the 13 
study beaches from 2009 to 2011, conducting a total of 35 surveys, 
primarily in the late summer and fall (Table 1). Surveys were conducted 
during spring low tides in daylight when surface activity of inverte-
brates is minimal. We used sediment cores to collect samples, which 
were sieved through 1.5 mm mesh to retain macrofauna. Two different 
sampling designs were used, one similar to the sampling design in the 
1970s survey period with a sample area that was proportional to and 
varied with active intertidal width and one with a fixed sampling area 
that was independent of active intertidal width (Table 1; Appendix S1; 
Fig. S1; Schooler, Dugan, & Hubbard, 2014). We chose to employ two 
survey methods in order to better calibrate for differences in sampling 
design and effort between survey periods (Schooler et al., 2014). The 
sampling design that was independent of active intertidal width and 
surveyed the most area is the preferred method by beach ecologists 
(Schlacher et al., 2008). Using this method to maximize sampling effort 
in the 2009–11 surveys allowed a more robust evaluation of change in 
species richness between survey periods.

2.2 | Beach characteristics

Physical attributes and macrophyte wrack are considered to be the 
key drivers of community structure on beaches, far more important 
than biological interactions (Brown & McLachlan, 2010; Dugan et al., 
2003; McLachlan, Jaramillo, Donn, & Wessels, 1993). For each survey, 
we measured active intertidal widths and collected sand samples for 
grain size analysis. Data on sand grain size and active intertidal beach 
width from fall surveys (August–November) for study beaches in the 
1970s were extracted from Patterson, Straughan, and handwritten 
field and laboratory data sheets.

In the 1970s, sand samples were collected every 3.0 m along 
the basepoint transect spanning the width of the active intertidal. In 

F IGURE  2 Map of the study region with 
names and locations of the sandy beach 
study sites (indicated by dots) surveyed 
on the coast of central and southern 
California, USA in the 1970s and in 
2009–11 survey periods
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2009–11, sand samples were collected on each transect at the 24- hr 
high tide line and water table outcrop, standard locations for calcu-
lating mean grain size (Brown & McLachlan, 2010). Sand was rinsed 
with fresh water, dried, and run through graded sieves in the labo-
ratory. We calculated arithmetic mean grain size for each sand sam-
ple from the 2009-11 surveys using the R package “G2Sd” (Gallon 
& Fournier, 2013). We measured the abundance of wrack as cover 
in the 2009–11 surveys using the methods of Dugan et al. (2003) 
which employs a line intercept method along each transect sampled 
for macroinvertebrates. A number of the physical characteristics 
recorded in the 1970s surveys were limited and often qualitative. 
Therefore, it was not possible to make quantitative temporal com-
parisons of wrack cover and morphodynamic state across the survey 
periods.

2.3 | Data analysis

2.3.1 | Evaluating change in biodiversity

To estimate cumulative richness from the 2009-11 surveys, we used 
rarefaction (when 1970s sample area < 2009–11) or extrapolation 
(1970s sample area > 2009–11) methods of Colwell et al. (2012) and 
Chao et al. (2014) to adjust observed species richness for differences 
in sampling areas among survey periods (hereafter adjusted species 
richness). Species–area curves with 95% confidence limits were gen-
erated for each site for the 2009–11 surveys using EstimateS software 
(version 9.0; Colwell, 2013), both for the overall intertidal community 
and wrack- associated macroinvertebrates. Where multiple sampling 
designs were employed in the recent surveys (nine beaches), we used 
data from the sampling design that yielded the greatest area sampled 
across the 2009–11 surveys to create species–area curves. Generally 
this was the fixed area design (eight of 13 beaches).

To compare adjusted species richness between sampling periods, 
we plotted the cumulative species number versus cumulative area 
sampled from the 1970s surveys on the species–area curves con-
structed from 2009-11 biodiversity data for each beach. The position 
of the value for the 1970s cumulative species richness and area with 
respect to the 95% confidence intervals of the species–area curves 
was used to assess the direction, magnitude, and significance of dif-
ferences in species richness between time periods. We estimated the 
adjusted species richness from the 2009–11 surveys as the point on 
the species–area curve at the cumulative area sampled in the 1970s. 
The direction and magnitude of the difference in species richness be-
tween the survey periods was estimated by calculating the difference 
between the cumulative species richness from each 1970s survey and 
the estimated adjusted species richness from the 2009–11 surveys at 
the same beach for two categories of macroinvertebrates, overall and 
wrack- associated taxa.

We used these results to evaluate patterns in the direction and 
magnitude of change in species richness between survey periods. 
Change in richness was expressed as a percentage with positive and 
negative values representing increases and decreases in species rich-
ness over time, respectively.

2.3.2 | Drivers of intertidal richness

Differences in active intertidal width and mean grain size between the 
1970s and 2009–11 survey periods were evaluated with a one- way 
ANOVA (SPSS v.17.0) and also expressed as percentages. We used 
OLS regression to evaluate relationships among mean grain size, ac-
tive intertidal width, and wrack cover (2009–11 only) with the overall 
and wrack- associated species richness adjusted for sampling area for 
our 2009–11 surveys (SPSS v.17.0). We inspected the residuals for 
these model regressions visually by using standard diagnostic plots to 
assess violations of model assumptions. Bearing in mind that sample 
sizes were small (n = 13), we found little evidence of heteroscedastic-
ity, trends, or non- normality among residuals.

To evaluate impacts from climate change or other processes op-
erating on regional spatial scales, we looked for widespread declines 
in species richness across study beaches consistent with large- scale 
environmental drivers (e.g., sea level rise, sea surface temperature 
[SST], wave height). To assess influence of local scale processes on 
species richness over time, we compiled information on disturbance 
activities (Table 1) and beach characteristics for each study beach. 
We evaluated responses of species richness to these potential re-
gional and local drivers for three categories of macroinvertebrates: 
overall, wrack- associated, and low dispersal wrack- associated 
species.

3  | RESULTS

3.1 | Biodiversity

A total of 109 species (89 total species in each survey period) of in-
tertidal macroinvertebrates (x– = 36.2 ± 5.0 SE species per site, n = 13, 
range = 11–64 species) were recorded in all beach surveys (249 sur-
veys). No regional patterns in observed species richness were evident 
in either survey period (Figure 3). Observed species richness varied 
> sixfold across the 13 study beaches but was similar in the two sur-
vey periods (1970s: 8–48 species per site, 2009–11: 8–55 species per 
site) (Figure 3).

In both survey periods, intertidal macroinvertebrate commu-
nities were dominated by Polychaeta (33%), Insecta (28%), and 
Crustacea (27%). Only one species, the sand crab Emerita analoga, 
was collected at every beach in both survey periods (Table S1). 
Other common taxa include the peracarid isopod, Excirolana sp., and 
the polychaetes, Hemipodia sp., Nephtys californiensis, and Scolelepis 
bullibranchia, which were collected at ≥ 11 of the 13 study beaches 
(Table S1). Two species, the talitrid amphipod, Megalorchestia colum-
biana and gastropod, Callianax biplicata, were collected at slightly 
less than half of the beaches in the 1970s and only one or two 
beaches in the 2009–11 surveys, the largest decline in occurrence 
we observed for species that were collected in both survey periods 
(Table S1).

Wrack- associated invertebrates made up greater than a third of 
the total observed macroinvertebrate species in each survey period 
(1970s: 34%, 2009–11: 39%) (Figure 3). Species lacking planktonic 
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larval stages and with limited dispersal abilities as adults made up 
more than a third of these wrack- associated taxa (1970s: 37%; 
2009–11: 35%) and 12% of the total species (1970s: 13%; 2009–
11: 14%). Eight wrack- associated species of peracarid Crustacea, all 
of which brood their young and have limited adult dispersal, were 
found including six species of talitrid amphipods (Megalorchestia 
spp.) and two oniscid isopods (Alloniscus perconvexus and Tylos 
punctatus) (Table 2; Table S1). At least one species of talitrid amphi-
pod was collected at every beach with the exception of Westward 
(Table S1). Oniscid isopods were more restricted in distribution 
(nine beaches) (Table S1). Coleoptera were the most diverse order of 
wrack- associated macroinvertebrates with 24 species from six fam-
ilies observed across the survey periods at our study beaches (Table 
S1). Of these, four species are flightless with low dispersal ability 
(Table 2). Overall species richness of Coleoptera increased across 
the survey periods with five more species observed in 2009–11 
(Table S1).

3.2 | Beach characteristics

No regional patterns of change in beach characteristics were evident 
across survey periods. Active intertidal width and mean sand grain 
size remained similar between survey periods at the majority of study 
beaches and significant differences in these parameters were limited 
to three beaches (Figure 4, and Fig. S2). Many beaches in the study 
region, including four of our study beaches, are subject to intense an-
thropogenic impacts, such as grooming and beach fills, as part of the 
local coastal management regime (Table 1).

Mean values of active intertidal width, which represents habitat 
area available for beach communities, varied at least fivefold among 

study beaches in both survey periods, with values ranging from 24 m 
to 183 m across sites during fall surveys (Fig. S2a). A significant dif-
ference in mean active intertidal width between survey periods was 
detected at only one site, Crystal Cove (F = 14.52, p = 0.03), which 
was wider (38%) in the 2009–11 surveys (Figure 4a). The greatest 
loss of intertidal width between survey periods (24%) was observed 
at Coal Oil Point, but was not statistically significant (Figure 4a).

Mean values of sand grain size varied more than three-
fold among study beaches in both survey periods, ranging from 

TABLE  2  (a) Wrack- associated species with low dispersal known 
from the study region and (b) the cumulative number of genera and 
species collected at each study beach in each survey period

a. Low dispersal wrack- associated species

Crustacea Insecta

 Talitridae:  Carabidae:

 Megalorchestia benedicti  Akephorus marinus

 Megalorchestia californiana  Curculionidae:

 Megalorchestia columbiana  Emphyastes fucicola

 Megalorchestia corniculata  Melyridae:

 Megalorchestia minor  Endeodes sp. (NC)

 Megalorchestia pugettensis  Staphylinidae:

 Alloniscidae:  Thinopinus pictus

 Alloniscus perconvexus  Hadrotes crassus (NC)

 Tylidae:  Tenibrionidae:

 Tylos punctatus  Coelus ciliates

Arachnida  Coelus globosus (NC)

 Bdellidae:

 Neomolgus littoralis

b. Number of low dispersal wrack- associated genera and species 
collected

Location

Genera Species

1970s 2009–11 1970s 2009–11

Cayucos 3 4 6 7

Morro Bay 2 1 5 2

Oceano Dunes 0 3 0 5

Coal Oil Point 2 1 5 1

North Carpinteria 3 2 5 3

Hollywood 2 2 4 3

Arnold Road 3 4 6 6

Westward 0 0 0 0

Dume Cove 2 5 4 8

Torrance 0 1 0 1

Crystal Cove 2 3 4 5

Scripps 3 3 3 4

Ocean Beach 3 1 3 1

Differences of >1 genus or species across study periods are indicated in 
bold. NC = not collected in this study.

F IGURE  3 Values of cumulative observed species richness of 
macroinvertebrates at the study beaches for the 1970s and 2009–11 
survey periods. The hatched bars indicate the values of observed 
richness for wrack- associated species for each survey period. Species 
richness values are not adjusted for sampling
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0.14 mm to 0.53 mm in fall surveys (Fig. S2b). Values for mean grain 
size were greater for the 2009–11 surveys than the 1970s surveys 
for the majority of beaches (10 beaches) and lower mean values 
were observed in the recent surveys at 25% of the beaches (three 
beaches) (Figure 4b). Significant differences in values of mean sand 
grain size between survey periods were detected at only two sites, 
Coal Oil Point (F = 6.27, p = 0.03) and North Carpinteria (F = 14.13, 
p = 0.03), with greater values in recent surveys for both beaches 
(Figure 4b).

The mean cover of macrophtye wrack varied more than 60- 
fold (x– = 1.8 ± 0.5 m2 m-1, range = 0.1–6.6 m2 m-1) among study 
beaches in the 2009–11 surveys (Fig. S3). Ungroomed beaches 
(x– = 2.1 ± 0.7 m2 m-1, n = 9, range = 0.2–6.6 m2 m-1) had four times the 
cover of wrack compared to urban beaches (x– = 0.5 ± 0.3 m2 m-1, n = 3, 
range = 0.1–1.1 m2 m-1) with the exception of Ocean Beach which had 
high cover of fresh wrack (3.6 m2/m) in the lower intertidal zone (Fig. 
S3; Table 1).

3.3 | Drivers of intertidal richness

3.3.1 | Local scale anthropogenic drivers

Although the multidecadal changes we detected in biodiversity varied 
in magnitude and direction among beaches, our analyses of values of 
adjusted species richness using species–area curves for overall and 
wrack- associated species revealed several trends across the survey 
periods (Figures 5 and 6; see Figs S4 and S5 in Supporting information 
for details) that were related to the history of human impacts (Table 1). 
A large component of the differences we detected in adjusted species 
richness across the survey periods was driven by wrack- associated 
species with ecologically important shifts in richness of this group evi-
dent for 77% (10) of the 13 beaches (Figure 6). Differences detected 

F IGURE  4 The direction of and percent difference observed 
in (a) mean active intertidal width and (b) mean grain size during 
fall (August–December) surveys for the study beaches between 
the 1970s and 2009–11 survey periods (* indicates sites where 
differences were significant at 0.05 level)

F IGURE  5 Example plots of species–area curves based on 
the 2009–11 surveys with unconditional 95% CI. The values of 
cumulative species number and sampling area in the 1970s surveys 
and the 95% CI of the 2009–11 species–area curves shown here 
were used to evaluate differences in species richness between survey 
periods. Adjusted species richness values were (a) significantly higher 
(Scripps), (b) significantly lower (Coal Oil Point), and (c) did not differ 
significantly (Ocean Beach) in 2009–11 compared to 1970s surveys. 
See Figs S4 and S5 in Supporting information for species–area curves 
for all study beaches
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in the richness of wrack- associated species exceeded those for overall 
adjusted species richness in magnitude at nine (69%) of the beaches 
and differed in direction at four (31%) of the beaches (Figure 6). 
For beaches with no detectable anthropogenic impacts, overall and 
wrack- associated species richness increased significantly between 
the survey periods except for one beach where declines in species 
richness were consistent with habitat loss (Figure 6b; white and black 
bars with asterisks). Where local scale anthropogenic drivers were 
identified on our study beaches, we observed ecologically impor-
tant declines in the species richness of the wrack- associated and low 

dispersal wrack- associated groups (Figure 6b; gray and gray hatched 
bars). For two beaches where ORV use was banned between survey 
periods, overall and wrack- associated species richness increased in a 
manner that was consistent with recovery from impacts (Figure 6b; 
white hatched bars).

We also detected significant differences (Figure 5a,b) in overall 
and wrack- associated adjusted richness between survey periods at 
five of six beaches where no direct beach alterations were identi-
fied during or between survey periods (Table 1) (Figure 6; white and 
black bars with asterisks). For these six beaches, cumulative overall 
and wrack- associated species richness in the 1970s varied ≥ three-
fold among beaches (Figure 3). Higher values for overall and wrack- 
associated adjusted richness were estimated in 2009–11 compared to 
1970s surveys at four beaches (Figures 5a and 6; white bars). Adjusted 
overall richness ranged from 17% (Dume Cove) to 84% higher (Crystal 
Cove) with a mean value of 48% higher species richness (Figures 5a 
and 6a; white bars). In contrast, for one beach (Coal Oil Point), over-
all and wrack- associated adjusted richness was much lower (38% and 
62%, respectively) in the 2009–11 surveys compared to the 1970s 
(Figures 5b and 6; black bars), a result consistent with the observed 
loss of intertidal habitat estimated by intertidal width (Figure 4). 
Notably, four species of talitrid amphipods with low dispersal abilities 
were reported at Coal Oil Point in the 1970s surveys compared to only 
one species in the 2009–11 surveys, a 75% decline in richness of this 
ecologically important genus (Table 2).

For degraded urban beaches that experienced continuous im-
pacts from intensive grooming and major beach fills (Table 1) which 
commenced well before the 1970s surveys and continued through-
out both survey periods, the adjusted richness of wrack- associated 
species declined despite increases in overall richness at three of four 
beaches (Figure 6b; gray bars). Values of cumulative overall and wrack- 
associated species richness in the 1970s were low and varied threefold 
and fourfold, respectively, among these beaches (Figure 3). Overall ad-
justed richness at these four beaches was 45% higher on average in 
the 2009–11 surveys (Figure 6a; gray bars). However, at three of these 
beaches, the average value for adjusted richness of wrack- associated 
species was 41% lower in the 2009–11 surveys (Hollywood: 23%, 
Westward: 50%, and Torrance: 50%; Figure 6b; gray bars). For wrack- 
associated species with low dispersal abilities, major differences in the 
number of species between survey periods were also evident at the 
fourth urban beach, Ocean Beach (Table 2). Two taxa, a talitrid amphi-
pod and an oniscid isopod, recorded in the 1970s surveys were not 
detected at Ocean Beach in the 2009 or 2010 surveys, representing a 
loss of two genera, the greatest loss observed for any study beach de-
spite gains in overall and wrack- associated adjusted richness (Table 2).

Beach fills conducted during and between the survey periods at 
one beach, Morro Bay, included large dredge pipes stretched across 
upper- beach habitat and our sampling area during the 2009 survey 
(Table 1). Despite these direct impacts, cumulative overall richness 
was high (34 species; Figure 4) in the 1970s and little change (<1%) 
in overall adjusted richness was estimated between the survey peri-
ods (Figures 5c and 6a; gray hatched bars). In contrast, we observed 
declines (49%) for wrack- associated adjusted richness at this beach 

F IGURE  6 The direction of and percent difference reported in 
species richness between the 1970s and 2009–11 surveys for (a) 
adjusted overall species richness and (b) adjusted wrack- associated 
species richness. White bars = no direct beach alteration detected. 
White hatched bars = change consistent with recovery from off- road 
vehicle use. Gray bars = urban sites with continuous beach fills and 
grooming. Gray hatched bars = beach fill and upper- beach habitat 
modification. Black bars = no direct beach alteration but overall and 
wrack- associated adjusted richness declines were consistent with 
habitat loss from erosion and sea level rise (SLR). Asterisk = sites with 
significant (95% CI) differences in adjusted richness. See also Figs S4 
and S5 in Supporting information
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similar to that observed at two degraded urban beaches (50% at 
Westward and Torrance) (Figure 6b; gray hatched bars). Moreover, a 
60% decline in observed richness of wrack- associated species with 
low dispersal ability was evident at this site (Table 2).

Our results on intertidal richness were consistent with recovery 
from intense ORV use at two beaches, Oceano Dunes and Arnold 
Road, where overall and wrack- associated adjusted richness were 
higher in the 2009–11 surveys (Figures 5a and 6; white hatched bars). 
Both beaches were subject to intense ORV traffic during the 1970s 
(Table 1), but management changes prohibited ORVs about 15 years 
prior to our 2009–11 surveys (1984 at Oceano Dunes and 1992 at 
Arnold Road). Overall adjusted richness was significantly higher in the 
2009–11 surveys at both beaches, but was only statistically signifi-
cant for wrack- associated species at Oceano Dunes (Figures 5a and 
6; white hatched bars). Wrack- associated species with low dispersal 
not previously recorded in the 1970s surveys were detected in our 
2009–11 surveys at both beaches, including talitrid amphipods at 
Oceano Dunes and oniscid isopods at Arnold Road and Oceano Dunes 
(Table 2). At Oceano Dunes, three genera and five species of wrack- 
associated invertebrates not observed in the 1970s were found in our 
2009–11 surveys (Table 2), the largest increase we observed in these 
taxa with low dispersal.

3.3.2 | Environmental drivers

The responses of species richness to beach characteristics, including 
active intertidal width, sand grain size, and wrack abundance, were 
not consistent across groups and survey periods. Overall adjusted 
species richness was negatively related to sand grain size in both sur-
vey periods (1970s: r2 = 0.38, p = 0.02, n = 13; 2009–11: r2 = 0.47, 
p = 0.01, n = 13), as was the adjusted richness of wrack- associated 
biota for the 2009–11 surveys (r2 = 0.30, p = 0.05, n = 13) (Fig. S6). 
Relationships between mean active intertidal width and (1) overall 
species richness and (2) the richness of wrack- associated species were 
positive but not significant for both periods. Across the survey peri-
ods, we found no relationships between the observed change in over-
all or wrack- associated adjusted species richness and those in beach 
width or grain size for the 13 study beaches. For 2009–11 surveys, 
the adjusted overall (r2 = 0.31, p = 0.05, n = 13) and wrack- associated 
(r2 = 0.27, p = 0.07, n = 13) species richness were positively related to 
the mean cover of wrack indicating the importance of this resource to 
biodiversity (Fig. S7).

4  | DISCUSSION

Wildlife populations that rely on sandy beaches as critical habitat, 
such as sea turtles and nesting plovers, are threatened worldwide, 
largely in response to human disturbance and habitat alteration (e.g., 
Schlacher et al., 2014). Our results documenting the loss of sandy 
beach invertebrate species that depend on macrophyte wrack, par-
ticularly those with limited dispersal, strongly echo trends observed 
for beach- dependent wildlife on urban coasts and highlight the 

importance on local scale processes. Disturbed beaches continued to 
lose species over more than three decades, while beaches recovering 
from impacts slowly gained species.

We observed an overall lack of regional declines in species richness 
and change in physical beach characteristics despite regional increases 
in SST, sea level rise, wave height, and storm frequency across the 
survey periods (Allan & Komar, 2006; NOAA Tides & Currents, 2017; 
Ruggiero, Komar, & Allan, 2010; Smith et al., 2006). This suggests that 
processes operating at local scales are exerting a stronger influence 
on sandy beach biodiversity than regional or global scale drivers and 
highlight the importance of human impacts at local spatial scales. Our 
results are broadly consistent with studies across a range of ecosys-
tems and communities showing that local and regional scale changes 
observed in biodiversity often do not clearly correspond with global 
biodiversity loss (Dornelas et al., 2014; Elahi et al., 2015; Hautekèete 
et al., 2015; Sax & Gaines, 2003; Thomas, 2013; Vellend et al., 2013). 
At a global scale, change in species number is the difference between 
the speciation and extinction rates, and increasing extinction rates 
have resulted in a net global loss of species over the last century (Sax 
& Gaines, 2003). At smaller spatial scales, immigration and emigration 
drive metacommunity dynamics that can obscure the signal of spe-
cies extinctions at broader scales (Gonzalez et al., 2016; Sax & Gaines, 
2003). Our results demonstrate why a long- term and ecologically in-
formed perspective is needed to reveal declines in biodiversity that 
may not be apparent in more broad- brush analyses (Gonzalez et al., 
2016).

The influence of local and regional processes on sandy beach bio-
diversity contrasts with results for rocky shores for the same eastern 
Pacific region over a similar time span (Smith et al., 2006). In rocky in-
tertidal communities associated with mussels, fewer intertidal species 
of invertebrates were observed in 2002 compared to the 1960s and 
1970s at sites across California (Smith et al., 2006). Based on these 
results, Smith et al. (2006) concluded that the consistency of trends 
for observed species richness in intertidal mussel beds among sites 
suggested that large- scale processes impacted species richness over 
the past 30 years despite spatially varying intensities of human use 
and pollution across the study region. They attributed these changes 
to climate change- driven warming and decreased phytoplankton pro-
ductivity lowering food supply to mussel beds and decreasing pelagic 
larval survival. Although our study covered similar regions and time 
spans, we did not observe analogous local or regional declines in inter-
tidal species richness for sandy beach communities. One potential fac-
tor in the disparate results for these two intertidal ecosystems is the 
relative importance of the wrack- associated fauna to intertidal biodi-
versity on beaches, compared to suspension- feeding animals that de-
pend on phytoplankton. This diverse functional group lacks planktonic 
larval stages and largely depends on beached giant kelp (Macrocystis 
pyrifera) and other marine macrophytes from nearby kelp forests for 
food and shelter (Dugan et al., 2003; Lastra, Page, Dugan, Hubbard, 
& Rodil, 2008). Although giant kelp biomass has shown considerable 
local scale variability over the past three decades, no consistent re-
gional patterns have emerged (Bell, Cavanaugh, Reed, & Siegel, 2015). 
Our results showing that change in wrack- associated species richness 
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occurred over time but the direction and magnitude of that change 
varied strongly among beaches are consistent with local scale resource 
availability and human impacts as drivers of diversity change rather 
than regional changes in productivity or pelagic larval survival as pro-
posed for rocky shores.

Increases in species richness can be associated with higher con-
nectivity caused by declines in regional barriers and the immigration 
or introduction of exotic species (Sax & Gaines, 2003). However, the 
higher richness of macroinvertebrate species we found in the 2009–
11 surveys at approximately half of the study beaches was not due 
to the presence of exotic species. Although a small number of cryp-
togenic sandy beach macroinvertebrate species were found in our 
surveys (<5% on average) during both survey periods, no known non- 
native intertidal species were observed. Globally, few exotic species of 
macroinvertebrates have been reported for sandy beach ecosystems 
(Defeo et al., 2009). This result contrasts with temperate regions and 
coastal ecosystems in general (Cohen & Carlton, 1998; Heard, Sax, & 
Bruno, 2012), which are often considered hot spots for biological in-
vasions (Ruiz, Fofonoff, Steves, Foss, & Shiba, 2011). Our finding of 
no exotic or invasive intertidal invertebrates at beaches representing 
a wide range in biodiversity and intensity of disturbance for a wide-
spread coastal ecosystem suggests that the invasion potential may be 
smaller for beaches than other ecosystems.

Our results of significant increases in overall species richness over 
more than 30 years at four relatively unmanaged beaches as well as 
three impacted beaches were unexpected and indicate further study 
of these dynamic communities and the local drivers affecting biodi-
versity, including coastal management, are warranted. For two of the 
beaches, the positive response in diversity was consistent with recov-
ery from disturbance by ORV use. Similar increases in species richness 
found at the five other study beaches may have also responded to 
changes in coastal management across the survey periods, including 
the past establishment of marine reserves at Scripps and Crystal Cove. 
However, it is not possible to quantitatively evaluate these unexpected 
changes using our datasets and the limited information available on 
past coastal management activities. Monitoring of the biodiversity of 
sandy beach ecosystems that takes advantage of the recent establish-
ment of a widespread (~1,350 km) network of marine protected areas 
overlapping the study region could provide an opportunity to gain in-
sights into factors underlying the long- term changes in biodiversity 
we identified here.

Long- term changes we detected in richness differed substantially 
among functional groups of intertidal invertebrates. In particular, com-
parisons of overall species richness alone failed to capture the sig-
nificant loss of a key functional group, the wrack- associated species, 
in sandy beach ecosystems across three decades. Wrack- associated 
taxa play a vital role in the breakdown and processing of macroalgal 
wrack and subsequent nutrient cycling on beaches (Dugan, Hubbard, 
Page, & Schimel, 2011; Lastra et al., 2008) and are important prey 
for wildlife, particularly shorebirds including endangered species 
(Dugan et al., 2003). The lack of planktonic larval stages and the low 
dispersal abilities of some adult invertebrates (Table 2a) make wrack- 
associated species especially sensitive to anthropogenic impacts that 

directly affect their populations or the abundance of wrack subsidies 
that provide food and shelter (Hubbard et al., 2014). Removal or 
disturbance of wrack resources has been shown to strongly impact 
wrack- associated taxa and diversity (Dugan et al., 2003; Llewellyn & 
Shackley, 1996). The changes in richness of wrack- associated spe-
cies we observed were consistent with the impacts of wrack removal 
and associated disturbance at four urban beaches subject to regular 
beach grooming (Hollywood, Westward, Torrance, and Ocean Beach) 
and one beach with heavy upper- beach habitat modification (beach 
fill and dredge pipes) during our surveys (Morro Bay). Despite a re-
sult of higher or no change in overall adjusted species richness values 
at these beaches, wrack- associated richness had declined by greater 
than 20% at all but one groomed beach in 2009–11 compared to the 
1970s. Similarly, ORVs can severely impact wrack as well as dune veg-
etation and biota (Davies, Speldewinde, & Stewart, 2016; Schlacher 
& Thompson, 2008). At two of our study beaches that were subject 
to intense ORV traffic during the 1970s, biodiversity increased across 
the survey periods likely in response to the elimination of ORV distur-
bance more than 15 years before our 2009–11 surveys. In particular, 
richness of wrack- associated species, including five species with low 
dispersal never recorded in the 1970s, increased, indicating that re-
covery of these sensitive species may be possible given adequate time 
and sufficient local source populations.

Beach habitat loss associated with erosion and sea level rise is 
expected to result in declines in intertidal biodiversity where retreat 
of beaches is constrained by coastal bluffs or armoring (Dugan et al., 
2008, 2013; Jaramillo et al., 2012; Schoeman et al., 2014). Our results 
were consistent with this prediction at only one site, Coal Oil Point, 
a narrow beach backed by a coastal bluff. There, both overall and 
wrack- associated species richness declined (38% and 62%, respec-
tively) by 2009–11, concomitant with a 24% decrease in the active 
intertidal width, a 25% increase in mean sand grain size, and a 1.11 
 mm/year increase in local monthly mean sea level (data from Santa 
Barbara Station 1973–2015; NOAA Tides & Currents, 2017). This 
loss and alteration of intertidal beach habitat likely resulted from a 
combination of sea level rise and climate forcing that increased wave 
height and storm frequency (Allan & Komar, 2006; Ruggiero et al., 
2010), such as the Pacific Decadal Oscillation and El Niño- Southern 
Oscillation (Barnard, Hubbard, & Dugan, 2012; Mantua, Hare, Zhang, 
Wallace, & Francis, 1997; Revell et al., 2011) and anthropogenic im-
pacts to sediment supply (Barnard et al., 2012; Orme et al., 2011; 
Revell & Griggs, 2006). These factors, combined with the very limited 
scope for retreat due to the coastal bluff bounding this beach (Dugan 
et al., 2013), may explain why observed declines in species richness 
were so striking here compared to the other study beaches. Narrow 
beaches constrained by bluffs or armoring are common in central and 
southern California but are at risk of complete habitat loss from ero-
sion and sea level rise (Vitousek et al., 2017). By 2100, 31%–67% 
of all southern California beaches are projected to disappear due to 
erosion (Vitousek et al., 2017). These results illustrate regional (e.g., 
sea level rise and wave height) and local (e.g., sand starvation and ar-
moring) processes that threaten biodiversity and ecosystem integrity 
of this widespread coastal ecosystem in the region and around the 
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globe (Dugan et al., 2008, 2010; Schlacher et al., 2007; Schoeman 
et al., 2014).

The need for robust evaluations of shifts in biodiversity driven by 
climate and anthropogenic drivers at relevant temporal and spatial 
scales to inform conservation and management is growing (Magurran 
et al., 2010; Sternberg & Yakir, 2015). We were able to overcome dif-
ferences in sampling effort and methodologies associated with com-
parisons of biodiversity across multidecadal temporal scales using 
an extrapolation approach (Chao et al., 2014; Colwell et al., 2012; 
Schooler et al., 2014). Using cumulative species richness values ob-
tained from species lists to compare area- adjusted species richness 
across survey periods made it possible for us to identify and evaluate 
ecologically relevant differences in intertidal biodiversity over a mul-
tidecadal time scale. Greater use of such methods could allow much 
needed temporal comparisons of biodiversity to be made in ecosys-
tems with datasets that might otherwise be unsuitable for compari-
son, particularly underrepresented biomes and ecosystems outside of 
developed nations, to accurately quantify global biodiversity change 
(Gonzalez et al., 2016).

Our results highlight how the complexity of ecologically important 
change in biodiversity can be masked in comparisons of overall spe-
cies richness (Elahi et al., 2015). Identifying taxa and functional groups 
known to be vulnerable to specific impacts can be an important tool 
to inform a priori predictions of biodiversity change. Despite detecting 
declines in overall species richness at only one study beach, we found 
that ecologically important wrack- associated fauna vulnerable to dis-
turbance, resource limitation, and habitat loss declined at numerous 
beaches, suggesting considerable alteration of the structure and func-
tion of a major coastal ecosystem has occurred in the region over three 
decades. We also found evidence that local impacts to this ecologically 
important component of intertidal biodiversity may be reversed with 
management changes that reduce disturbance of beaches and allow 
recovery of sensitive taxa. Shifts in species composition and loss or 
gain of key taxa, such as those we observed for wrack- associated spe-
cies, can be as important as overall biodiversity change when the taxa 
are critical to ecosystem function (Hooper et al., 2012; Lefcheck et al., 
2015; Orwin, Ostle, Wilby, & Bardgett, 2014). Our findings illustrate 
the value of using detailed long- term comparisons of community com-
position at local and regional scales in evaluating the status of bio-
diversity. These types of evaluations can inform policies intended to 
conserve and manage the endemic biodiversity of beaches and other 
vulnerable ecosystems.
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