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INTRODUCTION
Understanding how physical pro-
cesses shape patterns of species’ diver-
sity and distribution over space and time 
has been a long-standing goal of bio-
geography (Dana, 1853; Lomolino et  al., 
2010). Traditionally, biogeographic stud-
ies tended to fall within one of two tem-
poral extremes—ecological biogeography 
employed one-off, descriptive surveys 
designed to document extant species’ 
presence/absence (particularly to estab-
lish species’ range boundaries), while his-
torical biogeography utilized phylogenetic 
and geological information to infer pat-
terns of species’ relationships and distri-
butions through geologic time (Jenkins 
and Ricklefs, 2011). These studies led to 
important discoveries about mechanisms 
that underlie broad biogeographic pat-
terns (e.g.,  continental drift, major cur-
rent patterns, climate and evolution; 
Sanford, 2013). In recent decades, marine 
ecologists have embraced the broad-
scale approach used by biogeographers 
to identify the patterns and processes that 
drive species distributions (Jenkins and 
Ricklefs, 2011; Sanford, 2013; Witman 
et al., 2015). Climate change, with broadly 
reaching (large spatial, long temporal) but 
often unexpected impacts, was a major 
impetus for this shift, as was a need for 
predictive rather than reactionary infor-
mation for policy and management. 
Accurate assessment of change requires 
broad-scale, quantitative, multi-decadal 

studies that allow for separation of natu-
ral variability in communities over space 
and time from true shifts in species’ dis-
tributions resulting from climate change 
(Mieszkowska et al., 2014). 

The Partnership for Interdisciplinary 
Studies of Coastal Oceans (PISCO) was 
created in part as a model for the pro-
vision of informed and rigorous sci-
ence essential for policymaking and pol-
icy managers. A core pillar of PISCO was 
to develop a long-term, spati‑ally exten-
sive, feasible, and adequately funded pro-
gram that would provide baseline data 
for assessing the structure and function 
of ecological communities. In order to 
both inform policy and assess natural and 
anthropogenic disturbances, we created: 
1.	 A biogeographic network of monitor-

ing sites to provide
a.	 A baseline for judging patterns of 

change and dynamics of ecological 
communities

b.	 Capacity for evaluation of ques-
tions of special interest (e.g., endan-
gered species, disease, climate 
change, pollution impacts, fisheries 
management, coastal community 
resilience)

2.	 A query-enabled database
3.	 Web-based visualization tools avail-

able to the public, managers, policy-
makers, and other scientists

4.	 A diverse and buffered funding model, 
which is an essential component of any 
large-scale and long-term investigation

To attain our goals, we took a four-part 
approach:
1.	 We ran coastal biodiversity sur-

veys (CBS) using two separate pro-
tocols to capture different aspects of 
biodiversity.
a.	 A spatially nested protocol that 

allowed for characterization of spa-
tial scaling of ecological commu-
nities.

b.	 A geospatial grid protocol that 
employed fixed transects that run 
from high to low tidal zones to allow 
for three-dimensional mapping of 
species at each site and assessment 
of community change over time at 
local (vertical distribution) and geo-
graphic (latitudinal) scales.

2.	 We conducted long-term “key assem-
blage” surveys by designating fixed 
plots to target “key” species assem-
blages. “Key” species include founda-
tion species (e.g.,  mussels) as well as 
those of special interest (e.g., sea stars, 
abalone). The plots are sampled annu-
ally for assessment of key species and 
community dynamics.

3.	 We instituted environmental monitor-
ing.

4.	 We strictly enforced temporal sta-
bility of core methods to ensure data 
consistency.

PISCO focused on two major 
hard-bottom ecological systems in the 
coastal marine environment: shallow 
subtidal and intertidal habitats. A com-
plementary large-scale oceanographic 
sampling program provided data used to 
understand the potential drivers of pat-
tern and change. 

Here, we report on the northeast-
ern Pacific intertidal zone, one of the 
best-studied maritime systems in the 
world in terms of its population and 
community ecology (e.g.,  Paine, 1966; 
Connell, 1970; Menge, et  al., 1994, 
1997, 2004, 2015; Sagarin et  al., 1999; 
Broitman et  al., 2008), biogeography 
(e.g., Valentine, 1966; Murray and Littler, 
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1980; Blanchette et al., 2008), and phylo-
geography (e.g.,  Burton, 1998; Dawson, 
2001, 2014; Wares et  al., 2001; Pelc 
et  al., 2009; Kelly and Palumbi, 2010). 
We describe key contributions pro-
duced by our unique collaborative effort, 

including: (1) scope of effort and assets, 
(2) spatial patterns detected, (3) temporal 
patterns detected, (4) mechanisms iden-
tified, (5) consequences, and (6) implica-
tions for policy and management. 

SCOPE OF EFFORT AND ASSETS
Throughout PISCO’s history, the inter-
tidal program has included many 
partners under an umbrella consor-
tium called the Multi-Agency Rocky 
Intertidal Network, or MARINe 
(https://pacificrockyintertidal.org). The 
PISCO/MARINe collaboration is unusual 
in that it coordinates science, methods, 
policy, and funding, but especially prior-
itizes data coordination. Unexpectedly, 
this last function has had the greatest 
impact. Through development of stan-
dardized data entry protocols, a shared 
database with enforced rules and built-in 
quality assurance/quality control proce-
dures, and a web-based information, data, 
and graphics production portal, PISCO/
MARINe successfully brought into “data 
compliance” partners that could have 
produced separate and noncompatible 
programs. This core element—a common 
database—helped leverage a substantial 
and diverse funding portfolio. Increases 
in contributor numbers were based on 
recognition that their funds would add 
to and be matched by existing data assets. 
For example, if an effluent discharger was 
required to assess potential impacts of the 
effluent, they previously might have done 
a one-off assessment using discharge and 
reference sites. PISCO/MARINe offered 
an alternative: with an existing extensive 
PISCO/MARINe database and a stand-
ing research team, the discharger could 
fund PISCO/MARINe to conduct the 
study. The assessment would be based 
on consistent protocols, use either exist-
ing data or support collection of new 
data as appropriate, and would be rigor-
ous and therefore easily defended. This 
approach decreases costs for all partners 
and greatly broadens the potential impact 
and usefulness of data assets. 

The scope of the program and data 
assets are summarized in Figure 1 and 
Table 1. Sampling occurs from the Gulf of 
California, Mexico, to Southeast Alaska, 
USA, and includes the entire California 
Current Large Marine Ecosystem 
(CCLME). The CBS spatially nested sur-
veys occurred annually between 1999 and 
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FIGURE 1. Spatial scope of biogeographic assessments. The map shows the 258 sites that have 
been sampled as part of the intertidal biogeographic assessment across the three main survey pro-
grams listed in Table 1. See the table for sites, number of years sampled, and frequency of sam-
pling for each type.

TABLE 1. Period sampled, frequency of sampling, and number of sites for each intertidal biogeo-
graphic program.

SURVEY TYPE
PERIOD 

SAMPLED
FREQUENCY OF 

SAMPLING
NUMBER OF 

SITES

Spatially nested assessment 1999–2004 Annually 48

Geospatial grid-style surveys 1999–today Every three to five years 179

Long-term monitoring 1992–today Biannually or annually 154

https://pacificrockyintertidal.org
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ysis to partition variance explained at 
each spatial scale. For example, Menge 
et al. (2015) quantified community struc-
ture across 13 sites spanning four capes 
in Oregon and northern California. They 
found that ~50% of the explained vari-
ance in community structure was associ-
ated with oceanic conditions and recruit-
ment while ~25% could be linked to 
local-scale processes.

Understanding the processes that con-
trol species diversity at various scales 
has long been a goal of ecology (Witman 
et al., 2004). Schoch et al. (2006) designed 
a study to look for characteristic spatial 
scaling in biogeographic patterns and 
associated potential drivers of commu-
nity composition using the CBS spa-
tially nested data set. Sampling locations 
were selected using previously described 
major or minor biogeographic boundar-

ies to divide the coastline between Cape 
Flattery, Washington, and San Diego, 
California, into six domains that each 
spanned hundreds of kilometers. Within 
each domain, areas with similar geog-
raphy encompassing tens of kilometers 
were selected, and three sites were cho-
sen on kilometer scales within each area. 
Finally, three segments measuring tens to 
hundreds of meters were selected within 
each site. Within each segment, commu-
nity composition was measured by run-
ning a 50 m horizontal transect across 
the high (mean high high water), mid 
(mean sea level), and low (mean low low 
water) zones. Species composition and 
abundances were quantified along these 
transects within 10 randomly placed 
50 × 50 cm quadrats. 

Overall, Schoch et  al. (2006) found 
that in the low zone, species richness was 

2004 (48 sites sampled). Ongoing sur-
veys include the CBS geospatial grid sur-
veys begun 1999 (179 sites sampled every 
three to five years) and the long-term 
“key assemblage” program begun 1992 
(154 sites sampled one to two times per 
year). We also maintain a coastal envi-
ronmental sampling program for col-
lecting geomorphological data (e.g., rock 
type, topography, rugosity, aspect, and 
slope) and temperature data (tempera-
ture loggers at 77 sites). 

Detailed protocol information can 
be found in the literature (e.g.,  Schoch 
et  al., 2006; Blanchette et al, 2008; 
Miner et  al., 2018) and at our web por-
tal (https://pacificrockyintertidal.org). 
Our website also shows our partners and 
describes program findings, provides data 
access, and has graphics capabilities that 
allow exploration of spatial and tempo-
ral patterns for over 300 species, physical 
attributes of sites (e.g., geology, rugosity, 
tidal exposure), and a suite of community 
metrics (e.g.,  measures of species diver-
sity, stability, and vulnerability). 

KEY FINDINGS
Below, we highlight some of the key con-
tributions our monitoring program has 
made toward a better understanding 
of spatial and temporal biogeographic 
patterns along the west coast of North 
America, and how these findings have 
provided a basis for sound policy and 
management decisions. Boxes 1 and 2 
summarize key messages. 

CBS: Spatially Nested Approach
Characteristic spatial scaling (Wiens, 
1989) describes the spatial pattern of 
variance in some measured variable 
(e.g.,  density, community composi-
tion). Spatial scaling may be hierarchi-
cal, and each spatial scale in the commu-
nity may reflect similar scaling of some 
ecological driver (see Edwards, 2004; 
Edwards and Estes, 2006). One efficient 
approach to assessment of characteristic 
spatial scaling relies on a spatially nested 
design (Edwards, 2004). This approach 
often uses variance components anal-

BOX 2. KEY LESSONS FOR POLICYMAKERS

•	Knowing patterns of change and dynamics at broad scales (see Box 1) allows 
for more informed policy and management decisions.

•	Long-term studies are essential for detecting and assessing impact (e.g., from 
non-native species invasion, disease events, climate change, oil spills, pollu-
tion) and for designing appropriate mitigation and recovery efforts.

•	Marine disease events remain highly unpredictable in time and space. Broad-
scale monitoring provides data necessary for building predictive models.

•	Strong support of a monitoring consortium (through funding and/or direct 
participation) ensures data are: (1) appropriate for questions of interest, and 
(2) available for use via web display and data portals.

•	Ability of communities to resist or recover from change might vary with latitude, 
and this should be considered when designating protection.

BOX 1. KEY LESSONS FOR ECOLOGISTS

•	A biogeographic network of monitoring sites provides baseline data for assess-
ing patterns of change and dynamics, and broad context for experimental and 
mechanistic studies.

•	A consortium approach to monitoring, with standardized protocols and a cen-
tralized data repository, ensures data compatibility, fosters collaboration, and 
encourages a diverse funding portfolio.

•	Biogeographic patterns of community similarity are highly correlated with sea 
surface temperature, but instrumentation for other key physical parameters 
that can be deployed on a broad scale need to be developed.

•	Community level “climate velocity” might vary with latitude, which could have 
implications for scaling up from localized experiments.

https://pacificrockyintertidal.org
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CBS: Geospatial Grid Approach 
Unlike the CBS spatially nested approach, 
sites sampled using the CBS geospatial 
approach were selected independently 
of spatial scaling. These surveys mea-
sured the abundance and distribution 
of all common taxa across the inter-
tidal zone at fixed locations within the 
same set of sites, allowing for assess-
ment of change in location of each taxon 
through time. At each site, a uniformly 
distributed grid was established, consist-
ing of 11 vertical parallel transect lines 
spaced 3 m apart, with approximately 
100 points per transect, each spanning 
the full tidal range. Organisms under 
each point were identified to the lowest 
possible taxonomic level, including layer-
ing and epibionts when appropriate (see 
https://www.pacificrockyintertidal.org).  
Mobile taxa were sampled within 
50 × 50 cm quadrats placed randomly in 
the high, mid, and low zones along each 
transect, resulting in 33 total quadrats 
per grid. All sample points were georefer-
enced in three dimensions, allowing map-
ping of each community in three dimen-
sions for assessment of spatial association 
patterns. Grid surveys also enabled track-
ing of vertical range shifts in species and 
community assemblages, potentially key 
metrics in assessment of climate-related 
change. CBS geospatial grid surveys are 
done at sites from Southeast Alaska to 
central Mexico, spanning several estab-
lished biogeographic regions along the 
west coast of North America (Blanchette 
et al., 2008). As of spring 2019, this bio-
diversity database included data for over 
700 taxa from 179 sites, most of which 
have been sampled multiple times.

With user-defined rules, the CBS geo-
spatial grid approach can be used to iden-
tify geographic breaks in community 
structure. For example, a cluster anal-
ysis can be created in which sites are 
grouped based on community compo-
sition. The cluster pattern can then be 
used to describe geographic patterns. 
Especially with a large amount of data, 
cluster numbers partly depend on the dif-
ferentiation threshold used, which often 
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higher in the north at the segment, site, 
and area scales, but higher in the south at 
the domain scale. Trends may be driven 
by greater patchiness of macrophytes 
to the north, a pattern most likely to be 
picked up at smaller spatial scales. The 
reverse pattern seen at the largest scale is 
consistent with usual latitudinal diversity 
gradients and more reflective of the spe-
cies pool from which smaller-scale sites 
draw for local-scale diversity patterns 
(Witman et al., 2004). No latitudinal rich-
ness trends occurred in the mid and high 
zones where macrophytes tend to be less 
abundant and less patchy. 

Russell et  al. (2006) used the spa-
tially nested survey data set to investi-
gate whether the relationship between 
regional species pools and local diver-
sity varied with scale (Figure 2; also 
see Sanford, 2013, for a review of stud-
ies examining the effect of regional spe-
cies pools). They found that prediction 
of local richness based on regional spe-
cies pools breaks down at small spatial 
scales coincident with the spatial scaling 
of biological interactions; as spatial scales 
decrease, a given species should interact 

with an increasing fraction of included 
species, which should lead to an asymp-
totic relationship between the regional 
pool of species and richness at local scales 
(Figure 3; but see Cornell et al., 2007, for 
a counter-example).

Combining community survey data 
sets with modeling approaches can aid 
in detection of some aspects of dynam-
ics. For example, Gouhier et  al. (2010) 
found that fluctuations in mussel abun-
dance vary between positive and neg-
ative synchronization, yielding a sine 
curve-like response at a scale of 600 km 
(e.g., Figure 4). Although such synchrony 
is often assumed to reflect environmen-
tal forcing, modeling suggested other-
wise. Using meta-population models that 
assumed a dispersal distance of 100 km, 
disturbance-successional dynamic and 
predator-prey dynamic models recreated 
the synchronous pattern seen in nature. 
Specifically, the models showed that syn-
chrony in population abundances was 
best explained by relatively limited dis-
persal distances interacting with local-
scale species interactions.

https://www.pacificrockyintertidal.org
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varies with the project goal. This method 
almost always leads to mismatches, sites 
grouping with others not in the same geo-
graphic area, which can lead to deeper 
exploration of the factors driving the 
clustering, such as local forcing. 

Blanchette et  al. (2008) used this 
approach to explore biogeographic pat-
terns along the North American west 
coast. Using data for 296 taxa collected 
at 67 sites ranging from southern Alaska 
to northern Baja California Sur, Mexico, 
they identified 13 previously described 
biogeographic groupings as well as sev-
eral “new” clusters. Although not formally 
tested, it was hypothesized that these pre-
viously unidentified groups might have 
resulted from localized features such as 
geology, upwelling, and wave exposure. 
After controlling for geographic distance, 
the spatial pattern of community simi-
larity was highly correlated with long-
term mean sea surface temperature as has 
been previously reported (Hubbs, 1948). 
This suggests that both geographical loca-

tion and oceanographic forcing structure 
intertidal communities. Note that sea sur-
face temperature is strongly associated 
with hydrographic conditions, which may 
affect other potential drivers of biogeog-
raphy such as larval propagule dispersal 
(Watson et al., 2011; Castorani et al., 2015)

Fenberg et  al. (2014) also utilized the 
CBS geospatial grid data set to assess 
whether biogeographic patterns could be 
explained by physical characteristics of 
the coastal environment. They used a ran-
dom forest analysis to compare biogeo-
graphic patterns to 29 environmental fac-
tors. They found that the best predictors of 
community structure were nutrient con-
centrations, sea surface temperature, and 
upwelling, and that the associated explan-
atory variables varied by biogeographic 
region and species dispersal ability. 

SPATIOTEMPORAL PATTERNS
Because whole-community biogeo-
graphic studies are costly, requiring 
a substantial level of participation by 

experts and, ideally, consistency of data 
collectors over time, assessment of tem-
poral biogeographic dynamics is rare. 
However, for at least two reasons, the 
study of spatial patterns is much more 
valuable in a temporal framework. First, 
all ecological research is characterized 
by both signal and noise. What counts 
as signal or noise varies, but the goal is 
almost always to account for noise in 
order to detect signal. In biogeographic 
assessment, understanding of both noise 
and key spatiotemporal signals is in its 
infancy. For example, understanding the 
general static spatial biogeographic pat-
tern (the signal) of a system is dependent 
on the random change in the pattern that 
will occur over time (the noise). Only 
after a period sufficient to “capture” and 
account for the underlying random noise 
in the system (which will vary system 
to system) will an unbiased and accu-
rate assessment of the biogeographic pat-
tern be possible.

A second and increasingly important 
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reason for a temporal framework is the 
high likelihood that with climate change, 
environmental forcing will change bio-
geographic patterns in a nonrandom way 
(e.g.,  Sagarin et  al., 1999; Parmesan and 
Yohe, 2003). This makes the signal-to-
noise problem more difficult unless we 
have an estimate of the temporal pattern 
of change. For a static system, noise can 
be thought of as variance that obscures a 
value, which is possible to identify in multi- 
variate community composition space. 
However, challenges arise if the signal is 
a trend of unknown slope or if different 
community components have dissimilar 
slopes. Such trends could lead to unsta-
ble future species combinations. Hence 
static, one-time assessments are likely to 
become increasingly inaccurate, making 
temporal assessment critical.

Because of the programmatic features 
discussed above, the intertidal biogeo-
graphic monitoring program can and 
will continue to provide temporal assess-
ment of biogeographic patterns and 
derived attributes such as geographic pat-
terns of variation and directional veloc-
ity of change in ecological communi-

ties (sometimes termed climate velocity; 
Pinsky et al., 2013). This would not have 
been true in our program even five years 
ago because the signal-to-noise ratio 
was too low. That is, detection of signif-
icant change in ecological communities 
against a backdrop of multiple frequen-
cies of environmental noise (e.g., random 
variation, El Niño-Southern Oscillation 
events, Pacific Decadal Oscillation) is dif-
ficult. (Note that for some assessments, 
“noise” might actually be the signal of 
interest.) Long-term, broad-scale moni-
toring programs are rare and challenging 
to sustain, but they are essential to under-
standing the temporal dynamics of bioge-
ography. Below, we present recent exam-
ples of the understanding that can come 
from such temporal assessments. 

Climate Change Impacts 
Heightened concern about the potential 
effects of climate change on ecological 
communities led us to explore key ques-
tions relating to resilience of rocky inter-
tidal communities, including whether the 
ability to resist or recover from a pertur-
bation varies geographically. Such eval-

uations are data intensive because of 
the signal-to-noise problem discussed 
above. Details will be reported elsewhere, 
but the general findings are described 
here because they highlight the neces-
sity for geographically broad, long-term 
data sets in detecting and forecasting 
community change. 

First, we have found that community 
stability (measured as within-site tempo-
ral similarity of community) correlates 
with latitude: rocky intertidal communi-
ties at northern sites vary less than those 
at southern sites (author Miner, unpub-
lished data). Second, we have explored 
climate velocity patterns for commu-
nities. Species climate velocity is the 
rate of change and direction in the cen-
troid of a species’ distribution (Pinsky 
et al., 2006). By extension, climate veloc-
ity for community composition is the 
directional change rate in communities 
over time. Assessment of climate veloc-
ity at the community level is rarely pos-
sible (Walther, 2010; Doney et al., 2012) 
because it requires many species to be 
sampled at many sites, using identical 
methods, over many years. By design, 
these requirements are met by the CBS 
geospatial grid survey data. Initial results 
suggest that rocky intertidal commu-
nity composition in the CCLME is shift-
ing poleward (i.e.,  species composition 
at northern sites is transitioning toward 
that of southern sites) at an average rate 
of ~4 km per year (author Raimondi, 
unpublished data). Documenting shifts 
at the community level gives us a much 
deeper understanding of the impacts 
resulting from climate change because 
it incorporates how community inter-
actions (e.g.,  competition, predation, 
facilitation) are affected by changing 
physical conditions, in combination with 
the responses of many individual species 
(Sanford, 2013).

Marine Disease
Long-term monitoring data spanning 
nearly the entire geographic range of the 
sea star Pisaster ochraceus allowed a com-
prehensive assessment of the impact of 
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the recent (2014–present) wasting disease 
event. PISCO/MARINe scientists have 
reported on specific questions related to 
this event (Hewson et  al., 2014; Menge 
et al., 2016; Miner et al., 2018; Moritsch 
et  al., 2018), but here we provide a syn-
thetic example that links the spatio
temporal assets of our intertidal pro-
gram. Figure 5 summarizes the regional 
spatial and temporal results of time series 
data for sea surface temperature and sea 
star abundance (panel a), coast-wide 
observations of sea star wasting disease 
(panel b, largely from a PISCO/MARINe 
citizen science collaborative effort), and 
sea star size structure (panel c); note 

the pulse of recruits immediately after 
the wasting event. In many regions, sea 
stars were declining, and wasting symp-
toms were present before major tempera-
ture increases occurred (Figure 5a). The 
ability to link site-specific temperature 
and sea star abundances at a geographi-
cally broad scale was critical to evaluating 
patterns of disease emergence and puta-
tive mechanisms for wasting (Monica 
Moritsch, University of California, Santa 
Cruz, pers. comm., 2019), and it provides 
the population data necessary for assess-
ing impact and potential for recovery 
(Miner et al., 2018). The linkage of these 
findings allows us to identify regions 

most at risk and begin to make predic-
tions about when and where the next out-
break might occur. 

ASSESSMENTS FOR THE 
IMPLEMENTATION OF POLICY 
AND MANAGEMENT 
When developing the PISCO/MARINe 
intertidal biogeography program, we 
envisioned that our data and findings 
would be useful for policymakers and 
management more as contextual than 
integral information. In fact, we under
estimated the value of our data to pol-
icy and management. Over time, the core 
spatial and temporal survey designs, data 

FIGURE 5. (a) General pattern of sea star (Pisaster ochraceus) abundance (relative to maximum) and average temperature (across all sampled sites) 
between 2000 and 2015. Each set of lines represents a different geographical region: the Olympic Coast of Washington, Oregon, Northern California, 
North Central California, Central California, and Southern California. (b) Spatiotemporal pattern of sea star wasting disease. The arrow indicates site 
location for data shown in panel c. (c) Size structure of P. ochraceus over time at a representative site. The vertical arrow indicates the year when wast-
ing was first detected. Note that size structure was sampled twice per year between 2000 and 2015 and only once per year after 2015. Bubble size indi-
cates the number of individuals of each size class. 

2005
2007

2009
2011

2013
2015

Year

CA Central

CA North

WA Olympic Coast

CA South

CA North Central

OR

2005
2007

2009
2011

2013
2015

100
80
60
40
20

0

2.0
1.5
1.0
0.5
0.0
–0.5
–1.0
2.0
1.5
1.0
0.5
0.0
–0.5
–1.0
2.0
1.5
1.0
0.5
0.0
–0.5
–1.0

100
80
60
40
20

0

100
80
60
40
20

0

D
ev

ia
tio

n 
fr

om
 L

on
g 

Te
rm

 M
ea

n 
Te

m
pe

ra
tu

re

Se
a 

St
ar

 N
um

be
r (

%
 o

f M
ax

im
um

)

Spatio/Temporal Pattern of Progression of the Disease

Apr 2013–
Jun 2013

Apr 2013–
Oct 2013

Apr 2013–
Feb 2014

Apr 2013–
Dec 2014

ba

c

Size
Structure

A
rm

 R
ad

iu
s 

(m
m

)
400

300

200

100

0

2000 2018

2013



Oceanography |  Vol.32, No.334

collected, analytical results, and inte-
grated assessments fundamentally altered 
policy implementation and resource 
management. In retrospect, this makes 
sense. In 1999, environmental policy 
was rapidly evolving toward an applied 
science valuing both social and “hard” 
science inputs. It was also a period of 
increasing understanding that environ-
mental problems adhered to no formal 
boundaries or timeframes. Such changes 

in perspective led to an emerging appre-
ciation of large-scale, long-term data sets. 
Policymakers and managers increasingly 
relied on them, leading to amplified sup-
port for their maintenance and, indeed, 
expansion. As noted above, this led to 
the possibility of a portfolio approach 
to funding. 

The assets of the intertidal biogeo-
graphic program have been used in a 
number of applied projects. We briefly 
highlight two: (1) oil spill assessment, 
and (2) the design, initial characteriza-
tion, and evaluation of marine protected 
areas (MPAs) in California and Oregon.

Oil Spills
One core source of funding for the inter-
tidal biogeographic program has been the 
Bureau of Ocean Energy Management 
and its predecessor, the Minerals 
Management Service. As required by 

NOAA-based Natural Resources Damage 
Assessment, funding was based on needs 
for baseline and ongoing community 
assessments for use in case of oil spills. 
Two key assessment components are 
determination of loss and recovery tra-
jectory. Over the last decade, there have 
been three major oil spills in the CCLME, 
two in San Francisco Bay (Cosco Busan in 
2007, Raimondi et  al., 2009; Dubai Star 
in 2009, Raimondi et  al., 2011) and one 

near Santa Barbara (Refugio State Beach 
in 2015, Raimondi et  al., 2019). For all 
three spills, our rocky intertidal data 
were used to assess impact and project 
recovery of the ecological communities 
affected. In addition, program data and 
analyses were used to determine com-
pensatory mitigation in the form of hab-
itat restoration. These efforts also high-
light the rapid response capacity of the 
PISCO/MARINe intertidal program, 
as we were able to mobilize our expert 
field specialists within hours of the spills. 
This early work during the incidents was 
essential for Natural Resources Damage 
Assessment determinations. 

Design, Initial Characterization, 
and Evaluation of Marine Protected 
Areas 
The utility of the rocky intertidal bio
geography program to policy and man-

agement is perhaps best exemplified by its 
contribution to MPA implementation in 
California and, more recently, in Oregon. 
Data from the PISCO/MARINe bio-
geographic intertidal and subtidal data-
bases were used to meet state-mandated 
requirements. MPAs are regions of coast-
line set aside to protect resources and/or 
habitat by limiting human activity within 
them. With the passage of the Marine Life 
Protection Act in 1999, California began 
the process of establishing what eventu-
ally became 124 MPAs protecting nearly 
16% of state waters; 53 of these MPAs 
include intertidal habitat. Key charges of 
the MPA science advisory teams were to: 
(1) delineate biogeographic areas within 
regions to ensure protection across spa-
tial scales, and (2) determine the mini-
mum area required to adequately repre-
sent a given habitat and protect 90% of 
available species in the area. Following 
MPA establishment, a comprehensive 
multi-habitat monitoring program deter-
mined baseline conditions of MPAs and 
reference areas, and was used to assess the 
temporal pattern of community change 
and MPA effectiveness. 

DISCUSSION 
Biogeography originated as a means of 
identifying patterns in species distri-
butions and diversity, primarily from 
descriptive studies of presence/absence 
(Dana, 1853). Studies tended to investi-
gate potential drivers of patterns at one of 
two temporal extremes: present-day con-
ditions (primarily species range edges) or 
across geologic time. Present-day depic-
tions were seminal in ecology because 
range edges often pointed to strong phys-
ical (e.g.,  currents, temperature, habitat) 
or biological (e.g., competition, predation, 
life history traits) drivers of species abun-
dance (Blanchette et al., 2008; Lomolino 
et al., 2010; Sanford, 2013; Witman et al., 
2015). Historical biogeography studies 
significantly advanced the fields of geol-
ogy and evolutionary biology through 
the discovery or support of groundbreak-
ing ideas such as continental drift, cli-
mate shifts, and natural selection (Jenkins 

 “Since inception of the PISCO/MARINe program, 
we have endeavored to create (through common 
protocols), nurture (through buffered funding), and 
support/share (through data product dissemination) 
a program that enables assessment of recent 
environmental challenges.

”
. 
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and Ricklefs, 2011). With time, the field 
embraced rigorous survey design and 
sampling principles to yield more quan-
titative measures such as species abun-
dance and size structure. Such changes led 
to the discovery of smaller-scale patterns 
of community composition and, thus, 
more nuanced assessments of ecological 
forcing, life-history attributes (e.g., prop-
agule dispersal), and evolutionary feed-
back mechanisms (e.g., local adaptation). 
Increased awareness of climate change 
over the past few decades has led to a new 
focus in biogeography: documenting how 
species’ abundance, distribution, and 
diversity respond to a changing climate, 
and for marine species, changing oceano-
graphic conditions (e.g., Southward et al., 
1995). Because coastal marine systems 
are naturally “noisy,” with high spatial 
and temporal variability, repeated, long-
term observations are needed in order 
to separate climate-​driven change from 
natural fluctuations (Pinsky et  al., 2013; 
Mieszkowska et al., 2014).

The recognition that biogeographical 
community patterns were changing was a 
major impetus for PISCO’s creation and 
was the key reason for the development 
of the PISCO/MARINe intertidal sur-
vey program. Since inception, we have 
endeavored to create (through common 
protocols), nurture (through buffered 
funding), and support/share (through 
data product dissemination) a program 
that enables assessment of recent envi-
ronmental challenges. Climate change, 
for example, may restructure bioge-
ography with likely major ecological con-
sequences. Because such assessment, by 
definition, must be done over time, key 
results are only just emerging. We have 
described a biogeographic pattern for 
the west coast of North America. We also 
have discovered strong spatial patterns of 
community resilience, which, with sig-
nificant local- to region-scale variation, 
generally increases with increasing lat-
itude. Understanding the mechanisms 
promoting local variability is a new focal 
investigation.

The PISCO/MARINe program has 

also supported basic ecological and 
applied environmental studies. These 
range from seeking to understand pat-
terns and drivers of biodiversity to assess-
ment of impacts due to perturbations at 
variable scales (e.g., regional oil spills and 
coast-wide disease events). Our success in 
effectively assessing impacts largely stems 
from two important components of the 
program: (1) a temporally and geograph-
ically broad data set that captures com-
munity diversity, variability, and species 
size structure, and (2) a coast-wide coor-
dinated team of trained researchers ready 
to respond to events where effort is most 
needed. This second component is crucial 
for response to unexpected perturbations 
such as oil spills or rapidly spreading dis-
ease outbreaks. To our knowledge, how-
ever, this component is unique to PISCO/
MARINe due to both funding limita-
tions and a focus by agencies on exper-
imental hypothesis testing. While exper-
imental work is key to understanding 
processes driving patterns, we must also 
document the patterns stimulating ques-
tions about process (Underwood et  al., 
2000). Especially at biogeographic scales, 
community structure shifts may be sub-
tle, detectable only by experts trained 
in species identification using the same 
sampling approach coast-wide. Our pro-
gram emphasizes the importance of 
observational ecology and taxonomy—​
fields that are often undervalued and 
undersupported (e.g., Underwood, 2000; 
Sagarin and Pouchard, 2010). In the 
case of the recent sea star wasting event 
(Menge et  al., 2016, and 2019, in this 
issue; Miner et  al., 2018), we used our 
broad network of experts to rapidly train 
citizen science groups in sea star identifi-
cation, thereby intensifying and expand-
ing coverage of the event. 

Our program was essential for the 
MPA efforts in Oregon and California. 
A key goal of these efforts is to safe-
guard the structure, function, and integ-
rity of biological communities. Further, 
regulatory guidance is important for the 
adaptive management approach used to 
meet programmatic goals. Hence, soci-

ety needs (1) assessments of how patterns 
of structure, function, and integrity vary 
with level of protection over time, and 
(2) a basis for making recommendations 
for remedial action that promotes these 
attributes. Our surveys provide informa-
tion critical to both requirements. 

All scientific and social benefits from 
PISCO’s work emanate from our foun-
dational principles, which may be use-
ful in informing other large-scale eco-
logical programs. To inform policy and 
assess natural and anthropogenic distur-
bances, it is important to create (1) a bio-
geographic network that provides a base-
line for judging changes in ecological 
community metrics, (2) a common, que-
ry-enabled database, (3) a set of web-
based visualization tools available for use 
by the public, managers, policymakers, 
and other scientists, and (4) a diverse 
and buffered funding model, which is 
essential for any large-scale and long-​
term investigation. 
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