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metzi — Striped Kelpfish). To identify Salish Sea 
fish species that are most suitable to be monitored by 
underwater visual census and to evaluate confidence 
in in situ identification, we developed a categorization 
system based on the likelihood of recreational divers 
and snorkelers encountering a given species, and on 
whether identification required a specimen in hand or 
could be classified to species visually (with or with-
out a high-quality photograph). REEF divers encoun-
tered 62% (138 of 223) of the visually detectable spe-
cies occurring in the region and 85% (102 of 120) 
of species most likely to be observed by recreational 
divers. Our findings show that citizen scientists pro-
vide valuable monitoring data for over half of the 261 
marine and anadromous fish species known to occupy 
the Salish Sea, many of which are not routinely moni-
tored otherwise.

Keywords  Citizen science · Fish distribution · 
Ichthyofauna · REEF Volunteer Fish Survey Project · 
Roving diver technique · Salish Sea

Introduction

Comprehensive monitoring efforts are integral to 
marine ecosystem management and to predicting and 
mitigating the effects of anthropogenic change on 
marine biodiversity. Traditionally, fish occupancy is  
determined using a combination of fishery-dependent  
(i.e., catch data) and fishery-independent (e.g., re- 

Abstract  Long-term monitoring enables scien-
tists and managers to track changes in the temporal 
and spatial distributions of fishes. Given the anthro-
pogenic stressors affecting marine ecosystem health, 
there is a critical need for robust, comprehensive fish 
monitoring programs. Citizen science can serve as 
a meaningful, cost-effective strategy to survey fish 
communities. We compared data from 13,000 surveys 
collected over 21  years (1998–2019) by Reef Envi-
ronmental Education Foundation (REEF) volunteer 
divers to a published compilation of Salish Sea ich-
thyofauna collected using an assortment of methods. 
Volunteer divers observed 138 of 261 recognized spe-
cies in the Salish Sea, expanded the range of 18 spe-
cies into additional Salish Sea sub-basins, and identi-
fied one species novel to the Salish Sea (Gibbonsia 
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mote underwater video, satellite imagery, hydroa- 
coustics, visual transects, point-count surveys, rov-
ing diver surveys) monitoring (Murphy & Jenkins, 
2010). The efficacy of a given monitoring technique 
depends on the target species and its unique charac-
teristics, including size, behavior, crypticity, swim-
ming speed, preferred habitat, and position in the 
water column (Holt et al., 2013; Harmelin-Vivien & 
Francour, 1992). Additionally, as observational meth-
ods vary in cost, invasiveness, and ease, choosing 
the appropriate monitoring tool depends on budgets 
and specific objectives of managers or researchers. It 
is useful to assess the benefits and disadvantages of 
different techniques to identify combinations that can 
maximize surveillance of target species, communi-
ties, or habitats while adhering to financial and other 
constraints.

Underwater visual census (UVC) is a minimally 
invasive, fishery-independent method in which snor-
kel or SCUBA is used to assess biodiversity  and/
or  biomass in marine habitats (Pattengill-Semmens 
& Semmens, 2003). The roving diver technique 
(RDT; Schmitt & Sullivan, 1996) is a type of UVC 
especially suited for detecting shy, cryptic, or demer-
sal fishes difficult to assess with other monitor-
ing tools (Murphy & Jenkins, 2010). During RDT 
surveys, divers swim freely throughout a dive site 
while recording each observed fish species and a 
corresponding log-scale categorical abundance. The 
method can be conducted in a variety of habitats 
in depths up to 30  m (and beyond with specialized 
gear). As such, RDT is valuable for assessing fre-
quencies of occurrence, spatial distributions, abun-
dance estimates, and information on status and trends 
for a broad array of species. Data collected with 
other visual methods, such as belt transects, can be 
combined with RDT data to provide a holistic picture 
that includes species densities and size distributions 
(Holt et al., 2013).

Across the globe, citizen science programs train 
recreational divers to effectively monitor marine 
fishes, invertebrates, and algae (Branchini et al., 2015; 
Cerrano et  al., 2016). The Reef Environmental Edu-
cation Foundation (REEF) Volunteer Fish Survey 
Project trains volunteer divers and snorkelers to inde-
pendently conduct RDT surveys, creating a system 
by which thousands of standardized surveys are con-
ducted annually and recorded in a publicly accessible 
database (Pattengill-Semmens & Semmens, 2003). 

Within such a large pool of trained volunteers lies 
the potential for scientists and managers to increase 
their census capabilities by alleviating constraints on 
equipment, personnel, time, and accessibility to cer-
tain areas or habitats. Since 1993, the REEF Volunteer 
Fish Survey Project has been used worldwide to assess 
biodiversity and advance the conservation of threat-
ened fishes and invertebrates, both alone and in com-
bination with professional research efforts (Holt et al., 
2013; Thorson et al., 2014). Data collected by REEF 
surveyors have informed numerous conservation and 
management efforts, including to detect and remove 
invasive species (Smith et  al., 2017), discover new 
species (Allen et al., 2020), contribute to the recovery 
of threatened species (Tolimieri et  al., 2017), docu-
ment the impact of human population density on fish 
communities (Stallings, 2009), and trace the impacts 
of enigmatic marine diseases (Harvell et al., 2019).

To determine if RDT is an appropriate monitor-
ing tool for a fish species, multiple factors surround-
ing the species of interest must be considered. This 
includes, but is not limited to, whether the species 
occurs at recreational diving depths, is cryptic or 
conspicuous, and if it can be discerned from closely 
related species without a specimen in hand (e.g., for 
meristic counts). Identifying the species that volun-
teers can potentially encounter and visually identify 
can improve the interpretation of data provided by 
this no-cost, high-value monitoring tool (Schmitt & 
Sullivan, 1996).

The Salish Sea is a 16,925 km2 inland sea bordered 
by Washington, USA, and British Columbia, Canada. 
In 2019, relying on preserved specimens in archival 
institutions, published records, and, especially for 
within-basin distributions, unpublished field notes 
and logbooks, Pietsch and Orr (2019) published spe-
cies accounts for 260 fish species found in the Salish 
Sea, including distributions across sub-basins. As 
many of these taxonomic records were generated over 
a century ago, this compilation focused on providing 
a comprehensive, cumulative registry of Salish Sea 
ichthyofauna in addition to a current picture of bio-
diversity. Records were based on collections of speci-
mens using an array of gear and techniques, including 
beach and purse seines, trawls, gillnets, traps, spear-
fishing, hook and lines, poisoning, stomach contents, 
and beach casts (e.g., Miller & Borton, 1980). Data 
from RDT or other visual surveys were not included. 
This compilation provides the best available baseline 
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of the total fish that use, or have used, the Salish Sea 
ecosystem. While no one method will be suitable 
to capture all species, individual techniques such as 
RDT can be evaluated against this list to elucidate the 
scope of the survey tool.

Since 1998, REEF divers have conducted RDT 
surveys in the Salish Sea. We compiled REEF RDT 
surveys recorded over a span of 21 years (1998–2019) 
and compared these data to the Pietsch and Orr (2019) 
records of 260 Salish Sea fish species. Because rela-
tively few specimens are collected and preserved from 
rocky reefs and rock walls (Pietsch & Orr, 2019), often 
a focus area for recreational divers, we hypothesized 
that observations by REEF surveyors would expand 
the geographic range and number of species docu-
mented in the Salish Sea based on Pietsch and Orr 
(2019). Certain fish species are inherently better suited 
than others for identification by RDT. Therefore, to 
identify Salish Sea fish species that can be monitored 
by REEF divers, we developed a categorization sys-
tem based on the potential for recreational divers and 
snorkelers to encounter them, and on whether they 
can be visually identified to species with or without a 
high-quality photograph if encountered (i.e., a speci-
men in hand is not required for identification).

Methods

REEF Volunteer Fish Survey Project

We compiled REEF RDT survey data collected by 
volunteer divers in the Salish Sea from 1998 to 2019 
(REEF, 2020). REEF divers record fish species sight-
ings on preprinted data sheets and enter the data online 
(or, prior to 2007, mailed in optical scan forms). Gen-
eral data for each survey includes surveyor ID, sur-
veyor experience level (expert or novice), geographic 
location, survey date, and a variety of environmental 
variables (e.g., habitat, depth, and visibility). Fish spe-
cies sighted are recorded on a checklist, and for each, 
abundance is noted by one of four log-scale abundance 
index categories: “Single” (1 individual), “Few” (2–10 
individuals), “Many” (11–100 individuals), or “Abun-
dant” (> 100 individuals). After performing qual-
ity control (Pattengill-Semmens & Semmens, 2003), 
REEF staff transfer the data into a publicly acces-
sible database (www.​REEF.​org). REEF categorizes 

surveyors as expert or novice based on their experience 
level and performance on a series of fish identification 
examinations. For this study, we included only surveys 
collected by expert surveyors. We excluded sightings 
of fishes identified to genus but not to species.

REEF vs. Pietsch and Orr comparison

The coordinates for each REEF survey location were 
used to group surveys into one of six oceanographic 
sub-basins of the Salish Sea: Central Basin (CB), 
Hood Canal (HC), Northern Straits (NS), South Puget 
Sound (SPS), Strait of Georgia (SOG), or Whidbey 
Basin (WB) (Moore et  al., 2008; Thomson, 1994; 
Supplementary Map). We adapted the eight regions 
identified by Pietsch and Orr (2019) to these six sub-
basins. A sub-basin was considered occupied by a 
given species if at least one expert-level REEF sur-
veyor recorded the species there. Our list of REEF 
records in Table 1 is therefore a record of presence at 
any point in time between 1998 and 2019.

Identification confidence categories

We created an identification key to separate fishes 
known to inhabit the Salish Sea (Pietsch & Orr, 2019) 
into ranked categories indicating their suitability for 
visual census (Fig.  1) based on ease of visual identi-
fication and the potential for encounter on dives. For 
each species, we determined if a fish could be visually 
identified, and if so, whether the validity of a sighting 
benefits from a verifying photograph or if identification 
requires a specimen in hand. Species requiring a photo-
graph included those that were rare or beyond diving 
range (not both), very similar in appearance to a sym-
patric species (e.g., Icelinus borealis — Northern Scul-
pin vs. Icelinus fimbriatus — Fringed Sculpin), or eas-
ily misidentified (Liparis spp. — Snailfishes). Fishes 
that required a specimen in hand for identification were 
those for which identification requires scale or spine 
counts or other measurements not possible from photo-
graphs (e.g., Bathyagonus spp. — Starsnouts).

As per the identification key (Fig.  1), category 1 
fishes are unmistakable (category 1a) or are visually 
identifiable, occur at diving depths, and are not rare 
in the Salish Sea (category 1b). Category 2 fishes 
(a) are unmistakable but not typically found at div-
ing depths; (b) are rare in the Salish Sea but live 
within diving depths (e.g., Lumpenopsis hypochroma 

http://www.REEF.org
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Fig. 1   Identification key used to independently assign each 
Salish Sea fish species a detectability category for visual sur-
veys. A given fish species can belong to one of three catego-
ries: category 1 — conspicuous and distinctive, with no pho-
tograph or specimen necessary for verification; category 2 

— requires photographic evidence to be confidently reported 
on a visual survey; category 3 — has physical or life history 
characteristics that require a specimen in hand for identifica-
tion to species. Sub-categories a, b, and c provide the rationale 
for assignment of a species to category 1, 2, or 3
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— Y-Prickleback), or are not rare but exceed diving 
depths (e.g., Lycodes palearis — Wattled Eelpout); or 
(c) look very similar to other species (e.g., Sarda  
chiliensis — Pacific Bonito and Scomber japonicus — 
Pacific Chub Mackerel). These species would benefit 
from photographic evidence for confident reporting 
on a visual survey. Category 3 fish species have phys-
ical characteristics discernable only with a specimen 
in hand (category 3a) or are both rare in the Salish 
Sea and beyond diving depths (category 3b).

Results

From 1998 to 2019, expert REEF divers conducted 
13,274 Volunteer Fish Survey Project surveys in the 
Salish Sea (REEF, 2020). Most of these surveys were 
conducted in rocky habitats (52%), including rock or 
shale reefs and boulder fields, or on artificial reefs 
(35%), such as shipwrecks and other man-made struc-
tures. The remaining were performed over other habi-
tat types including mud/silt, surfgrass and eelgrass, or 
open ocean. The largest percentage of surveys were 
recorded in Central Basin (39%), followed by North-
ern Straits (27%), the Strait of Georgia (15%), and 
Hood Canal (13%). South Puget Sound and Whidbey 
Basin comprised the smallest percentage of surveys 
(4% and 2%, respectively) (Supplemental Map).

Based on all REEF expert surveys conducted dur-
ing the study period, REEF volunteers reported 137   
of the 260 species listed in Pietsch and Orr (2019), 
as well as one additional species not included in the 
original species inventory. This brings the total num-
ber of fish species known to occur in the Salish Sea to 
261. Table 1 lists the category and sub-category (e.g., 
1a) of each species in accordance with the identifica-
tion key (Fig.  1). We determined that 85% (n = 223) 
of the 261 species (Table  1) are visually identifiable 
(categories 1 and 2). Of the 223 species for which vis-
ual observation and subsequent positive identification  
is possible, 120 species are considered conspicuous 
and distinctive, not rare in the Salish Sea, and present 
in habitats likely to be visually surveyed by divers 
(category 1). These category 1 fishes can be reported 
with high confidence without a photograph and have 
the highest potential for documentation by REEF sur-
veyors. The other 103 visually identifiable species 
were less likely to be documented on REEF surveys 

because they (1) are typically oceanic or found out-
side diving depths, (2) are considered vagrants or  
rare, (3) behave in a manner that evades visual detec-
tion by divers (e.g., cryptic, nocturnal), or (4) are dif-
ficult, but not impossible, to distinguish from sympa-
tric species (category 2). In these cases, photographic 
evidence may be necessary to aid or confirm posi-
tive identification. The remaining 38 species known 
to occur in the Salish Sea (Pietsch & Orr, 2019) are 
assumed to require a specimen in hand for definitive 
identification or are extremely unlikely to be sighted 
due to rarity and bathypelagic or bathydemersal habi-
tat preferences (category 3). From 1998 to 2019, 
REEF divers sighted 85% (102 of 120) of category 1 
species, and 35% (36 of 103) of category 2 species.

We identified one novel species, Gibbonsia metzi 
— Striped Kelpfish, that had valid REEF sightings 
in the Salish Sea but was not included in Pietsch 
and Orr (2019). REEF divers documented this spe-
cies near Cape Flattery, Washington, once in 2006 
and again in 2007. This species is easily recogniz-
able (category 1) and commonly sighted on the outer 
coasts of Vancouver Island and Washington, just 
beyond the Salish Sea’s westernmost border.

Consistent with our hypothesis, RDT surveys 
helped to fill knowledge gaps in the spatial distri-
butions of species inhabiting rocky reef or kelp  
habitats at diving depths. REEF divers recorded the 
novel presence of ten category 1 species in one or 
more basins previously not documented by Pietsch 
and Orr (2019): Sebastes brevispinis — Silvergray 
Rockfish, S. emphaeus — Widow Rockfish, S. flavidus 
— China Rockfish; Hexagrammos decagrammus —  
Kelp Greenling, Chirolophis decoratus — Decorated 
Warbonnet, C. nugator — Mosshead Warbonnet,  
Pholis clemensi — Longfin Gunnel, Gobiesox  
maeandricus — Northern Clingfish, Icelinus tenuis 
— Spotfin Sculpin, and Jordania zonope — Longfin 
Sculpin. Similarly, REEF survey data showed that 
eight category 2 species were found to have a wider 
range within the Salish Sea: Asemichthys taylori — 
Spinynose Sculpin, Hemilepidotus spinosus — Brown 
Irish Lord, Oligocottus snyderi — Fluffy Sculpin, 
Hexagrammos lagocephalus — Rock Greenling, 
Liparis greeni — Lobefin Snailfish, Sebastes diaconus 
— Deacon Rockfish, Anoplarchus insignis — Slender  
Cockscomb, and Pholis schultzi — Red Gunnel. These  
18 species are denoted with a “#” in Table 1.
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Discussion

In an era in which marine ecosystems are at risk 
from a suite of anthropogenic stressors, it is criti-
cal to strengthen biodiversity monitoring efforts that 
can inform policy and management (Friedman et al., 
2020). Using robust citizen science to document spe-
cies distributions can permit more comprehensive 
tracking of temporal and spatial population changes, 
provided managers understand the value and limi-
tations of the data (Burgess et  al., 2016). Trained, 
expert-level participants in REEF’s Volunteer Fish 
Survey Project were able to expand the known range 
of 18 fish species and add Gibbonsia metzi to a pre-
viously established list of 260 fish species known to 
occur in the Salish Sea. Additionally, in the face of 
nearshore habitat loss, ocean acidification, warm-
ing ocean temperatures, shifting prey bases, and 
other threats to marine fishes, volunteer divers play 
an important role in helping state and federal agen-
cies monitor species of concern, such as rockfishes 
(Sebastes spp.; Tolimieri et  al., 2017). For exam-
ple, two rockfishes documented on REEF surveys, 
S. entomelas — Widow Rockfish, and S. nebulosus 
— China Rockfish, are candidates for listing as spe-
cies of special concern in Washington, and existing 
reports of S. entomelas within the Salish Sea are rare 
(Pietsch & Orr, 2019).

Based on our categorization system, 223 of 261 
species known to occur in the Salish Sea are visually 
distinguishable, without the need for a specimen in 
hand. A large majority (102 of 120, or 85%) of the 
species most likely to be encountered and identified 
on a dive (category 1) were documented on REEF 
RDT surveys. An additional 36 species considered 
rare, uncommon in dive habitats, or visually simi-
lar to other species (category 2) were documented 
on RDT surveys. These records benefit from photo-
graphic evidence for verification, which is often pro-
vided to REEF during their quality assurance and 
control process. Many of the 81 undetected category 
1 and category 2 fishes, while visually identifiable if 
encountered, were likely not documented by REEF 
volunteers because of the rarity of the species in the 
Salish Sea or because of a preferred habitat, depth 
range, behavior, or crypticity not well-suited for 
RDT. For example, the Pacific Viperfish (Chauliodus 
macouni), a category 2 species, is unmistakable, but 
it will likely never be seen by a REEF diver because 

it typically lives in thousands of meters of water. The 
common thresher shark (Alopias vlupinus) is a uni-
versally recognizable fish (category 1) that has been 
documented in the Salish Sea. The life history of this 
shark, however, would typically preclude it from the 
most common dive habitats. Similarly, category 2 
flatfishes like the Petrale Sole (Eopsetta jordani) and 
Arrowtooth Flounder (Atheresthes stomias) are iden-
tifiable but are likely underrepresented in REEF data 
because only a small percentage of RDT surveys (7%) 
are conducted in soft-bottom habitats.

The categorization system described here relies 
on having an expert (such as a taxonomist) familiar 
enough with local fishes to determine if a species 
could be identified visually by trained individuals or 
must be identified in-hand. Categories can be used for 
quality control and assurance by identifying poten-
tially erroneous sightings or to verify sightings prior 
to their entry into databases, as well as to gauge the 
detection likelihood of any given species on a visual 
survey. A similar scoring system might be useful in 
other ecosystems monitored by trained volunteers 
to improve data collection rigor or inform diver 
education.

REEF divers sighted 62% (138 of 223) of the visu-
ally detectable species occurring in the Salish Sea, 
suggesting that citizen science data collection is a 
highly valuable monitoring tool for the majority of 
species in the region. Furthermore, REEF data are 
provided continuously at no cost to the government 
agencies entrusted to manage this marine ecosys-
tem. While we did not explore temporal trends in 
this study, REEF surveys are conducted year-round 
and consistently year after year, and data are publicly 
accessible soon after surveys are conducted. This 
makes citizen science an appropriate tool for tracking 
fish species diversity and distribution over time.

Conclusions

Trained recreational divers provide an important data 
stream for documenting fish species occupancy, abun-
dance, and distribution in the Salish Sea. In just over 
20  years, expert-level REEF citizen scientists spent 
11,918  h underwater conducting 13,274 surveys, 
generating data that expanded the known distribu-
tion of 18 species and identified a species not previ-
ously included in the list of recognized fishes for the 
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ecosystem. Furthermore, by assigning detectability 
scores to RDT survey data, we show that expert sur-
veyors collected reliable data on 53% of the ecosys-
tem’s total known fish species. While the degree to 
which visual survey methods are useful for biodiver-
sity monitoring varies by ecosystem, monitoring data 
gathered by citizen scientists can be a highly benefi-
cial resource for management agencies to supplement 
fisheries-dependent and agency-sponsored, fisheries-
independent monitoring.
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