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1. Background 
 
The Marine Life Management Act (MLMA) stipulates several new fisheries management and 
conservation objectives for California's marine living resources. Rather than focusing on single 
fisheries management, the MLMA calls for an ecosystem-wide approach to management. As such, the 
MLMA applies not only to species taken commercially or recreationally, but to all marine wildlife and 
their habitats. Concurrently, the Marine Life Protection Act (MLPA) requires consideration of Marine 
Protected Areas (MPAs) as one of several complimentary management approaches for conserving 
nearshore marine ecosystems.  Among the many stipulations set forth by the MLMA and MLPA, three 
have motivated consideration of a state-wide nearshore rocky reef monitoring network: (1) the 
requirement of Fishery Management Plans, including stock assessment, for many targeted rocky reef-
associated species, (2) monitoring and evaluating the condition of coastal ecosystems, including 
nearshore subtidal reefs within and outside of MPAs, and (3) strengthening collaborative efforts among 
the California Department of Fish and Game, academic institutions, and other interested parties to 
fulfill the goals of the MLMA and MLPA.  There is great overlap in the role and design of visual 
surveys conducted by divers for producing information of value to both MLMA and MLPA objectives. 
For more information on the MLMA and MLPA, see (1) http://www.dfg.ca.gov/mrd/mlma/index.html, 
(2) Weber and Heneman (2000) and (3) http://www.dfg.ca.gov/mrd/mlpa/concepts_maps_hd.html. 
 
Over the past six months, the Department of Fish and Game and the Marine Life Management Reform 
Project have brought Department, academic and other federal and state marine researchers and 
managers together to discuss nearshore stock assessment and research approaches relevant to the goals 
and needs of the MLMA.  Among the assessment and research options identified by both this group 
and the Department’s Nearshore Fishery Management Plan, a Nearshore Reef Monitoring Network 
(NRMN) has been recommended.  While the NRMN would involve an integration of several study 
(e.g., habitat mapping, life history research, oceanography) and sampling approaches (e.g., fishery-
dependent and independent CPUE estimates, ROV surveys, plankton-larval surveys), this document 
focuses on the use of scuba diver visual surveys in shallow rocky reef ecosystems. The purpose of this 
document is to (1) describe the goals and objectives of diver visual surveys, especially as they relate to 
the goals and objectives of the MLMA and MLPA, (2) describe some of the many considerations that 
must be considered in designing a diver survey to collect the data required to meet the objectives 
identified for the MLMA and MLPA, (3)  propose a “strawman” within-site sampling design and 
protocol for expert assessment and comment, and (4) stimulate interest, and survey potential 
participation, in the NRMN.  Any such network would require collaboration among participants from 
institutions (e.g., CDF&G, UC, CSU, various federal agencies) along the entire length of the California 
coast.  Some fundamental topics that this document does NOT address are data management (including 
data base development and storage), analysis, dissemination and ownership.  These topics will be 
explored further in subsequent meetings and documents. This document is a DRAFT proposal that will 
evolve through discussions with and feedback from those who provide input and demonstrate interest 
in the proposed program.  
 
Relevant objectives of the MLMA and MLPA 
 
Several elements of the Nearshore Fishery Management Plans (NFMP), including essential fishery 
information, habitat provisions, basic fishery conservation measures, and stock assessment require 



fundamental information that can be gleaned from diver visual surveys.  This is especially true for 
many of the targeted 19 nearshore fin fishes for which the Department has undertaken the development 
of NFMPs (Table 1).  “Nearshore” in the context of the NFMPs extends from the shoreline (0 depth) to 
a depth of 120’ (36.5 m).  Three particularly relevant elements include stock assessment, ecosystem 
monitoring and MPA evaluation.  (For more information on NFMPs, see 
http://www.dfg.ca.gov/mrd/mlma/managementplans/.) 
 
 
Table 1. Scientific and common names of the 19 nearshore fin fishes targeted for development of 

NFMPs and their known depth ranges.  Depth ranges adapted from Miller and Lea (1972) and 
the NFMP web page (http://www.dfg.ca.gov/mrd/mlma/reports/).  “Shallow reefs” column 
refers to whether or not the majority of a species’ populations are encompassed by surveys of 
shallow rocky reefs. 

 
Species Common Name Depth Range (m)* Shallow Reefs 

 
1. cabezon Scorpaenichthys marmoratus Intertidal – 76 ?  
2. California scorpionfish Scorpaena guttata 3 – 182 No 
3. California sheephead Semicossyphus pulchrum 3 – 55 Yes 
4. greenling, kelp Hexagrammos decagrammus Intertidal – 45 Yes 
5. greenling, rock Hexagrammos lagocephalus Intertidal – shallow Yes 
6. monkeyface prickleback Cebidichthys violaceus Intertidal – 24 No 

 (monkeyface-eel)    
7. rockfish, black Sebastes melanops Intertidal – 91 No 
8. rockfish, black-and-yellow Sebastes chrysomelas Intertidal – 36 Yes 
9. rockfish, blue Sebastes mystinus Intertidal – 91 Yes 
10. rockfish, brown Sebastes auriculatus 3 – 55 No 
11. rockfish, calico Sebastes dallii 18 – 255 No 
12. rockfish, china Sebastes nebulosus 9-90 No 
13. rockfish, copper Sebastes caurinus 3 – 182 ? 
14. rockfish, gopher Sebastes carnatus 9 - 36 Yes 
15. rockfish, grass Sebastes rastrelliger Intertidal – 6 Yes 
16. rockfish, kelp Sebastes atrovirens 5 – 15 Yes 
17. rockfish, olive Sebastes serranoides 1 – 145 Yes 
18. rockfish, quillback Sebastes maliger 23 – 273 ? 
19. treefish Sebastes serriceps 3 - 45 
 
*With exception of C. violaceus, “Intertidal” designations refer to frequent occurrence of young-of-year, not 
adults, in that habitat.   
  
 
Stock assessments for commercially and recreationally exploited species require, among other kinds of 
information, estimates of the distribution and abundance of a species, size and age structure of 
populations, reproductive potential (e.g., size-fecundity relationships, sex ratios), recruitment (to 
populations and to the fishery), and how each of these traits change over time.   A basic stock 
assessment question that diver surveys can contribute information toward answering is: 
 
What is the spatial pattern of population abundance and structure over a species’ range and how is 
this pattern changing through time? 
 



Information produced from visual surveys conducted by divers in order to answer this question 
includes: 
 
1.  Quantitative estimates of abundance (in particular, density estimates) among sites and habitats. 
2.  Quantitative estimates of habitat characteristics (applicable for abundance-habitat relationships). 
3.  Quantitative estimates of individual fish size (to estimate recruitment and size-age structure of 

populations) 
4.  Identification and enumeration of sexes of sexually dimorphic species (e.g., California sheephead, 

kelp greenling) to estimate sex ratios. 
5.  Spatial and temporal patterns in each of these individual and population traits.  If possible, all such 

information should be geo-referenced (differential GPS) to elucidate spatial patterns and 
abundance-habitat relationships at a variety of spatial scales. 

 
 
The MLMA and NFMPs emphasize the importance of information on each species habitat and 
ecosystem in order to interpret and forecast the state and dynamics of the populations and fisheries of 
each of the 19 targeted nearshore species.  Additionally, such information is critical to monitoring and 
understanding the dynamics of coastal rocky reef ecosystems independent of its fisheries applications.  
A basic question relevant to these objectives for which diver visual surveys are applicable is: 
 
What are the spatial patterns of the biotic and abiotic characteristics of (a targeted species’) coastal 
rocky reef environments/ecosystems and how are those characteristics (and their spatial patterns) 
changing over time? 
 
Information produced from visual surveys conducted by divers in order to answer this question 
includes: 
 
1.  Quantitative estimates of abundance (in particular, density and cover estimates) of key ecologically 

important species (e.g., macroalgae, macroinvertebrates, other fishes).  Such estimates should be 
complimented by land-based estimates of key predators (e.g., seabirds, shorebirds, sea otters, 
seals and sea lions). 

2.  Quantitative estimates of the sizes of some of these biotic elements of the environment (e.g., size of 
kelp plants) in order to provide descriptions of the size distribution of these species. 

3.  Quantitative estimates of the abundance of abiotic characteristics (e.g., substratum type, relief and 
depth profile). 

 
Critical to understanding the relative separate and combined contribution of anthropogenic impacts (i.e. 
fishing) and natural disturbances (i.e. storms, climatic events/regimes) is comparing ecosystems that 
differ in the magnitude of such perturbations.  Valuable tools for such assessments are no-take or 
partial-take MPAs.  This approach requires quantitative comparisons of the state of populations, 
communities and ecosystems subjected to different levels of each of these perturbations.  Thus, spatial 
allocation of monitoring sites among different types and levels of geologic, oceanographic and 
anthropogenic conditions is critical.  As mentioned above, these larger-scale sampling design issues are 
the topic of subsequent meetings and documents. A basic question relevant to these objectives for 
which diver visual surveys are applicable is: 
 
How do population, community and ecosystem attributes relevant to the function of MPAs differ among 
sites inside and outside of extant and proposed MPAs, and how do such differences relate to 
environmental characteristics and how do they change through time?   



 
Information produced from visual surveys conducted by divers in order to answer this (these) 
question(s) includes all those variables listed above for stock assessment and ecosystem condition 
surveys, but conducted at sites inside and outside of MPAs. 
 
2. Sampling design and protocol considerations 
 
The purpose of this section is to identify some of the key considerations necessary for the development 
of a diver visual survey designed to address the questions presented in the previous section.  There is a 
rather extensive literature (research articles, lengthy reviews and entire books) on the topic of sampling 
designs and protocols.  This discussion is therefore limited in scope and detail. These considerations 
include: 
 
What is the appropriate and possible temporal scale of inference of a survey designed for stock 
assessment, ecosystem monitoring and MPA evaluation?  
 
This question influences the timing and duration of sampling within a monitoring site.  Temporal 
considerations include: 

• the frequency of dynamics of interest (i.e. seasonal vs. annual), 
• how well a given sampling frequency (or number of temporal samples) characterizes a 

frequency and magnitude of dynamics,  
• the time of year that best characterizes a population or community’s dynamic,  
• the time of year that best characterizes recruitment to, and size structure of, a population. 

 
These temporal considerations will differ among the many targeted species and the community as a 
whole.  No single timing of sampling will accurately capture the dynamics of all targeted species in a 
system.  However, because of the substantial expense and effort involved in diver surveys, it is 
necessary to limit the number of temporal samples while trying to capture the dynamics, size-structure 
and recruitment of many species simultaneously. Clearly, this relates to the identification and 
prioritization of what species and variables to measure (discussed below).  Also critical to this decision 
is recognition that the quantity and quality of data collected by diver surveys is greatly influenced  
 
The straw design and protocol below is designed to maximize effort when conditions are relatively 
favorable for surveys on the west coast (mid-to-late summer).  This allows for sampling of many sites 
within a delimited time period so that comparisons among sites are not confounded with timing of 
sampling.  Mid-summer allows sampling of kelp forests when canopy cover is near maximum (an 
important source of productivity and structure for forest-dwelling species).  At this time, most other 
species can be quantified as well.  Sampling at this time quantifies recruitment of macroalgae and some 
fishes (e.g., blue rockfish) and invertebrates subsequent to their peak spring recruitment event.  
Additional sampling during late summer-early fall allows quantifying recruitment of the many reef 
fishes whose young recruit during this period (e.g., kelp bass, benthic dwelling rockfishes).  If only one 
sampling event is possible, late summer-early fall is typically most logistically feasible. 
 
What is the appropriate and possible spatial scale of inference of a survey designed for stock 
assessment, ecosystem monitoring and MPA evaluation?  
 
This question influences the area to be sampled within a monitoring site.  Spatial considerations 
include: 



• the area over which population and community measurements are necessary to infer, 
• how well a given number and spacing of samples characterizes that desired area of inference,  
• the abundance, dispersion (i.e. patchiness), and mobility of targeted species, 
• environmental gradients (especially depth and proximity to shore) that influence species 

distributions 
• tradeoffs between sample unit size and replication 

 
Because some of the questions of interest to the diver survey program involve between-site 
comparisons (species-habitat relationships, inside vs. outside MPAs), a key objective is to estimate 
species abundance, population structure and community structure for a given site with an acceptable 
level of precision.  Because of the extreme patchiness of many species (especially reef fishes) and the 
unknown scale of movement of species patches over time, characterizing the abundance of many 
species and the reef ecosystem often requires as many samples as can be collected within a site.  
Accurately characterizing species abundance that span gradients (e.g., depth, proximity to outer and 
inner edges of a forest) requires a priori stratification across gradients.   
 
Which species should be measured? 
 
This question greatly influences the size and number of samples as well as where within a reef 
sampling is conducted.  Considerations include: 
 

• species targeted by commercial and recreational fishers (for which stock assessment is 
necessary) 

• “indicator” species (see below) 
• other ecologically important species (e.g., habitat formers, major primary producers)  
• rare and endangered species 

 
Stock assessment objectives target exploited species within the shallow rocky-reef environment.  This 
includes all commercially and recreationally taken species for which visual surveys contribute to their 
assessment.  Most large, non-cryptic species are capable of being sampled visually, including most 
macroalgae, macroinvertebrates (e.g., gastropods, urchins, cucumbers) and fishes (e.g., mid-water 
rockfishes, greenlings, cabezon, surf perches).  For some cryptic species (e.g., abalone, benthic 
rockfishes), estimates of the relationship between visual counts and actual densities are necessary.   
 
Characterizing the state of an ecosystem requires estimates of a much broader suite of species, in 
addition to exploited species.  Selection of targeted species has received a great deal of attention.  
Criteria for selection includes “indicator” species, a term that encompasses many criteria including  
ecologically important species. Ecologically important species including habitat forming species (e.g., 
macroalgae, reef-building gastropds and annelids), major contributors of primary production 
(macroalgae, especially kelps), keystone species (e.g., sheephead), other trophically important species 
(e.g., urchins, starfish, fishes) and dominant competitors for space and food.  Other indicators species 
are those that reflect the state of the ecosystem such as “umbrella” species analogous to spotted owls in 
terrestrial forests.  Other targeted species are both numerically abundant species that characterize the 
relative abundance (i.e. structure) of the community, species sensitive to degrading environmental 
conditions (e.g., thermal and nutrient pollution), and rare and endangered species (e.g., many species of 
abalone).  Fortunately, the abundance and size structure of many of these species can be quanitfied by 
visual surveys.  Suggested species targeted for surveys are described below in the straw protocol. 



Further consideration involves determining what size categories to distinguish and quantify (including 
recruitment).    
 
3. Straw protocol and rationales 
 
To expedite the process of discussing and developing a diver visual survey sampling protocol (and 
within-site sampling design), the following “strawman” protocol is presented.  The objective of this 
straw protocol is threefold; firstly to identify further the many considerations that any within-site 
sampling design and protocol must consider, secondly, to describe the rationale for the many sampling 
design and protocol decisions upon which the straw protocol is based, and thirdly, to provide reviewers 
with some feel for the effort, potential spatial and temporal scope achievable, and quality of 
information obtained (i.e. precision).  This protocol is currently used by the Partnership for 
Iinterdisciplinary Studies of Coastal Oceans (PISCO) in the northern portions of the southern 
California Bight (UCSB), Monterey Bay and Big Sur coast (UCSC), and recently in central Oregon 
(UCSC and UCSB). 
 
The variables targeted in the straw protocol are those which were identified in the first section as being 
necessary for quantifying the following population and community traits: 
 

• Density estimates of targeted species 
• Community structure (relative abundance of targeted species) 
• Population size structure  
• Recruitment of targeted species 
• Substrate type and relief (to distinguish quantitatively substrate characteristics among sites) 

 

General Sampling Plan 
 
3.1.  Site Designations.  
 
PISCO surveys have selected 12 sites in the southern California region sampled by UCSB, and 12 sites 
in the central California region sampled by UCSC (Table 2). Four sites in central Oregon have been 
sampled once, with intentions of expanding this program as logistics permit. These sites are all rocky 
reef habitats, most of which support forests of giant kelp, Macrocystis pyrifera. “Core” sites are paired 
spatially with intertidal core sites and include oceanographic moorings (with temperature sensors) and 
ADCP current meters. These sites are situated along the coastline in different oceanographic regimes 
(e.g., north-south of Monterey Bay and north-south of Pt. Conception) and substrate types (e.g., island 
vs. mainland in the Santa Barbara Channel and north-south of Monterey Bay). Additional sites are 
paired within established “no-take” marine reserves and at adjacent less-protected areas of similar 
habitat. Sampling is distributed within (areas and depth strata) and among sites in order to facilitate 
analysis of spatial patterns.  
 



Table 2. PISCO subtidal sampling sites in central and southern California.  
 
Central 
California 
(UCSC) 

Site name Latitude, Longitude Site purpose 

1 Sandhill Bluff 36o58’N, 122o09’W  Core 
2 Terrace Point 36o57’N, 122o04’W Core 
3 Hopkins Marine Station (In) 36o37’N, 121o54’W Inside reserve, Core 
4 Hopkins Marine Station (Out) 36o36’N, 121o53’W Outside reserve 
5 Stillwater Cove 36o34’N, 121o56’W Core 
6 Point Lobos North (In) 36o31’N, 121o57’W Inside reserve 
7 Point Lobos North (Out) 36o31’N, 121o57’W Outside reserve 

8 Point Lobos South (In) 36o30’N, 121o57’W Inside reserve  
9 Point Lobos South (Out) 36o28’N, 121o65’W Outside reserve 
10 Esalen 36o07’N, 121o38’W 

 
Outside reserve 

11 Big Creek (In) 36o03’N, 121o36’W Inside reserve  
12 Lopez Point 36o03’N, 121o36’W Outside reserve  
Southern 
California 
(UCSB) 

   

1 Pt. Sal 34o52’N, 120o38’W Core 
2 Purissima 34o43’N, 120o37’W Core 
3 Jalama 34o29’N, 120o30’W Core 
4 Cojo 34o26’N, 120o25W  Core 
5 Ellwood/Naples 34o25’N, 119o55’W Core 
6 Hazards 34o03’N, 119o49’W Core /SC island 
7 Forney Cove 34o03’N, 119o55’W  Core /SC island 
8 Pelican 34o01’N, 119o42’W  Core /SC island 
9 Smugglers 34o00’N, 119o32’W Core /SC island 
10.  Anacapa (IN) 34o01’N, 119o22’W Inside reserve 
11. Anacapa (Out) 34o01’N, 119o22’W Outside reserve 
12 Cambria  Core 
 
 
2) General Biological Sampling  
 
Subtidal community structure surveys are conducted annually at all sites over a 4-8 week period during 
the late summer or early fall, and quantify substrate type and relief, benthic cover, abundance of major 
groups of macroalgae and invertebrates, and abundance and size of fishes. Spatial allocation of 
sampling is designed to measure year-to-year site-wide variability in community structure and the 
spatial scales at which such variation occurs. A site is defined as a fixed stretch of coastline, occupying 
approximately 500m. Each site is divided into 2 halves (areas), which comprise a random factor 
stratifying sampling over the entire site. Within each area, 2 non-fixed randomly allocated replicates 
are sampled in each of 3 (benthic sampling) or 4 (fish sampling) depth zones (Figure 1). If the reef has 
no appreciable depth stratification, then the stratification is based on proximity to the outer edge of the 
reef and the shore. The basic sample unit is a 30m x 2m long transect. Transects are randomly deployed 
within strata each year.  
 



Figure 1. Sample designs for benthic and fish surveys. Subscripts refer to whether factors are treated as 
fixed or random. 

SiteF

TimeF

AreaR

Depth ZoneF

1999 2000 2001 ………

………1 20………1 201 20

1 2

12m 15m6m 9m

SiteF

TimeF

AreaR

Depth ZoneF

1999 2000 2001 ………

………1 20………1 201 20

1 2

15m6m 10.5m

a) Benthic sampling design

b) Fish sampling design

 
 

 
 
A) Swath Sampling: The purpose of the swath sampling is to estimate the density of conspicuous, 
solitary and mobile invertebrates as well as specific macroalgae.  Individual invertebrates and plants 
are counted along the entire 30m x 2m transect.  The diver carries a one meter long rod (folded up 
quadrat) to estimate one meter on either side of the tape.  A diver slowly swims one direction counting 
targeted invertebrates and then swims back counting targeted macroalgae.  Cracks and crevices are 
searched and understory algae are pushed aside.  No organisms are removed. Any organism with more 
than half of its body outside the swath is not counted.  Transects are divided into three, ten meter 
segments.  Species recorded within swaths are listed in Appendix 1.   
 
Only Macrocystis plants taller than 1 m are recorded. The number of stipes at 1 m above the substrate 
on each Macrocystis plant is entered on the datasheet. Nereocystis, Pterygophora, Laminaria setchellii, 
and Eisenia arborea must have stipes taller than 30 cm to be counted. Only Cystoseira osmundacea 
plants greater than 6 cm wide are recorded. Laminaria farlowii must have a blade greater than 10 cm 
wide. All plants of Costaria, and Alaria are counted. 
 



B) Uniform Point Contact Benthos Sampling: This sampling protocol records three types of 
information beneath 60 uniform point contacts (UPC) at every half-meter along the 30 meter transect 
line: substrate type, physical relief, and percent cover of space occupying organisms.   
Substrate type - At each point the substrate type is recorded as sand, cobble (≥ 10cm diameter), boulder 
(10cm – 1 m diameter) or bedrock (≥ 1 m diameter).  
Physical relief - Relief is measured by the greatest vertical relief that exists along an imaginary 1 m line 
crossing perpendicular to the transect at the point (see diagram).   
Percent cover - The percent cover of space occupying organisms will be estimated by recording what is 
directly under each point every 0.5 m along the 30 m transect tape. At each point on the UPC line, push 
the line down (or your finger if the line can't get down to the bottom) down to the substrate. For any 
species other than Laminaria spp. record what is present. The purpose is to re-create a two-
dimensional, “photo style” representation of the percent cover of organisms that are directly attached to 
the primary substrate. Therefore, epiphytes, epizooids, and mobile organisms are not included. Algae 
whose blades are under the point but are attached somewhere else on the primary substrate are 
included. For Laminaria spp. blades, push the blade away and record what is under it, BUT CIRCLE 
THE ENTRY. This indicates that the recorded species was under Laminaria and allows us to include 
Laminaria and not the circled species if we want to calculate the cover of all benthic biota. This 
protocol will only be invoked for Laminaria as it is the only species recorded both in swath and UPC 
transects. The datasheet includes categories for all non-motile, benthic invertebrates and algae. The 
categories for red algae are described below.  All species recorded by point contact sampling are listed 
in Appendix A. 
 
Red algal categories: 
FLAT – branching flat blade. Any alga that has branching, compressed blades that are flat in cross 
section and roughly 1 cm or greater across. Branching should show a repeating pattern to be 
distinguished from tearing. For example: Cryptopleura, Hymenena, Botryoglossum, Fauchea, 
Rhodoglossum, Prionitis lyallii. 
LEAF – leafy blade. Any alga that consists of single or multiple blades that have entire margins and do 
not branch past the basal portions. Can be torn but will not be in a repeating pattern. Examples: 
Gigartina, Mazaella, Halymenia, Schizymenia. 
BUSHY – cylindrical branches. Any alga that has cylindrical to subcylindrical branching thalli. Thalli 
are not flat in cross section but if so are less than 1 cm across. Examples: Gelidium, Pterocladia, 
Gastroclonium, Gracilaria, Condracanthus canaliculatus, Laurencia. 
LACY – filamentous/dense. Any alga that is filamentous or finely, densely branched. Branches are too 
small to isolate by hand. Examples: Plocamium, Microcladia, Polysiphonia, Ceramium, Neoptilota. 
 
 
C) Quadrat Sampling: The purpose of quadrat samplings is to determine the abundance of a) small 
invertebrate species, b) recruit invertebrate and macroalgal species, c) cryptic or small benthic fishes, 
and d) species that are too abundant to count on 30m x 2m swaths.  Divers carry a three-sided 1 square 
meter PVC folding quadrat and place it on the bottom adjacent to the tape at meters 2, 7, 12, 17, 22 and 
27.  The quadrat is positioned so that the tape completes the fourth side. The diver then records the 
number of all targeted species in the quadrat.  Substrate beneath the understory is searched, however no 
organisms are removed.  Data are kept separate by segment of the transect (0-10m, 10-20m, and 20-
30m).  All species recorded within quadrats are listed in Appendix A. 
 
 



Figure 2. Distribution of quadrat sampling along a 30 m long transect. 
 
 
 
 
 
 
 
D)  Fish Sampling: The purpose of fish sampling is to estimate fish density, size, gender (if obviously 
sexually dimorphic) and vertical distribution in the water column.  Within each half (i.e. “area”) of a 
site, eight 30m x 2m replicate transects are sampled – two at each of 15 m, 12 m, 9m, and 6m depths, 
respectively. Each transect consists of three 30m x 2m x 2m (60 m3) swaths that are stratified vertically 
at three depths in the water column: the bottom 2 m, mid-water and the top 2 m (canopy) of the water 
column. Divers count and estimate total length (TL) of small fish (< 15 cm TL) to the nearest cm, and 
larger fish (> 15 cm) to the nearest 5 cm interval, as they reel out a 30 m tape along an isobath parallel 
with shore.  All conspicuous fishes encountered along transects are recorded and all small less 
conspicuous fishes observed in quadrats are recorded. 
 
 
Table 4.  List of targeted fishes sampled in subtidal community structure surveys. Species were 
targeted for the following reasons: E= Exploited, A= Abundant, R= Recruitment studies, 
G= Grazers. 
 
Common Name Scientific Name Rationale Transects Quadrats UCSC UCSB 
All surfperch spp. e.g. Brachyistius frenatus, 

Embiotoca jacksoni 
E,A X  X X 

All rockfish spp Sebastes spp. E,A,R X  X X 
kelp bass Paralabrax clathratus E,A,R X  X X 
Blacksmith Chromis punctipinnis A X  X X 
Garibaldi Hypsypops rubicundus  X   X 
Opal eye Girella nigricans A X  X X 
Halfmoon Medialuna californiensis A X   X 
Cabezon Scorpaenichthys 

marmoratus 
E X  X X 

California 
scorpionfish 

Scorpaena guttata E X   X 

CA sheephead Semicossyphus pulcher E X  X X 
Senorita Oxyjulis californica A X  X X 
Rock wrasse Halichoeres semicinctus A X   X 
Lingcod Ophiodon elongatus E X  X X 
Kelp greenling Hexagrammos 

decagrammus 
E X  X X 

Rock greenling Hexagrammos 
superciliosus 

E X  X  

Painted greenling Oxylebius pictus A X  X X 
Giant kelpfish Heterostichus rostratus R X  X X 
Moray eel Gymnothorax mordax  X   X 
Wolf eel Anarrhichthys ocellatus E X  X  
Blue-banded goby Lythrypnus spp A,R  X  X 

2m 7m 12m Etc. 



Blackeye goby Coryphopterus nicholsii A,R X X X X 
Kelpfish Alloclinus holderi and 

Gibbonsia spp. 
A,R  X X X 

sculpins Cottidae R  X X X 
 
 
3.  Precision 
 
For a sampling program to be effective in addressing the objective of the design, the sample parameters 
must be measured with enough precision so that patterns appear above the noise of sample variability. 
Examining the standard error of the mean provides an insight into precision. Additionally, approximate 
significance tests of differences between means can be derived by examining overlap within 2 standard 
errors of a given mean. 
 
The following figures present means and standard errors for a range of variables measured by the 
different methods (swath counts and UPC) at PISCO-UCSC sites in 1999 and 2000. All values are 
standardized to transect size (60 m2), and based on 12 replicates for algae and invertebrates, and 16 
replicates for fish. Sites are ordered along the x-axis from north to south (note: Terrace Point wasn’t 
sampled in 1999). The shaded bars are Marine Protected Areas. 

 
Figure 3.   Macrocystis plant and stipe densities estimated in swath counts. 
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Figure 4.   Coralline and fleshy red algal cover estimated from Uniform Point Contacts. 
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Figure 5.   Sea urchin and Pisaster density estimated in swath counts. 
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Figure 6.   Kelp rockfish and blue rockfish density estimated in swath counts. 

0

1

2

3

4

5

6

Sandhill

TerraceHopkins (out)

Hopkins (in)

Stillwater

Lobos (out)

Lobos (in)

0

1

2

3

4

5

6

0

10

20

30

40

Sandhill

TerraceHopkins (out)

Hopkins (in)

Stillwater

Lobos (out)

Lobos (in)

0

10

20

30

40

Kelp rockfish Blue rockfish

1999

2000

M
ea

n
 +

 s
em

1999

2000

ND ND
0

1

2

3

4

5

6

Sandhill

TerraceHopkins (out)

Hopkins (in)

Stillwater

Lobos (out)

Lobos (in)

0

1

2

3

4

5

6

0

10

20

30

40

Sandhill

TerraceHopkins (out)

Hopkins (in)

Stillwater

Lobos (out)

Lobos (in)

0

10

20

30

40

Kelp rockfish Blue rockfish

1999

2000

M
ea

n
 +

 s
em

1999

2000

ND ND

 

In all cases, site estimates were sufficiently precise to enable effective comparisons of sites at 
biologically meaningful levels.  For example, significant differences in fish abundance between years 
and sites were found for effect sizes ranging from 0.7 fish per transect (black & yellow rockfish) to 8 
fish per transect (blue rockfish).  Discriminatory ability was improved considerably following 
transformation. 
 
For the purpose of a stock assessment, it is also useful to examine the size structure of the local 
population to be able to estimate spawning biomass, and track success of year classes. For example, the 
relatively low settlement of kelp rockfish in 1999 did not successfully transition to the next size class in 
2000 (Fig. 7). In contrast, the comparatively strong settlement of blue rockfish in 1999 (5 & 10 cm 
classes) resulted in a clear signal in the following year (Fig. 7). 

 



Figure 7.   Kelp rockfish and blue rockfish size-structure across all sites. 
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4.  Other sampling approaches and considerations 
 
Standardization of counts by time or distance 
 
Methods other than fixed-area transect-sampling are available and have been used to estimate the 
abundance of organisms. These estimators can be divided into 3 groups: timed estimators, distance or 
‘plotless’ estimators, and variable-area estimators. 
 
Timed counts have been used in both tropical and temperate systems (e.g., DeMartini & Roberts 1982, 
Williams 1982, Russ 1984, Syms 1995). Timed counts have two critical characteristics that may limit 
their effectiveness as abundance estimators. First, the counts are standardized to generate encounter 
rates, not abundances. While this may provide a useful relative index of abundance, estimating a local 
population size is considerably more difficult from encounter rates than it is from densities. Second, the 
method is subject to considerable bias. Encounter rates are a function of spatial dispersion of a species, 
and the behavior of those species around divers. Within a site, overdispersed species will be 
overestimated, and aggregated species will be underestimated. Comparisons between sites, which may 
have very different habitat structure, visibility etc., and observers are also likely to introduce serious 
biases. 
 
Plotless estimators or distance methods were developed primarily by forestry biologists to estimate 
abundance of organisms that were either too sparse or rare to be sampled effectively by transects. They 
have not been widely applied in subtidal systems. Plotless estimators express counts as intensities, not 
densities. While density is the number of individuals per unit area, intensity can be thought of as the 
average area occupied per individual. It is considerably easier to convert intensity to density than it is to 
convert encounter rates to density, so plotless estimators would be preferable to timed counts. 
However, they suffer from some disadvantages (Cassey & McArdle 1999). First, they can be sensitive 
to the spatial distribution of an organism, although there are several different methods that can offset 
this sensitivity. Second, they are not as robust or precise as fixed area sample methods (Engeman et al. 
1994). Finally, they generally have logistical requirements that are not feasible to apply underwater. 
The methods require accurate measurement of distance, and often necessitate detailed searches of 
inconvenient-shaped areas (circles, quadrants etc.). In general, if a fixed-area method can be applied, it 
is best to use it in preference to a distance method. 
 
Variable Area Transects are a special case of a plotless estimator, and provide a hybrid between 
conventional transects and distance methods. VAT’s use a predetermined abundance (cf. area) as a 
‘stopping rule’ for terminating transects. This method has fared well in simulation (Engeman et al. 
1998), is relatively robust, provides intensity-density estimates, and is considerably easier to deploy 
than other distance methods. If a distance-type method were required, VAT’s would be a sound option. 
However if, as above, a fixed-area method could be applied, it would be best to use transects/quadrats 
in preference to VAT. 

 
Fixed stations vs re-selection of stations at each sample interval 
 
If the decision has been made to use fixed area transects, the next question to be considered is whether 
to sample the same areas in subsequent years, or reselect an unbiased sample of areas at each sample 
period. This decision operates at two key levels – sites, and transects. A truly unbiased sample 
collected across space and time would be best achieved by visiting different random sets of sites at 
each sample interval. However, it has been demonstrated that this approach is very weak at detecting 



temporal trends (van der Meer 1997), and a general recommendation would be to sample fixed sites. 
Within a fixed site however, a further decision must be made about whether to sample the same 
transects at each sample interval (permanent or ‘fixed’ transects), or reselect a set of transects at each 
sample interval (non-fixed or ‘variable’ transects). The question of whether to sample fixed or variable 
transects has plagued ecologists for several decades. The resolution of the quandary is, however, quite 
straightforward. 
 
To decide which approach to use, it is instructive to identify what statistical population each method 
samples. Classical design-based (the need for the ‘jargony’ qualifier will appear later) sampling is 
based on the ‘jar of marbles’ premise. Imagine a jar containing marbles with numbers written on them. 
To estimate the average of the numbers written on the sides of the marbles, we would draw an unbiased 
sample and calculate the arithmetic mean (note: randomization is simply one way of achieving 
unbiasedness). Two features become apparent. First, we are estimating a ‘real’ or ‘population’ mean. If 
we sampled all the marbles, we would know their average value. Second, each sample has a fixed 
value. The only ‘error’ that occurs does so as a function our sampling procedure. If we draw more 
samples, error decreases to zero (at which stage we’ll have counted all our marbles). Consequently, in 
order to estimate the population mean, we need only to draw a sample, calculate the average, estimate 
the sample error and we have an answer. 
 
Fixed and variable transects differ both in the number of jars that are sampled, and what each marble 
represents. Let’s say we go to a site and count fish in a random (or unbiased) set of transects annually. 
We have one jar per site, per year. Our jar (the site) contains a set of marbles (transects) from which we 
draw a sample. The marbles represent each of the possible values that the transects could have taken. 
Remember, the values are densities. In other words, we have estimated the average density of fish at 
the site. As this process was repeated through time, we would have sampled the average of each jar, at 
each time (or the temporal trajectory of the average). 
 
Fixed transects can be thought of as a sample from one jar per site. In contrast with variable transects, 
we do not get a new jar at each time period – there is only one jar of temporal trajectories. This leads to 
the question: “What are our marbles?” When transects are resampled over time, we are measuring the 
temporal trajectories that each transect is taking. The marbles are temporal trajectories. By drawing a 
sample of these marbles, we are estimating the average rate of change of transects within a site over 
time (or the average temporal trajectory). The temporal trajectory of the average and the average 
temporal trajectory are different statistical populations, and this distinction is fundamental to making 
the decisions on which method should be used. In the context of fish abundance, it can be framed in the 
following dichotomous questions: 
 
(a) Do you want to know how the average density of fish changes over time at each site?  OR  (b) Do 
you want to know what the average change in fish density is at a site? Variable transects directly 
sample ‘a’, whereas fixed transects directly sample ‘b’. 
 
Fixed and variable transects have different strengths and weaknesses. Fixed transects provide a poor 
estimate of the site mean. This is reflected analytically by the error term used to compare site means. In 
a variable transect design, the error term is usually a residual or some term with many degrees of 
freedom. In contrast, a repeated measures design would use the within-site variability as an error term. 
Thus the number of fixed transects within a site intimately determines the precision and power of site 
comparisons. In contrast, if within-site spatial variability is high, variable transects might not be 
powerful enough to detect temporal change (measured as a site*time interaction). 



It might be argued that fixed transects can be used to estimate the site mean. There are two main ways 
to do this. First, if the average temporal change and the average starting abundance of transects is 
known, then the site mean can be estimated by a projection of the average trajectory. This method 
would only be robust if the temporal trajectories were not too variable, and transects were highly 
replicated, so as to obtain a precise estimate of the average trajectory. It would certainly be less precise 
and robust than a variable transect design of equivalent replication. The second approach would be to 
employ a model-based (cf. design-based) approach and use geostatistical methods (e.g., kriging) to 
estimate the site mean. This method also requires high replication (>30-50 transects per site) and is less 
robust than design-based estimation, due to uncertainty in the true form of the underlying 
autocovariance model (DeGruijter & Ter Braak 1990). 

 
Within-site stratification and constrained sampling 
 
Sample allocation within a site can have important consequences for extrapolation of results. The most 
robust estimator of average density would be a random allocation of samples throughout the site. 
However, this might not yield a precise estimate if spatial variability is high. Stratification is a common 
technique that can be used to reduce this variability. Stratification constrains the allocation of samples 
within a site, and can potentially bias sampling depending on whether the stratification is used to 
intersperse or weight sampling, and the certainty of defining the ‘correct’ strata. 
 
Most rocky reef subtidal sampling programs are constrained in some manner. For example, a decision 
might be made not to sample extensive sand tracts if the targeted organism lives only on rocky reef. 
This decision is required because of the inequality of density and abundance. A strict interpretation of a 
‘site’ as a statistical population of samples requires that zeroes be random zeroes. In other words, the 
organism had to have a realistic probability of occurring in that sample. If an organism has zero (or 
close to) probability of occurring in a sample or subset of samples, then those samples are structural 
zeroes, and should not be included in sampling or estimation. To do so will greatly overestimate 
statistical population variability (McArdle & Gaston 1993, 1995). Unfortunately a decision to constrain 
sampling in this way makes it more difficult to estimate population abundance. To extrapolate 
abundance from densities, it is necessary to know how much habitat (in this case hard reef) is present. 
Uncertainty in this estimate will generate a multiplicative uncertainty in projected abundance. 
 
Sampling constraints are inherent in subtidal scuba surveys. Depth provides an obvious limitation, with 
exponential reduction in available bottom time at increasing depth. This can generate bias, because 
individuals that live beyond these depth limits have zero probability of being sampled. Other biases 
may be introduced by decisions about what constitutes ‘the habitat’ to be sampled. For example, should 
transects be run over sand patches within a reef matrix? Should transects be placed entirely within 
tracts of reef, or placed so as to incorporate reef-sand interfaces? There are probably no hard and fast 
rules, and some knowledge of organism behavior (and hence likelihood of occurrence in a given 
transect) should guide a set of ‘cutoff’ rules. 
 
Stratification to provide interspersion of samples is a useful sampling device. For example, the PISCO 
protocol divides a site into 2 halves, and allocates sample effort equally among these halves. Similarly, 
the protocol also intersperses the sample across depth-distances offshore. Unbiasedness is ensured 
because there is equal probability that a given transect within the constraint of the site definition (an 
area bounded by a certain distance alongshore, and depth-distance offshore) could be sampled. 
Stratification for the purpose of interspersion is generally achieved by allocating samples within 
particular spatial or physical constraints. 



In contrast, stratification based on defined habitat types can introduce serious biases. In the worst case, 
an a priori decision to allocate equal effort to habitats (e.g., pinnacle vs flat rock) will be seriously 
biased. The more abundant habitat will be underrepresented in the sample; conversely the least 
abundant will be overrepresented. In the most extreme case, a sample program may choose to sample 
only one strata at a site (e.g., the Great Barrier Reef coral monitoring program, administered by the 
Australian Institute of Marine Science). In this particular example, the sample universe has been 
constrained to a very specific depth and location on each reef. A better approach is to weight sample 
allocation to particular strata. Two schemes have commonly been employed to do this, weighting of 
samples by area (i.e., allocate samples in proportion to area covered by the defined habitat types), or 
weighting of sample allocation by variability (i.e., placing more samples in more variable strata to 
increase precision). Both methods can be unbiased only if the area occupied by each strata is known. 
Uncertainty in the estimate of area occupied by the strata will be manifest as bias in an unknown 
direction. Sample allocation based on strata variability is a form of explicit biasing (organisms in 
different strata do not have equal probability of being sampled), but in such a way that as long as the 
area occupied by the strata is known then the estimate will be unbiased. This sampling allocation 
method is contingent on two factors. First, as before, the strata area must be known without appreciable 
error. Second, the variability within each stratum must also be correctly known to ensure optimal 
allocation of samples. Variances are notoriously difficult to estimate, and derived statistics based on 
them (e.g., power estimates, and sample allocations), must always be presented with confidence 
intervals). The utility of this approach, given these uncertainties, has been questioned (McArdle & 
Pawley 1994), and empirical investigations have been fieldwork-intensive and not terribly optimistic 
(McCormick & Choat 1987). 
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Appendix A.  Species lists and criteria for swaths, quadrats and uniform point contact sampling 
 
Swath Species List 
 
Algae: 
Macrocystis adult (>30cm): plants and stipes/plant 
Pterygophora adult (>30cm) 
Cystoseira (diameter>6cm)  
Laminaria ad (width>10cm)  
Eisenia ad (>30cm)  
Dictyoneurum californicum 
Dictyoneuropsis reticulata 
Alaria marginata 
 
Invertebrates: 
Lytechinus anamesus (>2.5cm) (sites north of Pt. Conception) 
S. purpuratus(>2.5cm) (sites north of Pt. Conception) 
S. franciscanus(>2.5cm) (sites north of Pt. Conception) 
Tethya aurantia 
Urticina lofotensis 
Other Urticina 
Asteroids unid. 
Asterina miniata 
Dermasterias imbricata 
Henricia leviuscula 
Orthasterias koehleri 
Mediaster aequalis 
Pisaster brevispinus 
Pisaster giganteus 
Pisaster ochraceous 
Pycnopodia helianthoides 
Parastichopus californicus 
Parastichopus parvimensis 
Anthopluera elegantissima 
A. sola 
A. xanthogrammica 
Cancer spp. 
Pugettia producta 
Pugettia richii 
Loxorhychus grandis 
Loxorhychus crispatus 
Panulirus interruptus 
Aplysia californica 
Lithopoma undosum 
Lithopoma gibberosum 
Crassedoma giganteum 
Megathura crenulata 
Kelletia kelletii 
Cryptochiton stelleri 



Cypraea spadicea 
Haliotis corrugata (pink) 
Haliotis cracherodii (blk) 
Haliotis rufescens (red) 
Haliotis fulgens (green) 
 
Notes on swath species list:   
Algae- Macroalgae sampled on swaths are adults.  For adult Macrocystis pyrifera, in addition to plants, 
individual stipes are counted for each plant.  Macrocystis, Eisenia, Pterygophora adults are defined as 
being >30cm in height.  Laminaria adults have a blade width >10cm. Cystoseira adults have a plant 
diameter >6m and/or a blade length >3cm..   
 
Inverts- Urchins are sampled in several different ways.  On the swaths, only adult S. purpuratus , S. 
franciscanus and L. anamesus are counted.  Adults are defined as having a diameter >2.5cm.  At sites 
south of Pt. Conception and at the Channel Islands, adult urchins are counted in quadrats.  At sites 
north of Pt Conception and central California, adult urchins are counted on the swath.  Only adult 
starfish, defined as having a diameter >2.5cm are counted on the swath (Asteroids unid., Asterina 
miniata, Dermasterias imbricata, Henricia leviuscula, Orthasterias koehleri, Mediaster aequalis, 
Pisaster brevispinus, Pisaster giganteus, Pisaster ochraceous and Pycnopodia helianthoides).  Recruit 
stars are counted in quadrats. 
 
 
Quadrat species list  (southern California only) 
 
Algae  
Macrocystis juvenile (< split) 
Pterygophora juv (<30cm, single blade) 
Cystoseira (diameter<6cm)  
Laminaria juv (width<10cm)  
Desmarestia ligulata  
Eisenia juv (<30cm/single blade)  
 
Echinoderms   
Centrostephanus coronatus  
Lytechinus anamesus (>2.5 cm) (Sites south of Pt. Conception) 
S. purpuratus(>2.5cm) (Sites south of Pt. Conception) 
S. franciscanus(>2.5cm) (Sites south of Pt. Conception) 
Pachythone rubra 
Cucumaria salma 
C. piperata 
 
Cnidarians   
Gorgonian (> 3cm) 
Gorgonian (recruit <3 cm)  
Anthopleura artemesia 
Pachycerianthus fimbratus 
 
Gastropods   
Calliostoma spp. 



Ceratostoma nuttallii  
Conus spp 
Cypraea spadicea  
Maxwellia spp 
Mitra idae  
Norrisia norrisii  
Tegula aureotincta  
Tegula eiseni  
Kelletia kelletii 
unid hermit crab 
Mytilus californianus  
Styela montereyensis  
Chaetopterus 
 
Fish  
Alloclinus holderi  
Gibbonsia spp.  
Oxylebius pictus 
Heterostichus rostratus  
Coryphopterus nicholsii  
Lythrypnus dalli  
Lythrypnus zebra  
Scorpaena guttata  
Scorpaenichthys marmoratus  
Artedius spp. 
Sanddab 
 
Recruits  
Lytechinus anamesus (<2.5 cm) 
Strongylocentrotus purp.(<2.5cm) 
S. franciscanus(<2.5cm) 
Pisaster (<2.5cm) 
Asterina (<2.5cm) 
 
 
UPC LIST 
 
Substrate  Relief  
bedrock (> 1 m) 0 - 10 cm 
boulder (10 cm - 1 m) 10 cm - 1 m 
cobble (< 10 cm) 1 m - 2 m  
sand > 2 m 
 
Organism 
“Other”  
Bare rock 
Bare sand 
Shell Debris 
Muddy Sediment 



 
Algae  
Rhodymenia spp. 
BRANCH branching flat blade 
LEAFY leafy blade (Gigartina) 
BUSHY bushy cylindrical branches 
Botryocladia psuedodichotoma 
LACY filamentous/dense (Plocamium) 
ENCRED Encrusting red algae 
TURF Turfy red (<2cm) 
OTHRED Other reds  
Dictyotales 
Egregia  
Cystoceira osmundacea 
Laminaria (circle the point) 

Macrosystis holdfast  
Pterygophore holdfast 
Desmarestia spp. 
Dictyoneuropsis reticulata 
Dictyoneurum californica 

Sargassum spp. 
Other Browns 
GREEN Green algae 
Phyllospadix spp. 
Crustose coralline algae  
Articulated coralline algae 
  
Cnidarians  
Corynactis californica  
ANEM Other anemone 
BALAST Balanophyllia/Astrangia/Paracyathus 
HYDROID Hydroids 
Stylaster calif. 
 
Gastropods  
Serpulorbis/petalorbis 
Pholad clam (ex chaovo) 
 
Annelids 
Diopatra ornata  
Phragmatopoma californica  
Salmacina tribranchiata  
Dodecaceria fewkesi 
Serpula/Spirobid/Eudistyla spp 
Sabellid worm 
Terebellid worm 
Unid tube mat 
Chaetopterus 
 



Crustaceans  
Barnacle 
 
Echinoderms  
Pachythone rubra 
Cucumber spp 
 
Other invertebrates 
Unidentified bryozoan 
Colonial tunicate  
Solitary tunicate 
Sponge 


