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1.  INTRODUCTION

Intense urbanization of coastlines exerts an array
of anthropogenic stresses on natural systems through
resource harvest, landscape modification such as
dredging and armoring, and the input of excess
nutrients and other contaminants (Todd et al. 2019).
These inputs include agrochemicals and fertilizers,

industrial metals, and polycyclic aromatic hydro -
carbons via stormwater, aquaculture, vessels, and
municipal wastewater, with the latter usually consti-
tuting the largest volume of inputs (Islam & Tanaka
2004). The environmental strain imposed by these
human stressors is often evaluated by testing for
before−after changes and/or far versus near (con-
trol−impact) contrasts in the composition and struc-
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levels (‘sufficiency’) or only a subset of the whole fauna (‘subsetting’). Here, the power of both
approaches to retain community-level patterns of spatial and temporal variation were evaluated
using an exceptionally long (47 yr) infaunal dataset generated from monitoring wastewater im -
pacts on an urban shelf in southern California, USA. Four taxonomic sets (whole infauna, poly-
chaetes, bivalves, malacostracans) were evaluated at 5 resolutions (species, genus, family, order,
functional guild) along a pollution gradient subdivided into 2 spatial bins based on proximity to
the wastewater outfall (near-field vs. far-field) and 3 temporal bins based on wastewater treatment
phases. All taxonomic sets detected weakening of the spatial gradient with improved wastewater
treatment, i.e. communities became more similar in richness, evenness, and composition through
time, and patterns were robust when coarsened to families or guilds. Polychaetes mirrored (‘prox-
ied’) whole-fauna patterns most accurately, as expected since they constitute most of the individ-
uals and species. However, bivalves outperformed all other sets in detecting (‘indicating’) the pol-
lution gradient itself, owing to their breadth of feeding strategies. These results strengthen the
consistently positive results from taxonomic coarsening emerging from tests elsewhere and the
caveats for taxonomic subsetting: clade strengths serve different objectives. Comparable datasets
should exist in environmental agency archives elsewhere, promoting the general surrogacy
model. For monitoring programs still in their planning stages, regional insights could be acquired
via analogous nested analyses of a single survey.
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ture of benthic communities, which are sampled as
part of sediment quality monitoring (e.g. Warwick
1993, Gray & Elliott 2009, Schiff et al. 2016). Such
monitoring effort requires a standardized quantita-
tive sampling effort of both organismal abundance and
diversity, covers a broad range of taxonomic clades,
and identifies organisms to the species level or other
fine-scale operational taxonomic units. Long-term
programs extending a decade or more are unusual
but provide invaluable insights into biological re -
sponses over the history of environmental stress (or
stress alleviation) in a region (e.g. Borja et al. 2006,
2016, Stein & Cadien 2009, Gogina et al. 2014, Clare
et al. 2015, Schwing et al. 2017, Caswell et al. 2018).
Such direct information is a kind of ‘gold standard’
for assessing the trajectory, and thus by implication
the present status, of a community or ecosystem.

However, biological monitoring places a high de -
mand on taxonomic expertise and labor, especially
in biologically diverse marine systems (Olsgard &
Somerfield 2000, Włodarska-Kowalczuk & Kędra
2007). These expectations may potentially inhibit the
establishment of new programs, especially in poorly
studied regions where assessment of human impacts
for public health and biodiversity conservation is
urgent. In principle, these demands could be allevi-
ated by using ‘surrogates’ of species-level data on
the whole fauna if the reliability of such surrogates in
detecting the human im pacts can be
assumed (generalizing from studies
elsewhere) and further validated. Be -
yond the concerns of evaluating bio -
diversity and ecosystem health, the
potential biasing effects of using
surro gates is also important in histori-
cal ecology, which typically has to
focus on the subset of taxa that are
most likely to have been reported
upon (e.g. commercial and sport taxa;
Brind’Amour et al. 2014, Di Minin &
Moilanen 2014), and in paleoecology
(our motivation), which typically has to
rely on the subset of taxa with greatest
postmortem durability under ordinary
conditions of slow burial that charac-
terize most marine environments (e.g.
shelled mollusks, calcifying arthro-
pods, and bryozoans; Schopf 1978,
Tyler & Kowalewski 2017).

Surrogates fall into 2 categories: (1)
using genera or other taxonomic levels
coarser than species (‘taxonomic suffi-
ciency’ sensu Ellis 1985) and (2) using

only a subset of the whole fauna, for example focus-
ing on a single class (‘taxonomic subsetting’;
Table 1). Both reduce the labor and time required to
process a sample after sampling, but are rarely eval-
uated together.

Taxonomic sufficiency has been the subject of
innumerable tests in marine settings, mostly finding
that coarser taxonomic resolution suffices to detect
both anthropogenic (Warwick 1988, Ferraro & Cole
1992, Buss & Vitorino 2010, Dimitriou et al. 2012,
Stark et al. 2014) and natural (Włodarska-Kowalczuk
& Kędra 2007, Bevilacqua et al. 2009) spatial gradi-
ents (for freshwater examples, see Jones 2008 and
Mueller et al. 2013, and for terrestrial invertebrates,
see Pik et al. 1999 and Souza et al. 2016). Non-
 Linnaean classifications such as morphospecies and
functional guilds have also demonstrated promising
results (Bhusal et al. 2014, Brind’Amour et al. 2014).

Tests of taxonomic subsetting have had more
diverse objectives (Moreno et al. 2007). In most stud-
ies, authors sought to identify a single clade either
able to mirror variation in richness or some other
attribute of the whole fauna (i.e. a ‘proxy’ for the
whole fauna; e.g. Olsgard et al. 2003, Magierowski &
Johnson 2006, Fontaine et al. 2015) or able to effi-
ciently detect a pollution or other gradient (an ‘indi-
cator’ group), even if it exhibited poor congruence
with the whole fauna (Magierowski & Johnson 2006,
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Term                                               Definition

Surrogacy                                       Reducing the effort required to assess
biota, via surveys and monitoring

I. Sufficiency                                  Coarsening the detail (resolution, acuity)
of information

A. Numerical sufficiency            Coarsening the measure of abundance
(e.g. presence− absence or rank−
abundance rather than number of
individuals)

B. Taxonomic sufficiency            Coarsening the taxonomic units (e.g.
species-level data aggregated into
higher Linnaean ranks or into functional
guilds)

II. Subsetting                                  Narrowing the scope or breadth of
information

A. Numerical subsetting             Narrowing the number of specimens
assessed (e.g. limit to the first 100
individuals processed)

B. Taxonomic subsetting             Narrowing the taxonomic clades
assessed (e.g. limit to a selected clade or
functional guild)

i. Proxy subset                            Subset that best reflects the whole fauna
ii. Indicator subset                     Subset that best detects gradient(s) of

concern (e.g. indicator taxon)

Table 1. Common aspects of surrogacy as defined in this study
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Heino 2010). Subset surrogates thus fall into 1 of 2
types: ‘proxy subsets’ (good for mirroring the whole
fauna) and ‘indicator subsets’ (superior at detecting a
particular environment or perturbation; Table 1).

How effective are both taxonomic sufficiency and
subsetting modes of surrogacy, as well as their inter-
action (i.e. subsets at multiple resolutions) at detect-
ing spatial and temporal gradients in anthropogenic
disturbances? Here, an exceptionally long-term
(~50 yr) and taxonomically consistent species-level
macrobenthic database was used to test whether sur-
rogates upheld patterns observed using the whole
fauna across a well-known anthropogenic pollution
gradient over successive phases of wastewater abate-
ment. The dataset, which consists of annual infaunal
grab samples from 11 stations in 60 m water depth
along the Palos Verdes shelf in southern California
(USA) since 1970, encompasses about 600 species
from 11 phyla. Previous analyses of the full infaunal
dataset, including municipal annual reports, have
demonstrated improvement in benthic conditions
associated with enhanced wastewater treatment
(Stein & Cadien 2009, LACSD 2020).

This analysis takes opportunistic advantage of a
dataset generated under a government regulatory
requirement to conduct long-term monitoring of ben-
thic community health and recovery in response to
contamination reductions, and thus
was not designed as a formal research
experiment. In contrast to a standard
before− after− control− impact study de -
sign (Underwood 1991, 1994 and refer-
ences therein), here the before− after
component is a temporal analysis over
a history of wastewater effluent pollu-
tion re duction (Phase 1 with only pri-
mary treatment, Phase 2 with partial
secondary treatment, and Phase 3 with
full secondary treatment; see Fig. 2).
Wastewater discharges to the Palos
Verdes shelf began in the 1930s and
have only been regulated since the
early 1970s, and thus benthic response
to the onset and rise of pollution is not
known directly (but see a sediment-
core-based ana lysis of bivalve shells;
Leonard-Pingel et al. 2019). The con-
trol−impact component here is a spa-
tial comparison of far-field (‘refer-
ence’) and near-field areas on the shelf
relative to the pipe opening, with
those 2 areas defined by agency scien-
tists on the basis of sediment chem-

istry in the 1970s. Formal controls do not exist: no sta-
tions on the shelf have been free of pollution for the
entire duration of monitoring. The disadvantages of
this necessarily less stringent design are, we believe,
outweighed by some unusual advantages, namely (1)
an exceptionally long time series (47 yr) with (2)
scrupulous taxonomic consistency despite turnover in
agency personnel (SCAMIT 2018), (3) a strong expert
knowledge base for species biology in the region
(Coan et al. 2000, Macdonald et al. 2010, SCAMIT
2018), (4) consistent, multiple sampled sites in both
near- and far-field areas over the entire duration, (5)
consistent sampling methods, and (6) holding water
depth constant.

2.  MATERIALS AND METHODS

2.1.  Study area

The Palos Verdes shelf in southern California has a
long history of receiving wastewater contaminants
beginning with the 1937 opening of an ocean outfall
in 34 m deep water at White Point; 2 Y-shaped out-
falls dispersing wastewater at 60 m depth were later
installed in 1956 and 1966 (Fig. 1). The 60 m outfalls
remain in use, and since 1970, in anticipation of the
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Fig. 1. Study area off the Palos Verdes Peninsula on the southern California
(USA) continental shelf. Annual monitoring of macrobenthos is conducted
along 11 bathymetric sampling transects (Lines 0−10) at 30, 60, 150, and 300 m
depths. White dots indicate sampling stations along the 60 m isobath used in
this study. Gray lines are isobaths and red lines are the outfall pipes extending
from the Joint Water Pollution Control Plant (JWPCP) to White Point. Pink area
approximates the stations near the outfall source (near-field) defined in this
study, encompassing Lines 5−8, and the rest of the shelf is considered far-field 

(Lines 0−4, 9−10). Modified from LACSD (2020)
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passage of the US Clean Water Act in 1972, waste-
water treatment processes have continually im proved.
Wastewater was initially subject only to primary treat-
ment, and emission rates steadily increased with 20th

century urbanization, with total suspended solids
loadings peaking at approximately 150 000 t yr−1

(Fig. 2). Emissions of solids (to which most contami-
nants adhere) began to decrease markedly after the
onset of advanced primary treatment in the 1970s,
with additional declines in solids and in biological
oxygen demand following the onset of partial sec-
ondary treatment in the 1980s and 1990s and full sec-
ondary treatment starting in the 2000s. Despite a
high volume of water outflow to the ocean over the
last 50 yr, contaminants in the effluent are now well
below allowable emission limits (LACSD 2020).

This emission history created a strong point-sourced
spatial gradient in sediment contamination (Swartz
et al. 1991, Eganhouse & Pontolillo 2000) that ex -
tends mostly northwest of the outfall area, deflected
by the California Coastal Countercurrent (Fig. 1).
The sediments associated with the effluent discharge
form a fine-grained, organic-rich mound as thick as
60 cm near the outfall and contain numerous contam-
inants including DDT and PCBs (Stull et al. 1996, Lee
et al. 2002). This contaminated sediment layer thins

with distance from the outfall; stations where a con-
taminated sediment layer was detected are desig-
nated as near-field stations and those without such a
layer are denoted as far-field (not formal controls,
because they likely experienced direct or indirect
effects from contaminants such as excess nitrogen in
the fine sediments released prior to the onset of
refined treatment technologies; LACSD 2020). Along
the 60 m isobath today, sediment sampled from the
immediate near-field area is chemically undistin-
guishable from that in the far-field stations to the
northwest and southeast (Stein & Cadien 2009,
LACSD 2020).

Long-term monitoring of macrobenthic communi-
ties using benthic grabs (described in Section 2.2)
were conducted on the Palos Verdes shelf by the Los
Angeles County Sanitation Districts (LACSD) start-
ing in 1970 and are ongoing. Their sampling grid
comprises 44 stations: 11 bathymetric transects each
sampled at 30, 61, 152, and 305 m water depths
(Fig. 1). Infaunal and other data from this standard-
ized effort have revealed a significant and positive
benthic re sponse to improved wastewater treatment,
including increasing macrofaunal species richness
and evenness (LACSD 2020). The faunal composition
has, throughout the grid, reached or increasingly
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Fig. 2. Discharge history (1 US gallon ≈ 3.79 l) from the Joint Water Pollution Control Plant (JWPCP) through the White Point
outfall system from 1937 to 2019. Suspended solid release (103 t yr−1) increased until the 1970s and then declined with ad-
vanced primary wastewater treatment (Phase 1), partial secondary treatment (Phase 2), and full secondary treatment (Phase 3). 

Modified from LACSD (2020)
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 ap proached a reference condition as defined by the
benthic response index, a metric based on the pollu-
tion tolerance and abundances of local species cali-
brated to regional disturbance gradients (Smith et al.
2001), and as compared to other areas within the
Southern California Bight that are considered to be
undisturbed.

2.2.  Dataset

LACSD sampled macrobenthic in vertebrate com-
munities from their full spatial grid from 1972 to the
present, with the dataset used here encompassing
1972−2019. Samples were collected semi-annually in
February and August until 2006, after which the
agency switched to annual sampling during the sum-
mer. Samples were initially collected using Shipek
grabs, which were replaced by van Veen grabs after
1980; here, Shipek grab data have been transformed
to equal the volume of van Veen grabs by pooling 3
replicate Shipek grabs taken at each station. Sedi-
ments were sieved through 1 mm mesh with sea -
water on deck, fixed in 10% formalin, and then pre-
served in ethanol.

Agency biologists sorted and identified all inverte-
brates to the lowest level possible, i.e. species. Taxo-
nomic identities have consistently been standardized
to a regional listing compiled and regularly updated
by the Southern California Association of Marine
Invertebrate Taxonomists (SCAMIT 2018), a volun-
teer group of regional professionals; the SCAMIT
listing is used by all regional municipal agencies and
in the Southern California Bight Regional Monitoring
Program (e.g. Schiff et al. 2016). All species assign-
ments in the dataset were updated to a single, inter-
nally consistent taxonomy (SCAMIT 2018) for the
present analysis.

The analyses for this study focused only on samples
from the 60 m isobath, which coincides with the
effluent ports of the outfall that have been active
point sources since the 1950s. Each of the 11 stations
along this middle-shelf isobath was categorized as
either ‘near-field’ (Stns 5−8) or ‘far-field’ (Stns 0−4,
9−10) based on sediment chemistry conditions dur-
ing the first decade of monitoring (Stull et al. 1996),
an assignment that reflects physical proximity to the
outfall and the prevailing northwest-directed Cali-
fornia Countercurrent (Fig. 1). Samples collected in
February during the years 1972−2005 were excluded,
yielding a dataset that consisted of 1 summer-time
sample per station per year from 1972 through 2019
for a total of 1939 samples.

This 47 yr history was subdivided into 3 temporal
phases based on the treatment level of wastewater
emissions: primary and advanced primary (Phase 1
in 1972−1983), partial secondary (Phase 2 in 1984−
2002), and full secondary (Phase 3 in 2003−2019)
(Fig. 2). At each station, samples were pooled by
these intervals to create 3 temporal bins (phases).
The final dataset thus consisted of 3 temporal bins at
each of 11 stations, which were assigned to one of the
2 outfall categories (spatial bins, referred to as near-
field and far-field areas in Section 3). Al though seabed
conditions clearly improved throughout the Palos
Verdes sampling area over these decades of improv-
ing wastewater treatment (LACSD 2020), a decision
was made to leave stations in their outfall categories
as originally defined based on conditions in 1972,
allowing us to test the ability of surrogates to detect
weakening of the spatial gradient.

Given the stepwise decrease of emissions across
the boundaries of treatment phases (Fig. 2), the
robustness of datasets to possible lags in benthic re -
sponses was tested by omitting the initial 1 or 2 years
of data immediately following a change in treatment.
Omitting these data did not affect results signifi-
cantly, and so all years of data were retained in
analyses.

2.3.  Data analyses

All data extraction and analyses were conducted
using R version 4.0.3 (R Core Team 2020) with func-
tions supplied by the ‘vegan’ package (Oksanen et
al. 2020). The original dataset was transformed to 20
surrogate matrices (henceforth called ‘sets’) for
coarsened taxonomic levels and selected taxonomic
subsets. First, species-level counts for the whole
fauna were aggregated into genus, family, order, and
functional guild level counts (tests at 5 levels of taxo-
nomic resolution). Species were assigned to func-
tional guilds (simply ‘guilds’ hereafter) following
Macdonald et al. (2010), who grouped East Pacific
species on the basis of animal motility, life habit, food
source, diet, and feeding mode. Species in our data-
set that were not listed by Macdonald et al. (2010)
were omitted from guild analyses. Although guild
classifications are often found to be highly conserved
within and among related clades (e.g. bivalve fami-
lies; Stanley 1970, Collins et al. 2019), they should
not be viewed as equivalent to Linnean ranks. Using
the assignment data from Macdonald et al. (2010), 33
(10%) of the total 335 families in common with the
list of Macdonald et al. (2010) contained more than 1
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guild (Table 2). However, no single genus in our
dataset contained more than 1 guild. Thus, our
analysis of guilds represents a coarsening of resolu-
tion between the levels of genus and family, but that
coarsening is only slightly less than that represented
by families.

After taxonomic coarsening the species-level data
into these 5 ranked-based matrices, new matrices
were extracted from each for the 3 most abundant

classes represented, namely Polychaeta, Bivalvia,
and Malacostraca (3 taxonomic subsets, to be com-
pared with the whole-fauna set). These 3 clades
together represent ~90% of individuals in the whole
fauna (Fig. 3). We chose to assess this many subsets
in order to determine whether some behaved as
proxy subsets and others as indicator subsets
(Table 1). All procedures that follow were applied to
each of these 20 matrices: 5 resolutions of informa-

tion for 3 taxonomic subsets and for
the whole fauna.

The distribution of the number of
species within the 5 supra-specific cat-
egories (i.e. groupings higher than
species level) was quantified as the
ratio between the raw number of spe-
cies (i.e. richness, S) over the number
of genera (G), families (F), orders (O),
and functional guilds (FG) (i.e. S/G,
S/F, S/O, S/FG). The smallest possible
value of any ratio is 1, which indicates
that the higher taxon is monospecific.

Richness and evenness were com-
pared between near-field and far-field
samples for each treatment phase by
comparing the median values and
interquartile range (IQR) of one area
to the other. Richness was rarefied to
the smallest sample size per taxon per
treatment phase to account for un -
equal abundances among the taxo-
nomic sets (3727 individuals for the
whole fauna, 1783 Polychaeta, 285
Bivalvia, 44 Malacostraca). Evenness
is expressed as the probability of inter-
specific encounter (PIE; Hurlbert 1971),
which has low sensitivity to sample
size and richness. PIE values have
potential to range from 0 to 1, with 0
indicating a sample where all individ-
uals are from a single taxon (i.e. the
chance of 2 randomly selected individ-
uals being different taxa is zero), and
with a PIE value of 1 indicating that
individuals are equally distributed
among all taxa.

Compositional variation among sam-
ples was assessed using non- metric
multidimensional scaling (NMDS)
based on Bray-Curtis distances com-
puted with square-root transformed
proportional abundances (Hellinger
transformation). Bray-Curtis values
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              Richness          Taxa not           Taxa representing        Taxa with 
                                     assigned a                  a single               >1 functional
                                 functional guild       functional guild               guild

Species     1277                   20                            1257                             
Genus        722                    19                             703                             0
Family       347                    12                             302                            33
Order         120                    11                              74                             35
Class           34                      2                               13                             19
Phylum       13                      0                                4                               9

Table 2. Representation of taxa from the whole fauna in the functional guild
list by Macdonald et al. (2010). Taxa lacking a functional guild assignment
were not included in the analysis of guilds. No genera represented more than
one guild, although several families did. Guilds thus represent a taxonomic 

resolution between the levels of genus and family

Fig. 3. Proportional (A) abundances and (B) species richness among the 10
most abundant faunal classes represented in benthic samples from 1972 to
2019. Numbers within bars are the raw numbers of individuals or species. The
total abundance (N) and species richness (S) for the whole fauna are printed in
the upper right corners. White bars in (B) indicate 3 classes that rank among
the 10 most abundant (in A) but are not among the top 10 in richness. Our se-
lected taxonomic subsets (Polychaeta, Bivalvia, and Malacostraca) represent
88% of sampled individuals and 72% of sampled species during the 47 yr of 

monitoring along the 60 m isobath of the Palos Verdes shelf
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quantify the compositional dissimilarity among sta-
tions on a scale from 0 to 1 (Bray & Curtis 1957).
NMDS ranks these distances prior to ordination on a
fixed number of axes (here, k = 2). Compositional dif-
ferences among near-field and far-field stations for
each treatment phase were also tested using permu-
tational multivariate analysis of variance (PERM-
ANOVA; Anderson 2001). R2 values, generated by
PERMANOVA, which measure the amount of varia-
tion explained by sample categorization of near-field
and far-field conditions, were compared among sets
to assess the relative strengths of surrogates to de -
lineate the near-field region of the shelf during each
phase of wastewater treatment.

The contributions of individual taxa to the Bray-
Curtis dissimilarity between near-field and far-field
communities for each set were calculated using the
similarity percentage procedure (SIMPER; Clarke
1993). To quantify the proportion of taxa that con-
tribute most to dissimilarity for each set, the number
of taxa that met increasing levels of cumulative con-
tribution (25, 50, and 75%) was divided by the total
number of unique taxa. Higher proportions at contri-
bution thresholds indicate that a higher number of
taxa is needed to account for the observed dissimilarity.

3.  RESULTS

3.1.  Taxonomic structure of the 
macrobenthic fauna

The ‘whole fauna’ dataset comprised 536 056 indi-
vidual organisms across 1277 species, 722 genera,
347 families, 120 orders, 34 classes, and 13 phyla,
and these species encompass 86 guilds (Table 3). The
3 focal classes comprised 89% of all individuals, with
polychaetes encompassing 61%, bivalves 17%, and
malacostracans 10% (Fig. 3A). These 3 classes also

comprised 72% of all species: 42% for polychaetes,
7% for bivalves, and 23% for malacostracans (Fig. 3B).
Seven of the 10 most abundant classes were also the
highest in species richness.

Polychaetes were the most speciose per higher
taxon and bivalves were the least speciose subset
(Table 3). For example, the S/G ratio for polychaetes
was 2.2 as opposed to 1.8 for the whole fauna, and 1.4
for bivalves. Per-family species richness for polychaetes
(S/F = 11) was ~3 times higher than other subsets and
the whole fauna (S/F = 3.1−3.7), and per-order species
richness of both polychaetes and malacostracans was
~3 times higher than the whole fauna (S/O = 33.7, 36,
and 10.6, respectively). Bivalves were the least spe-
ciose subset at all levels, with the contrast increasing
at successively higher levels (Table 3).

Considering the whole fauna, guilds included
larger numbers of species than did orders (S/FG =
14.9, S/O = 10.6; Table 3). In each taxonomic subset,
the S/FG ratios typically fell between the S/F and
S/O levels. The polychaete S/FG ratio (15.8) most
closely resembled that of the whole fauna (14.9),
while those of bivalves and malacostracans were
notably smaller (S/FG of 7.4 and 9, respectively).

3.2.  Temporal and spatial variation in richness

Temporally, rarefied species richness increased
with improved wastewater treatment in all 4 taxo-
nomic sets — the whole fauna and 3 class-level sub-
sets (first column in Fig. 4). Richness of the whole
fauna, polychaetes, and bivalves exhibited stepwise
increases across each phase boundary; a gain of ~100
species by the whole fauna, ~50 by polychaetes, and
~10 by bivalves. Malacostracans exhibited a large
increase from Phase 1 (1972−1983) to Phase 2
(1984−2002), but negligible change from Phase 2 to
Phase 3 (2003−2019).

19

Hierarchical level     Whole    Polychaeta  Bivalvia  Malacostraca         Average
                                                S               S/T               S               S/T               S               S/T             S               S/T            S/T

Species (S)                           1277                              539                                89                               288                                  
Genus (G)                             722             1.8             247             2.2              62              1.4            166             1.7             1.8
Family (F)                              347             3.7              49               11               29              3.1             89              3.2             5.3
Order (O)                              120            10.6             16             33.7             10              8.9              8                36             22.3
Class (C)                                 34             37.6                                                                                                                             
Phylum (P)                             13             98.2                                                                                                                             
Functional Guild (FG)           86             14.9             34             15.8             12              7.4             32                9              11.8

Table 3. Taxonomic richness at 7 hierarchical levels and the ratio between the number of species and number of supra-specific 
taxa (S/T) for the whole benthic fauna and 3 taxonomic subsets. Higher ratios indicate higher within-taxon diversity. Empty

cells have a value of 1
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Spatially, with the exception of the bivalve subset,
species richness was lower at near-field than at far-field
stations, with the contrast strongest during Phases 1 and
2 and smallest during Phase 3 (Fig. 4). Bivalves exhib-
ited no difference in richness between near-field and
far-field stations during any of the treatment phases.

These species-level differences in richness over
time and between areas persisted with taxonomic
coarsening to the family level, although family-level
polychaete data dampened the magnitude of tempo-
ral increase across each phase boundary. Coarsening
data to the ordinal level preserved patterns for the
whole fauna, but significantly altered patterns for
each subset, particularly for malacostracans (Fig. 4).
Guilds appear to have the opposite effect from
orders: using guild-level data altered patterns for the

whole fauna, but preserved patterns, albeit slightly
dampened, for each of the subsets (Fig. 4).

3.3.  Temporal and spatial variation in evenness

With improved wastewater treatment, species-level
evenness generally increased and variation among
stations within both the near-field and far-field areas
generally decreased (i.e. smaller IQRs); these changes
were observed in all sets except malacostracans,
which maintained consistently high evenness (Fig. 5).
Bivalves exhibited the strongest in crease in evenness
over time — stronger than the whole fauna — and poly-
chaetes most closely resembled the whole fauna, but
all sets reached an evenness >0.9 by Phase 3.
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Fig. 4. Rarefied richness for whole benthic samples and subsets (rows) and coarsened taxonomic resolutions (columns). Heavy
line is median, box denotes the interquartile range (IQR), and whiskers denote entire range of values. Paired boxes compare
stations at far-field (blue; 7 stations at 60 m depth) and near-field (red; 4 stations) areas on the shelf, as judged from sediment
chemistry during the 1970s. In each graph, richness was rarefied to the smallest station-level sample size. Richness increases
with improved wastewater treatment in all analyses, from Phase 1 (1974−1983) to Phase 2 (1984−2002) and Phase 3 (2003−pre-
sent; shaded bars along x-axes). Polychaete patterns best mirror the whole fauna, and bivalves exhibit the strongest increase
across phase boundaries. For all sets except bivalves, richness is higher at far-field stations rather than near-field. This contrast 

is damped at coarser taxonomic levels
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Spatially, during each treatment phase, polychaetes
mirrored patterns exhibited by the whole fauna with
no significant difference in evenness between near-
field and far-field stations. In contrast, bivalves had
far higher evenness at near-field than far-field sta-
tions during both Phase 1 and Phase 2 (Fig. 5). By
Phase 3, these differences among bi valves disap-
peared, with evenness values from both near-field
and far-field stations reaching 0.9−1.0.

As with richness, species-level patterns persisted
with coarsening of taxonomic resolution up to the
family level (left to right across Fig. 5). Ordinal-level
data did not change patterns in the whole fauna but
did alter polychaete and bivalve patterns (mostly a
decline in maximum evenness). Malacostracans had
greater ranges of evenness and a particularly strong
temporal decline at the ordinal level. Guilds pre-
served similar patterns as the family level for the

whole fauna, polychaetes, and bivalves, but slightly
altered malacostracan patterns.

3.4.  Temporal variation in strength of 
spatial gradient

At the species level, ordination revealed a consis-
tent pattern of temporal and spatial separation among
samples (Fig. 6; each icon is a station within either
the near-field or far-field area during a treatment
phase). Generally, successive water treatment phases
separated along NMDS axis 1, while near-field and
far-field stations within each phase separated along
NMDS axis 2. All ordinations revealed a decrease in
multivariate dispersion over time, namely smaller
convex hulls, i.e. less compositional variation among
sampled stations within an area, as well as progres-

21

Fig. 5. Taxonomic evenness (probability of interspecific encounter) for whole benthic samples and subsets (rows) at increas-
ingly coarse taxonomic resolutions (columns), with plots organized as in Fig. 4. Evenness increases with improved wastewater
treatment, but bivalves exhibit an especially strong trend arising largely from strong contrasts between near-field and far-field
stations early in the treatment history. Patterns persist with taxonomic coarsening (left to right within each row) except for 

malacostracans at the ordinal level
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sive convergence in community composition of the
near- and far-field areas (a decrease over time in beta
diversity along the 60 m isobath).

These species-level patterns persisted for all sets
up to the family level and also for guilds. Coarsening
resolution to the ordinal level changed the relative
positions of samples, but temporal translation and
spatial homogenization are still apparent.

These temporal changes were also detected by
PERMANOVA. Near- and far-field areas differed
significantly in composition during Phase 1 and less
strongly over successive treatment phases, becom-
ing insignificant during Phase 3 (Fig. 7). Together
with NMDS (Fig. 6), PERMANOVA results indicated
spatial homogenization in community composition
and a loss in strength of the spatial pollution gradi-
ent over time. R2 values for polychaetes and mala-

costracans were similar to the whole fauna, progres-
sively de clining from ~0.45 during Phase 1 to 0.3
during Phase 2 and <0.2 during Phase 3. Bivalves
demonstrated both the strongest early differences
(R2 = 0.65 during Phase 1) and the steepest decline
across treatment phases (0.4 during Phase 2, <0.1
during Phase 3). Resolution had little impact on
PERMANOVA results up to the family level and for
guilds: at the ordinal level, the whole fauna pattern
was unaffected, significant differences were de -
tected for polychaetes during Phase 3, differences
were even stronger for bivalves during Phase 1 and
Phase 2, and differences for malacostracans during
Phase 2 were no longer detected. Ordinal-level data
thus significantly affected PERMANOVA results.

SIMPER identified that 2 species are most respon-
sible for spatial variation in the composition of the

22

Fig. 6. Non-metric multidimensional scaling (NMDS) plots of Bray-Curtis similarities for whole benthic samples and subsets
(rows) at increasingly coarse taxonomic resolution (columns). Distances are based on square-root proportional abundances;
convex hulls group samples by water treatment phase (point colors) and outfall proximity (point symbols); ordination stress
values printed in lower right corner of each plot. All analyses approximately ordinate successive treatment phases along
NMDS axis 1 (horizontal axis) and ordinate the spatial gradient along NMDS axis 2 (vertical axis). The taxonomic composi-
tions of near-field and far-field stations become increasingly similar as wastewater treatment improves, both in the whole 

fauna (top row) and in each subset
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whole fauna during Phase 1, namely the opportunis-
tic polychaete Capitella capitata (9% contribution)
and the chemosymbiont-bearing bivalve Parvilucina
tenuisculpta (7% contribution). All other species had
<4% contribution. Abundances of C. capitata were
much higher in the near-field area during Phases 1
and 2 while P. tenuisculpta was more abundant in the
far-field area (Fig. 8). Both species declined expo-
nentially in numerical abundance over successive
wastewater treatment phases (from densities >103 to
<102 for both species). By Phase 3, neither species
was a dominant contributor to spatial dissimilarity,
which had also become insignificant for the whole
fauna (white bars in Fig. 7).

Richness increased from Phase 1 to Phase 2 for all
sets at all taxonomic resolutions but remained mostly
stable from Phase 2 to Phase 3 (Total S, Table 4).
However, SIMPER for the whole fauna, polychaetes,
and bivalves indicated that spatial homogenization
of communities, i.e. the weakening of spatial gradi-
ents, continued from Phase 2 to Phase 3 (parentheti-
cal values; Table 4), with decreasing per-taxon con-
tributions to dissimilarity across all 3 treatment
phases. These patterns persisted with coarsening
taxonomic resolution up to the ordinal level. Patterns
for malacostracans were less consistent: while the
number of sub-ordinal taxa increased during each
phase, the proportion of taxa that notably contributed
to dissimilarity decreased.

4.  DISCUSSION

A vast number of analyses on taxonomic surrogacy
have been conducted in the past, spanning numer-
ous locations, environmental conditions, and faunas

23

Fig. 7. PERMANOVA R2 values
for compositional differences be-
tween near-field and far-field sta-
tions during each phase of waste-
water treatment (bar color) for
whole benthic samples and sub -
sets (rows) at increasingly coarse
taxonomic resolution (x-axis). As-
terisks indicate significant p-values
(*p < 0.05, **p < 0.01). All taxo-
nomic sets at all taxonomic reso-
lutions detect spatial homogeniza-
tion of community compositions
with improved wastewater treat-
ment. Polycha e tes were most con-
sistent with the whole fauna and
bi valves exhibited the strongest
change in R2 values across treat-

ment phases

Fig. 8. Raw abundances of the (A) polychaete Capitella cap-
itata and (B) bivalve Parvilucina tenuisculpta. Paired boxes
compare near-field and far-field stations as described in
Fig. 4. C. capitata abundance is higher at near-field stations
while P. tenuisculpta is more abundant at far-field stations.
As wastewater treatment improved, the abundance of both 

species decreased and became more similar spatially
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(Moreno et al. 2007, Bacci et al. 2009).
This wealth of information and some
meta-analyses (Mellin et al. 2011, West-
gate et al. 2014) indicate that the useful-
ness of surrogates depends on the study
system (e.g. substrate, latitude, strength
of the environmental gradient, spatial
scale), the study aim (e.g. detection of
gradients, estimation of diversity, rich-
ness hotspots), and the methodologic
focus (taxonomic sufficiency, which
tends to yield positive results from
coarsening resolution, versus taxonomic
subsetting, which yields highly varied
results).

The Palos Verdes shelf evaluated here
is a single study system where surro-
gates might be unusually effective.
However, our multi-decadal time-series
of annual sampling with exceptional
taxonomic consistency permits an ex -
ceptional breadth of tests without the
challenges of comparing among pub-
lished studies. Comparable datasets
might well exist in the archives of envi-
ronmental management agencies else-
where, permitting counterpart analyses
to support a general model of surrogacy
(e.g. shelves with differing productivity,
tropical shelves, coastal embayments).
In addition to spurring the discovery and
academic re-use of such datasets, nested
analyses similar to those here could be
applied to a pilot survey, allowing man-
agers to evaluate the viability of poten-
tial surrogates to satisfy the objectives of
a new monitoring program.

4.1.  Caveats

The dataset evaluated is itself only a
subset of the total macrobenthic fauna in
the study area owing to the use of
Shipek and van Veen grab samplers,
which are most effective at collecting
infaunal taxa living within the upper
~15 cm of the seabed (minimum pene-
tration required to retain a sample;
LACSD 2020). Although these data
largely exclude mobile epifauna, and
certainly planktonic meiofauna, the taxa
collected by these and other point-pene-
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tration sampling gear (e.g. 0.01 m2 box cores) are the
basis of most quantitative analyses of soft-sedimen-
tary communities by both academics and agencies
(Eleftheriou & Moore 2013). It is unknown how re -
sults may vary if we instead or additionally employed
sampling methods (trawling, plankton nets, etc.) that
better target these other commonly studied aspects
of the overall community.

Numerical sufficiency (Table 1), although not
assessed here, can significantly reduce the effort of
counting individuals in samples (e.g. Carneiro et al.
2010, Landeiro et al. 2012) but limits the analytical
utility of data. Presence−absence, ranked abundance,
and categorical (abundant, common, rare, etc.) data,
for example, will quantify raw richness accurately,
but cannot be rarefied and are unsuitable for evalu-
ating evenness (community structure). Such low-
resolution data are also problematic for SIMPER
analysis, which specifies the use of abundance-
based Bray-Curtis dissimilarities (Clarke 1993). For
these reasons, the absolute counts of individuals for
each sample, i.e. density data, were used in all
analyses.

Data transformation (i.e. analytical coarsening) of
numerical abundance data constitutes a test of
numerical sufficiency, but of course does not reduce
processing effort and thus is not a surrogate. Up to
the family level, our patterns using Hellinger-trans-
formed data are robust to other transformations of
proportional abundances, including no transforma-
tion or fourth-root transformation. The main effect of
data transformation is on the strength of the spatial
difference detected by taxonomic subsets during
Phase 1. Although differences are significant during
Phase 1 for all surrogates, PERMANOVA R2 values
decline as the transformation intensity increases; the
same trend was observed in the other temporal bins.
Coarsening numerical resolution to the extreme of
presence−absence data makes the patterns robust
only to the genus level.

We use the 3 most numerically abundant macro-
faunal classes as subsets in this study, but it should
be noted that the class Gastropoda ranks slightly
above Bivalvia in species richness in this dataset
(Fig. 3B). However, gastropods have such low abun-
dance on the Palos Verdes shelf that they did not, on
their own, show any spatial or temporal variation.
Thus, in serving as surrogates, taxonomic subsets
represented by large numbers of individuals out-
 perform subsets with large numbers of species. The
ana lyses in this study thus focused on the 3 most
numerically abundant, rather than most speciose,
classes as taxonomic subsets.

4.2.  Taxonomic resolution: genus- and family-level
data suffice

Coarsening taxonomic resolution to genera and
families preserved both the spatial and temporal gra-
dients in wastewater contamination that were de tected
by the whole macrobenthic fauna using species-level
data, and the same was true for all assessed surro-
gate subsets, whereas ordinal-level data only detected
a spatial gradient when one existed (i.e. during
Phases 1 and 2; Fig. 7). These results corroborate
previous studies that taxonomic coarsening to fam-
ily-level identification is a good first-order means of
reducing the effort of detecting spatial gradients (e.g.
Jones 2008, Heino 2010, Mellin et al. 2011, Pitacco et
al. 2019). Our analysis explicitly extends this result to
temporal variation and, more importantly, reveals its
(mostly stable) interaction with different taxonomic
subsets of the fauna (see Sections 4.3 and 4.4).

Genus- and family-level data probably sufficed in
this southern California setting because S/G and S/F
ratios in the whole fauna are relatively low (~2 and 5,
respectively; Table 3), consistent with studies in
other systems (e.g. Bevilacqua et al. 2012, de Oliveira
et al. 2020). Sufficiency is commonly found to be
inversely related to the ratio of the number of species
over the number of higher taxa (S/T): increasing the
number of species per higher taxon increases the
probability that these species will differ in their
 pollution tolerance. Some studies postulate that S/T
values <2.5 will generally result in good correla-
tions with species-level patterns (Timms et al. 2013,
Albano et al. 2016). Although the family and guild
ratios in this study are almost all >2.5 (Table 3), the
S/T values on the Palos Verdes shelf corroborate the
growing evidence that the sufficiency of higher taxa
depends on S/T ratios remaining below a particular
threshold.

The unpredictable patterns produced by ordinal
data across all faunal datasets probably arise at least
in part from the high S/O values (8.9−36, Table 3),
although the small number of orders probably also
contributes to their low sensitivity. In malacostra-
cans, for example, where diversity and compositional
patterns deteriorate most strongly with coarsening
resolution, the S/T ratio rises strongly from families
(S/F = 3.2) to orders (S/O = 36).

The exceptionally strong anthropogenic environ-
mental gradient along the Palos Verdes shelf during
Phases 1 and 2 also favors the practicality of coarser
groupings: habitats as distinct as black H2S-rich mud
and greenish sandy mud are all soft but are likely to
be dominated by different guilds rather than simply
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by different species within a single, consistently
dominant guild. Guilds have been shown to be con-
served evolutionarily within families and genera (for
bivalves, see Stanley 1970, Collins et al. 2019). Con-
sequently, coarsening taxonomic resolution to guild-
level information should generally not reduce the
ability to differentiate spatial and temporal variation,
especially in areas with known or suspected strong
human stressors.

Finally, species-level taxonomy undergoes revi-
sion, even in areas with well-resolved macrobenthic
systematics such as southern California, challenging
the merging of species-level datasets across decades
of monitoring. The recognition of new species by split-
ting older ones creates the greatest complications for
historic compilations in the absence of voucher mate-
rial retained for future reference. For example, in bio-
logical monitoring of California shelves, the bivalves
Tellina carpenteri and ‘Tellina sp. B’ were not differ-
entiated prior to the 1990s. Such newly split taxa will
increase the S/G ratio, but they constitute a very
small minority of taxa in the fauna. Other taxonomic
revisions are, in contrast, easily applied retrospec-
tively to data and will tend to decrease the S/G ratio,
such as the correction of synonyms and the upgrad-
ing of subgenera to genera. The greater challenge is
the per-genus species richness hidden by known but
unresolved taxonomic complexes, that is, taxa that
harbor cryptic species whose distinction is beyond
conventional morphologic detection (e.g. the poly-
chaetes Capitella capitata and Scoloplos armiger).
Fortunately, such complexes constitute only a small
number of taxa in the temperate southern California
fauna. A potential solution to alleviating such chal-
lenges, especially in comparisons among different
regions, would be the implementation of environ-
mental DNA metabarcoding to identify operational
taxonomic units (OTUs) without the biases of pheno-
typic taxonomic identification (Ruppert et al. 2019).
The ecological anonymity of OTUs will, however,
represent a significant loss of insight.

4.3.  Polychaetes are the best proxy of spatial and
temporal variation in the whole fauna

Polychaete patterns resembled the whole fauna
most closely, indicating that they are the best proxy
subset (Table 1) for characterizing spatial and tempo-
ral variation of benthos on the Palos Verdes shelf.
This fidelity likely arises from polychaetes constitut-
ing the majority of individuals in the whole fauna
(61%; Fig. 3, Table 3), not simply a plurality, and per-

sisted with coarsening to the genus and family levels
(Figs. 4−7). In contrast, constituting a high propor-
tional richness of the fauna did not make a clade here
an inherently effective proxy (e.g. malacostracans
and the species-rich but individual-poor gastropods).
Thus, although polychaetes are the most speciose
class in our fauna, their proxy power results from
their high proportional numerical abundance.

For similar reasons, other studies have also found
polychaetes to be excellent proxies of the whole
fauna (e.g. Giangrande et al. 2005, Magierowski &
Johnson 2006, Włodarska-Kowalczuk & Kędra 2007).
Subsets finer than a class, however, are highly vari-
able in power. For example, Olsgard et al. (2003)
identified the order Terebellida as an effective proxy
subset for all polychaetes and, to a lesser extent, the
whole fauna in a spectrum of temperate to subarctic
shelves. In our California 60 m isobath dataset, Tere-
bellida was the most numerically abundant order
(34% of polychaetes and 21% of the whole fauna),
but failed to mirror spatial and temporal patterns of
either the full polychaete subset or the whole fauna;
this family also failed to detect the spatial pollution
gradient. Capitellidae, the second most abundant
polychaete clade (23% of polychaetes, 14% of whole
fauna), also failed to mirror the full polychaete subset
or the whole fauna, although it did rival Bivalvia in its
ability to detect the spatial gradient (see Section 4.4).
The entire class of Polychaeta is therefore an effec-
tive proxy subset of the whole fauna in southern Cal-
ifornia, but subsets within Polychaeta do not appear
to be suitable on their own.

4.4.  Bivalves are the best indicators of spatial and
temporal gradients

Bivalves did not mirror the whole fauna and thus
performed poorly as proxies in this study area, but
out-performed both the whole fauna and other sub-
sets in detecting the outfall gradient and its temporal
decline. Bivalve richness was sensitive to decadal-
scale temporal variation, but surprisingly, not sensi-
tive to spatial variation (Fig. 4): the temporal contrast
in conditions (between Phases 3 and 1) was greater
than the spatial contrast (near-field versus far-field)
even within Phase 1, implying that present condi-
tions for bivalves everywhere on Palos Verdes shelf
permit more species than even the far-field area dur-
ing peak pollution. In contrast, bivalve evenness, and
composition, i.e. measures that consider numerical
abundance, excelled at detecting both spatial and
temporal variation on this urban shelf (Figs. 5 & 6).
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Lucinida (including Parvilucina tenuisculpta and
other facultative chemosymbiont-bearing bivalves)
was the most numerically abundant bivalve order in
this dataset (77% of bivalves, 13% of whole fauna),
followed by Venerida (20% of bivalves, 3% of whole
fauna; part of the infaunal suspension feeding guild).
However, neither clade alone could mirror patterns
of the full bivalve subset or strongly detect the spatial
gradient. The entire class of Bivalvia is therefore an
effective indicator subset for this outfall gradient
and, like the polychaetes discussed above, subsets
within Bivalvia were not suitable on their own.

4.5.  The predictive power of functional guilds 
for surrogacy

Changes in the relative abundance of trophic guilds
have been long-appreciated as a key component of
benthic response to pollution, as observed over time,
along spatial gradients, and in experiments (e.g.
Pearson & Rosenberg 1978, Gray & Elliott 2009,
Riedel et al. 2012). Species that feed on plankton and
other suspended material (filter feeders and photo-
symbiont-bearing taxa) decline in favor of those that
feed on detritus and/or its microbial communities
(many deposit feeders plus chemosymbiont-bearing
taxa; Simonini et al. 2004, Kotta et al. 2007, Villnäs et
al. 2012). Many detritus-feeders are additionally tol-
erant of the side effects of organic enrichment, such
as hypoxia, soupy textures, resuspended fine sedi-
ments, and contaminants absorbed on fine particles
(Maurer et al. 1999). The relative abundance of guilds
that consider mobility, life habit, and trophic group is
thus expected to vary significantly along environ-
mental gradients, and perhaps more strongly so than
that exhibited by taxonomic clades (e.g. Gusmao et
al. 2016, Norkko et al. 2019). Our findings on guilds
as units of analysis are consistent with the general
model of benthic trophic response to organic enrich-
ment (Pearson & Rosenberg 1978, Gray et al. 2002),
with richness, evenness, and composition all differ-
ing most strongly across space during Phase 1 (high
local enrichment) and weakening significantly over
Phases 2 and 3.

On the Palos Verdes shelf, the power of guild
diversity was comparable to either family- or ordinal-
level diversity, depending on the subset. The rela-
tively high reliability of polychaete guild diversity as
a proxy is possibly tied to how closely its functional
diversity resembles that of the whole fauna (S/FG =
15.8 versus 14.9); the S/FG ratios of the less powerful
bivalves and malacostracans were much lower (7.4

and 9, respectively). Because congeneric and con -
familial species often encompass similar guilds (see
Section 2), functional diversity might signal that a
group will be a good proxy subset, even if genus- or
family-level diversity is anomalously high.

Our observed increase in both guild richness and
evenness with improved wastewater treatment (all 4
sets, although especially for bivalves; Figs. 4 & 5) is
consistent with the decreases in functional diversity
observed elsewhere under regimes of deteriorating
conditions (e.g. Gusmao et al. 2016, Norkko et al.
2019). Future studies on taxonomic surrogacy should
also evaluate guilds to consolidate the utility of this
often-overlooked means of analysis, which, owing to
conservatism within clades, can be achieved using
relatively coarse taxonomic data.

We found that the ecological disparity of guilds,
rather than their number alone, should be consid-
ered, that is, the range of life habit and trophic strate-
gies represented. Bivalves, for example, span an
exceptionally broad array of guilds, from deep-bur-
rowing chemosymbiosis to free-swimming epifauna
(both suspension feeders and predators), and thus
can cover a broader environmental response along a
pollution or other stress gradient than the larger
number but more nuanced spectrum of guilds pres-
ent in polychaetes and in malacostracans. Indeed,
the functional response of bivalves to improved
water treatment on the Palos Verdes shelf involves a
precipitous decline in the abundance of chemosym-
biont-bearing taxa in the late 1980s and the gradual
increase of infaunal suspension and mixed feeders
(Stull et al. 1996, LACSD 2012, Leonard-Pingel et al.
2019). A broad range of guilds may thus be a good
signal that a taxonomic subset would be an effective
indicator. A means of quantifying functional disparity
among taxonomic subsets would help validate this
potential method of subsetting taxonomic data.

5.  CONCLUSIONS

This case study, using an exceptionally long-term
and taxonomically consistent macrobenthic dataset
from the urban Palos Verdes shelf of southern Cali-
fornia, demonstrates that coarsening the taxonomic
resolution of animal identification and focusing on
taxonomic subsets of the whole fauna are effective
techniques, individually and in combination, to re -
duce the taxonomic expertise and processing efforts
of monitoring in regions with a strong suspected pol-
lution gradient. Our findings that both polychaete
and bivalve subsets detected weakening of the spa-
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tial gradient over time, thus reflecting the whole
fauna, and that patterns remained robust when coars-
ened to families or functional guilds, almost certainly
reflect (1) the high strength of the original pollution
gradient and (2) the preponderance of mono-specific
genera, low-diversity families, and phylogenetic con-
servatism of traits that confer guild affinities and pol-
lution tolerances of individual species in this fauna.
These results thus strengthen the positive results for
taxonomic sufficiency and caveats for taxonomic
subsetting that have been emerging from tests else-
where. Insights acquired from the highly resolved,
methodologically standardized, and broad-scoped
data produced by long-term monitoring programs in
well-funded regions like southern California can be
used to advise the design of efficient programs for
areas where the fauna is less fully documented, local
taxonomic expertise and/or funds are scarce, and yet
the need for environmental evaluation is still or per-
haps especially urgent.
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