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The high spatial variability of estuaries poses a challenge for characterizing estuarine water quality. This problem was 
examined by conducting monthly high-resolution transects for several water quality variables (chlorophyll a, suspended 
particulate matter and salinity) in San Francisco Bay (California, U.S.A.). Using these data, six different ways of choosing 
station locations along a transect, in order to estimate mean conditions, were compared. In addition, 11 approaches to 
estimating the variance of the transect mean when stations are equally spaced were compared, and the relationship 
between variance of the estimated transect mean and number of stations was determined. The results provide guidelines 
for sampling along the axis of an estuary: (1) choose as many equally-spaced stations as practical; (2) estimate the variance 
of the mean y by var (7) = ( 1 / 1 0 n ~ ) Z ~ = ~  (y) -y, - where y,, . . ., yn are the measurements at the n stations; and (3) 
attain the desired precision by adjusting the number of stations according to var(y)cclln2. The inverse power of 2 in the 
last step is a consequence of the underlying spatial correlation structure in San Francisco Bay; more studies of spatial 
structure at other estuaries are needed to determine the generality of this relationship. 1997 Academic Press Limited 
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Introduction 

Estuaries present unusual difficulties in characterizing 
the spatial distributions of the  properties that collec- 
tively define water quality- nutrients, dissolved gases, 
trace contaminants, suspended sediments, salinity and  
plankton populations. Large-scale patterns of spatial 
variability include the longitudinal salinity gradient 
along the continuum between the estuarine drainage 
basin and the coastal ocean. Superimposed onto this 
trend are sources of smaller-scale spatial variability, 
including distributed point sources; features of water 
circulation such as fronts, eddies or  convergences that 
create localized turbidity maxima (e.g. Peterson et al., 
1975); patchiness resulting from irregularities in 
bortom topography (e.g. Powell et al., 1986); and 
biologically-mediated spatial differences in processes 
such as primary production and  biogeochemical 
transforn~ations of reactive constituents (e.g. Jassby 
et al., 1993; Cloern, 1996). Many of these sources 
of spatial variability are unique to  or  amplified for 
estuaries. 

At the same time, by virtue of the large human  
populations often associated with estuaries, anthropo- 
gznic impacts on  water quality are strong and  the need 
for characterizing ambient conditions and temporal 

trends in these conditions is correspondingly urgent. 
T h e  variability inherent in estuaries implies that a 
greater sampling effort is often necessary to  describe 
water quality adequately, compared to  other aquatic 
systems. T h e  question of how to sample the spatial 
extent of estuaries most efficiently arises naturally, 
whether the objective is t o  describe current conditions 
or  temporal trends in these conditions. Historically, 
most station configurations in estuaries, and arguably 
in most other aquatic ecosystems as well, have been 
chosen on  the basis of surface physiographic features 
or  by a cursory knowledge of spatial heterogeneity. 
These configurations may very well turn out to be 
near-optimal in some useful sense, bu t  there is n o  way 
to tell without a more  objective approach. 

? .  I his paper considers the general question: how 
should samples be  taken in a n  estuary or  subembay- 
ment  so that  regional properties (e.g. mean concen- 
tration or  mean population abundance) can be  
compared from one time period to  another or  from 
one subregion to  another? Although this is perhaps the 
simplest form of trend detection (the underlying goal 
of most monitoring and  assessment programmes), it is 
a significant issue for several reasons. First, for certain 
important water quality variables, the regional 
(estuary-wide) or  subregional (subembayment) mean 
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provides an informative scalar index of ambient 
conditions. We want to know, for example, if the 
trophic state of an estuary (as indexed by chloro- 
phyll a) is exhibiting a positive temporal trend, or if a 
trace contaminant is higher in one subembayment 
than another. Second, use of the mean enables one to 
connect empirical observations in the estuary to a 
large body of results from sampling theory and geo- 
statistics. This connection supports the aim of provid- 
ing a conceptual framework for both understanding 
the observations and generalizing them to other water 
bodies. Finally, the regional and subregional means 
provide an important way of communicating estuarine 
conditions to the public and environmental managers, 
precisely because the mean is so simple and widely 
understood. 

The answer to the question posed here depends on 
the (usually unknown) spatial structure of the water 
quality measurements of interest. As spatial structure 
differs among the different components of water qual- 
ity (Powell et al., 1989), the present work followed the 
lead of previous estuarine studies (Madden & Day, 
1992; Childers et al., 1994) in choosing three separate 
but complementary water quality indicators: salinity, 
suspended particulate matter (SPM) and chlorophyll 
a. Salinity is a conservative tracer of mixing along the 
river-ocean continuum and therefore a surrogate for 
longitudinal processes. Suspended particulate matter, 
strongly affected by rapid exchange between the water 
column and bottom sediments, is a surrogate for 
vertical processes. Chlorophyll a, a measure of phyto- 
plankton biomass and a representative non- 
conservative constituent that quickly responds to 
spatially-variable sources and sinks, often reflects 
lateral processes (Huzzey et al., 1990). As the spatial 
structures of these different components change 
with time, the measurements were repeated at 
monthly intervals. The sampling programme was 
conducted over an annual period in San Francisco 
Bay, a complex estuarine system that exhibits all 
modes of spatial-temporal variability expected in 
shallow coastal ecosystems influenced by tidal, 
wind, riverine and anthropogenic effects (Cloern & 
Nichols, 1985). 

Site description 

The San Francisco Estuary or ' Bay-Delta ' consists of 
a landward, tidal freshwater region known as the Delta 
and a seaward region known as San Francisco Bay 
(Figure 1). The Delta is a highly dissected region of 
channels and islands where the Sacramento, San 
Joaquin and other rivers coalesce and narrow as they 
flow westward. The outflow from the Delta passes 

through a narrow notch in the Coast Range into a 
series of subembayments, and ultimately through a 
narrow deep trough- -the Golden Gate-into the 
Pacific Ocean. Four major subembayments are 
usually recognized: South, Central, San Pablo and 
Suisun Bays. Together they constitute San Francisco 
Bay, the largest coastal embayment on the Pacific 
coast of the United States. Ninety percent of the 
freshwater input into the Bay flows through the Delta 
from regional drainage; the remainder is supplied by 
local tributaries. The drainage basin of the estuary 
enconlpasses 40% of California's land area. River 
inputs are highly seasonal, consisting of rainfall during 
autumn and winter, and snowmelt during spring and 
early summer. In addition to this dependence on 
climate, flow is affected by a series of upstream 
reservoirs that are managed for agriculture, power, 
flood control and repulsion of salinity intrusions. A 
large portion of the flow reaching the Delta is diverted, 
mostly for agricultural purposes, before it can reach 
the Bay. 

Water quality problenls in the Bay-Delta are multi- 
ple, complex and linked in various ways. A major 
underlying issue is management of freshwater inflow, 
which affects estuarine population abundances both 
directly, through transport, and indirectly, through 
effects on salinity and other variables (Jassby et al., 
1995). Contaminants include sediments and metals 
introduced from mining operations, domestic sewage, 
persistent and toxic trace substances from industrial 
discharge and urban runoff, and biocides in agricul- 
tural drainage (Davis et al., 1991). Occasional high 
chlorophyll concentrations and threats of harmful 
algal blooms are also of concern (Jassby et al., 1994). 
Several large monitoring efforts are in place with 
the goals of assessing existing water quality, determin- 
ing trends in trace contaminants and population 
abundances, and exploring the underlying causal 
processes. The size of these programmes, the social 
importance of the water quality problems and 
the extreme variability of the estuary all demand a 
closer and more objective examination of the sampling 
effort. 

General approach 

This paper considers here only the longitudinal varia- 
bility along the central channel that connects the 
seaward and landward domains of the San Francisco 
Bay system. By using variables that together reflect all 
three spatial dimensions, however, these observations 
in the estuarine channel encompass processes occur- 
ring upstream, in adjacent marshes and lateral shoals, 
due to point source discharges, and within the local 
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FIGURE 1. San Francisco Bay. 'Ihe MXDAS cruise track is shown as a solid line along the axis of the estuary. 

water column proper. The specific goal is to choose a 
minimal number of sampling locations along the 
transect from which one can estimate a scalar index of 
conditions (in this case, the mean) with sufficient 
precision (i.e. with sufficiently low variance) that 
useful comparisons can be made among different time 
periods. 

Deciding on a station array requires consideration 
of three linked issues, addressed here in sequence: 

(1) What kind of sampling design should be 
adopted (e.g. random, systematic or stratified)? 

(2) How can the precision (variance) of the transect 
mean be estimated? 

(3 For a prescribed level of precision, how many 
samples (stations along a transect) are required? 

Answers to these questions require knowledge 
about the underlying distribution of the parent popu- 

lation of all possible samples. The authors' approach 
is empirical and is not driven by theoretical assump- 
tions about the underlying distribution. Although it is 
impossible to sample the entire population of water 
quality measurements in an estuary, a surrogate 
parent population can be acquired by collecting a 
large number (thousands) of samples as closely- 
spaced sensor measurements made while a ship pro- 
files an axial transect. A modified version of the 
integrated software-instrument package MIDAS 
(Multiple Interface Data Acquisition System; Walser 
et al., 1992; see also Madden & Day, 1992) was used 
to collect and store measurements from flow-through 
water quality sensors and a Global Positioning System 
(GPS) navigation system. Subsampling from the high- 
resolution MIDAS transect data was then used to 
address the issues listed above. 
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We begin with a consideration of the spatial Sam- 
pling design (Issue #I) .  In simple random sampling, 
each station is selected randomly and independently 
in space along the transect line. Although simple in 
concept and obviously unbiased, random sampling 
has an important drawback in situations where 
the spatial correlation is high; if two stations are 
randomly chosen too close together, then they will 
have similar values and one of them is, to a certain 
extent, wasted. 

Systematic sampling, i.e. equidistant spacing of 
stations along the transect line, avoids this problem 
and therefore yields a more precise estimate of the 
spatial mean in many situations (Murthy & Rao, 
1988). A more precise estimate of the spatial mean 
implies, in turn, that temporal trends of a given 
size can be detected in fewer years or, alternately, 
that smaller temporal trends can be detected in any 
given time interval. Systematic spatial designs are 
also more convenient to implement. Systematic 
samples suffer, however, from a serious drawback in 
that unbiased estimates of precision are unavailable, 
and approximations based on assumptions about 
the nature of the underlying population must be 
utilized (Bellhouse, 1988). The precision cannot 
be estimated based on the sampling design alone 
because a systematic sample is essentially a random 
sample of size one; once the first station is selected, 
the locations of the others are completely specified as 
well. Furthermore, systematic sampling does not 
always yield the most precise estimates; the relative 
performance of different designs depends on the 
structure of the underlying population (Cochran, 
1977). 

Stratified sampling refers to, in this case, dividing a 
relatively heterogeneous estuary into more homo- 
geneous subdomains and then carrying out either a 
random or systematic programme of sampling inde- 
pendently within each subdomain (stratum). Insofar 
as the within-subdomain variability is reduced relative 
to the between-subdomain variability, stratification 
can lead to a more precise estimate of the mean 
than either simple random or systematic sampling 
(Cochran, 1977). The strong spatial correlation char- 
acteristic of estuaries (Powell et al., 1986) suggests 
that stratification of sampling into spatially contiguous 
subregions might be appropriate. In order to choose 
the strata in a consistent way, a novel method is 
employed here; the machinery of tree-based modelling 
(Clark & Pregibon, 1992). 

The MIDAS transect data enable one to evaluate 
the relative performance of these different sampling 
designs. In particular, simple random sampling, sys- 
tematic sampling and their stratified counterparts, 

stratified random and stratified systematic sampling, 
are compared. 

As suggested above, if systematic sampling turns 
out to give the most precise estimate of the underlying 
mean, one must decide how the variance of the 
estimate can best be calculated from the low- 
resolution station arrays commonly encountered in 
practice (Issue # 2 ) .  Many different estimators have 
been proposed, most of which are based on an as- 
sumed model of population behaviour and so are 
appropriate only when the model truly represents the 
population. Whether or not a single tractable model 
can be applied to estuarine data in general is not 
known. At different times and locations, transects 
appear to be dominated by noise, linear or higher- 
order trends, persistence (spatial autocorrelation) or, 
most often, a complex combination of these basic 
patterns. When only low-resolution samples are avail- 
able, there is little hope of identifying a suitable 
model. The authors' intention is, therefore, to assess 
the robustness of the different estimators for use when 
high-resolution data are not accessible, given that the 
appropriate model may be temporally sensitive. Sub- 
sets of these methods have been compared for demo- 
graphic (Wolter, 1984) and stereological (Mattfeldt, 
1989) data but their relative performance cannot be 
extrapolated to natural ecosystems, which can exhibit 
quite different population structures. Again, the MI- 
DAS data enable a direct assessment of the different 
variance estimators by providing high-resolution de- 
scriptions of the underlying populations in an estuary. 

Given a sampling design and a way to estimate the 
resulting precision, how does one choose an appropri- 
ate number of stations (Issue #3)? The use of some 
criterion of performance or objective function is 
an essential step in completing this phase of design, 
but the criterion depends on the overall monitoring 
objective (e.g. to describe ambient conditions, assess 
compliance with standards, detect trends or determine 
causal mechanisms) and the costs and uncertainties 
associated with different designs. Rather than linking 
this analysis to a specific objective function, it was 
asked how the ability to reproduce the underlying 
data, as measured by the variance of the estimated 
mean, depends on the number of stations. This rela- 
tion is simple enough to calculate with a high- 
resolution data set in hand, but of specific interest is 
what can be said when the only data available are from 
sparser transects (i.e. the usual kind of data collected 
in monitoring programmes). Therefore, one should 
look for generalities in the relation that may be char- 
acteristic of the underlying spatial structure in an 
estuary, and can be used to guide sample size when 
only low-resolution data are available. 




























