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INTRODUCTION

Nutrient enrichment and eutrophication of marine and estuarine waters is a growing .
environmental concern (e.g., Nixon, 1990). One principle concern is that elevated metabolism
(productivity and respiration) will ensue and eutrophication will cause dissolved oxygen (DQ)
concentrations to decrease far below normal seasonal levels. Low DO (hypoxia) or the absence
of DO (anoxia) endangers the vitality of marine and estuarine ecosystems and organisms,
including commercial species. Anoxia and hypoxia have been experienced in Chesapeake Bay
(Officer et al., 1983), New York Bight (Falkowski et al., 1980), and Long Island Sound (Parker
and OReilly, 1991) as well as at the heads of some smaller northeastern US coastal systems
where nutrient loads are high and there is restricted water exchange. As one of a suite of
possible ecological endpoints for eutrophication, DO is a prime indicator for coastal marine
waters.

A number of comparative efforts for freshwater and marine ecosystems have demonstrated
strong relationships between nutrient loads and the concentration of nutnents, chlorophyll, and
the level of primary production (e.g., Vollenweider, 1976, Nixon et al., 1986, Kelly and Levin,
1986; Oviatt et al., 1986; Nixon, 1992; Monbet, 1992). A given level of nutrient load may not
lead to the same ecological conditions, nor will it induce a similar oxygen depression, in every
coastal system. Actual nutrient concentrations and the expression of metabolism as lowered DO
can be influenced by many biological, chemical, geomorphological, and physical factors hike
water residence time (e.g. Valiela and Costa, 1988; Kelly, 1995) and stratification (e.g., Turner
et al., 1987). Even so, there have been successful comparative efforts to relate DO and
nutrients: for example, Jones and Lee (1986) showed a significant relationship between rates of
hypolimnetic (bottom-water during seasonal lake stratification) DO decline and residence-time
normalized nutrient loads. '

Maine has a extraordinary length of coastline and many small coastal water bodies. It is not yet
known whether there are significant or pervasive DO problems, so data are being collected (a
collaborative effort by Wells NEER and MDEP) to assess the issue. The potential ecosystems
are numerous and comprehensive study of individual systems needs to be supplemented with
broad studies of a range of systems. In 1995, an approach was taken to study a selection of
systems, including those which are thought vulnerable to depressed DO and those which are not
expected to be susceptible to the problem. Using survey data on DO, associated environmental
variables, and physical/morphological characteristics of the ecosystems, the intent is to gain
insight into factors influencing DO in Maine coastal waters.

This task reports on extensive exploratory analyses of the data collected and assembled for a set
of coastal systems sampled in 1995, The goal was to identify and describe relationships among
DO and other factors. The overall goal of the data collection and analyses efforts is to define a

relationship(s) that could serve as an index to broadly classify susceptible areas and aid planning
for source control of nutrients to all coastal water bodies in Maine.
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METHODS

For this 's.tudy, data were provided for nineteen ecosystems along the Maine coast from New
Hampshire to Canada (Figure 1). These systems represent a wide variety of geomorphic
hydrologic, and loading conditions; information in Table | was provided to Battelle by tiue
Mame Department of Environmental Protection.

The field studies took place from July to September 1995. Most systems were sampled during
each of the three months. The data set consisted of station location, sampling date and time,
temperature (*C), salinity (ppt), conductivity (mS$/cm), dissolved oxygen concentration (mg/l,
[DO]) and %saturation (%SAT), and depth (ft). Afer preliminary screening and removal of a
few outliers, we used the data from sampling (n=3611 total events) and for the system attributes
(Table 1) in the analyses for this report

The data provided a number of potential explanatory variables for DO in the selected Maine
estuaries and embayments.

e e e ——
Sampling location, depth, time, date, tidal stage
Environmental temperature, salinity
Morphometrics area, penmeter, volume, length) width, volume, max. depth, x-c area
(mouth), sill location and size
Circulation mean tidal range, max. tidal range, mean tidal volume, mean tidal

current, peak tidal current, flushing times, freshwater vol /saltwater vol,

Freshwater Input watershed area, freshwater discharge (June through Sept.), nutrient |
loading, area of watershed/area of surface water '

Some initial efforts focused on determining appropriate dissolved oxygen metrics. An overview
of the DO and %saturation data was provided by univariate statistics for each system. In
addition, numerous box and whisker plots were produced of DO and %SAT by system over a
vanety of spatial and temporal scales: all data, all low tide data, all high tide data, all bottom
depth data, and similar groupings on monthly time scales. A number of vertical contour plots
were produced to better illustrate some of the system-wide and tidal variations observed in the

data.
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Battelle has a full compliment of computer software to allow contouring of spatial and temporal
trends (Surfer), spreadsheet/graphics (QuattroPro, Excel), and full range statistical
analyses/graphics (SAS). These software programs were used to conduct the variety of analyses,
some briefly highlighted next.

All statistical testing (regression, comparison tests of difference, principal components analysis)
was conducted in SAS. Tests were made by non-parametric (Kruskal-Wallis test) and
parametric (ANOVA) methods. For ANOVA and its follow-up planned comparison tests
(Tukey's Studentized Range), we attempted to stabilize the variance by a variety of
transformations. None appeared particularly better than the raw data, so we used untransformed
DO concentrations. In this report, results are described as significant differences if non-
parametric tests showed significance at the 95% level. With significance in the non-parametnic
test, further parametric testing was conducted, including the planned comparison test to look for
differences across groups within the data set. All planned comparison tests were conducted at
the 95% significance level. Results of parametric tests must be viewed with caution, but
certainly are useful in an exploratory exercise,
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RESULTS
Overview of DO Patterns

Range and frequencies

For the entire data set, the frequency distribution of all observations (n=3611) is shown in
Figures 2 and 3, for concentration and % saturation, respectively. The majority of the
observations had a DO concentration of ~7 to 9 mgL™ and represented conditions that were ~90
to 105% of saturated values for each in situ condition. Far fewer than 1% of the observations
were <5 mgL"| a level below which some subtle biological effects of lowered DO may begin to
be expressed (personal communication: D.C. Miller, U.S. EPA, Narragansett, RI),

DO variability over time and space of sampling

Examining the entire data set, DO varied as a function of month of sampling, stage of tide/time
of day, and depth of sampling. For example, testing showed that DO concentrations, as well as
% saturation values, were different for surveys in July, August, and September (Kruskal-Wallis
Test, Prob > Chisq = 0.0001, df=2). By planned comparison tests, mean DO concentrations (and
% saturation) were different among each month. The mean DO decreased significantly from a
mean value of 8.97 mgL™! in July to 842 mgL"' in August and 7.78 mgL" in September. The
mean % saturation also decreased over time — from 109% in July to 103% in August and then
to 93% in September. Further testing showed that the time course of DO concentrations differed
among systems and in spite of the overall trend, not all systems showed a significant and
progressive decrease from July to September. Additionally, similar tests that compared the
bottom-water DO concentration over months, with data restricted to the low tide sampling,
confirmed a progressive decrease and month-to-month differences. Mean low tide bottom DO
concentrations were 9.01, 7.9, and 7.25 mgL™ , respectively in July, August, and September,
Figure 4 gives an example of the general decrease in DO throughout New Meadows River over
the period of surveys in 1995. The figure also suggests there is spatial complexity to within-
system DO variability. Features like depth and position along the axis of the system sometimes
influence the measured DO concentrations, as discussed later.

With respect to tidal stage, tests were conducted using only those systems which had a repeated
sampling early in the day (low tide) and later in the day (near high tide). Separate tests were
conducted for July (n= five systems), August (n= 10 systems), and September (n=7 systems). In
each month, the DO concentrations differed significantly between samplings. Interestingly, in
July the mean DO at high tide (8.42 mgL™ ) was lower than at low tide (9.52 mgL™ ). In
contrast, in both August and September, DO was significantly lower at low tide. Mean
concentrations in August were 8.28 mgl.” and 8.54 mgL™ at low and high tide, respectively.
Mean concentrations in September were 7.45 mpL™! and 8.11 mgL"' at low and hig_h tide,
respectively. The difference between tidal trends in Jul and the other months may in part relate
to a sampling that was not as close to low tide as the other months. Figure 5 prc_)\ndgs two
different examples of changes in DO as a function of time of sampling. Little River is a shal'low
system where the tidal exchange volume represents most of the water in the system at high t!de_
The DO concentration at high tide was uniformly high, as was salinity (Figure 3b). At low tide,
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DO concentrations were lower throughout the systern, especially near the bottom. The
difference between high and low tide salinity was also striking in this system. Somes Sound is
one of the deepest of the 19 systems sampled and has a slower tidal flushing than Little River.
Salinity changes from between low and high tide were relatively slight, but a generally lower DO
was 5till evident at low tide in this system also. Like Figure 4, Figure 5 shows that there is
considerable spatial complexity to the distribution of DO and there are considerable (and
significant) changes at tidal timescales, as well as at monthly intervals. As with changes over
months, the nature of DO concentration changes over tidal cycles vary with the system,

As is evident in Figures 4 and 5, there was structure in the vertical and horizontal distribution of
DO. In most cases, we noted (but did not test) that lower DO was found towards, if not at, the
head of the embayment more regularly than near the mouth.. A test for DO differences as 2
function of depth confirmed overall depth patterns. DO at the surfacemost, bottommost, and
midwater sampling depths were compared using all the systems and months of sampling. The
test was restricted to low tide sampling. Results confirmed differences with depth (Kruskal-
Wallis test, Prob >Chisq =0.0001, df=2) and noted lowest values near the bottom on average.
Planned comparisons (95% level) showed that mean bottom DO concentrations (7,96 mgL™)
were significantly lower than the midwater values (8.40 mgL™). Surface DO concentrations
{8.27 mgL.") were also slightly lower than midwater, but higher than bottom waters. For %
saturation, bottom water averaged 96%, middle 101%, and surface 102%. Planned comparison
tests indicated that the bottom % saturation was significantly lower than either the surface or
midwater values. As with most other tests, additional results confirmed an interaction of depth
and system, meaning that in spite of the overall trend of DO minima near the bottom, there were
systems which had dissimilar trends.

DO concentrations also varied, in part, as a function of environmental conditions. For example,
the entire data set was used to conduct a multiple linear regression analysis using a stepwise
procedure to add variables to the model (SAS, 1988). The dependent variable was DO
concentration (mgL™") and the following variables were ihcluded as possible dependent variables:
day of year (DQY), time of day (TOD), time of sampling relative to tide (TOT), in situ
temperature (T), in situ salinity (S), and depth of sampling (Z). A resulting significant regression
model that explained 26% of the variability in the data (r* = 0.259) was:

‘DO =1029-0028DOY -0.023 T2+ 066 T.

The first dependent variable added, DOY, accounted for almost 20% of the variance. Further
addition of TOD, TOT, and § variables (or squared values thereof) slightly improved the mode!
( = 0.296), but had lesser influence and did not fundamentally alter the result above. The
results suggest a prime explanatory variable was the month of sampling and confirm the
statistical result above of a DO decrease over time in the systems of study. The coefficient for
DOY suggests an average decrease of 0.028 mgL™ d”', which is reasonably consistent with some
observations in other temperate marine ecosystems. A secondary influence was the local
temperature as a non-linear term negatively influencing DO. This term, in principle, may be
consistent with general observations of an exponential inereasc in respiratory metabolism with
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increasing temperature. Interestingly, each of these terms explained more variability than
TOD/TOT variables relating to sampling times within the day. The model above suggests an
influence of the local and perhaps seasonal environment, but nonetheless explains a small
portion of the DO variability. In principle, this leaves the majority of the variability in the DO
data set to be explained by other factors, such as different characteristics of the 19 systems
included in the overall data set.

DO patterns across systems

For the cross-system comparisons considered next, box and whisker plots are a tool for an
efficient visual summary of statistical information on the sampled distribution of DO. The upper
and lower ends of the box represent the upper (75") and lower (25") quartiles, The length of the
box is equal to one interquartile range and indicates the spread of 50 percent of the observations.
The line within the box represents the median (50® quartile). The distribution of the data,
symmetrical or skewed, can be seen from the location of the median relative to the upper and
lower ends of the box. The vertical lines (whiskers) extend to the most extreme values that are
within 1.5 interquartile range above and below the box. In a normat distribution, the range of the
box and whisker plot includes ~99% of the observations. Values outside the range of the plots
("outliers” or "extreme" values) are marked with a plus.

An initial effort was made to develop simple DO metrics for characterizing each system with
respect to DO and to be used in a preliminary assessment of possible relationships of DO with
morphometry and other attributes that varied across the systems. Spatial and temporal sampling
within each system was not sufficient to resolve the areas or volumes associated with DO
concentration classes. In consultation with M. Dionne and J. Sowles, and furthermore
considering the results of analyses on the whole data set above, we focused on the following as
principal DO metrics: 1) the mean DO for each system, 2) all low tide bottom samples within a
system in September, 3) extreme DO values as characterized by the mean of the lowest 5% (by
ranking) of the measured DO values in each system, independent of location or time of
collection, and 4) the absolute minimum value in each system. These metrics, as DO
concentrations and % saturation, are summarized in Table 2 and their geographic distributions
are next briefly described.

There was a wide range of [DO] and %SAT between systems, The minimum (DO} ranged from
4.49 mgL™! (Spruce Creek) to 7.93 mgL" (Whiting Bay). The lowest [DO] were observed in the
Spruce Creek and Little River systems (<6 mgL™"). The lowest %SAT were also observed in
these systems (<70%) and ranged from 54.4% (Spruce Creek) to 94.6% (Taunton Bay). The
mean [DO] ranged from 7.11 mgL" (Little River) to 9.65 mgL"' (Lingkin Bay). All systems,
except Spruce Creek and Little River (7.66 and 7.11 mgL', respectively), had mean [D(Q] 8.0
mgL! and a majority of these systems were supersaturated with a mean %SAT >100% (Table 2

and Figure 6a & 6b).
Generally, there were relatively large ranges in both [DO) (~5 mgL™, Figure 6a) and %SAT

(~60%, Figure 6b) within each system. The general trend in Figures 6a and 6b was that
relatively lower means in {DO] and %SAT were observed in the southern systems, Many of the
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highest means were observed for the downeast systems, but 2 high mean DO was also observed
at Fore River. The values observed in middle of the coast, including the Casco Bay systems,
displayed the widest ranges for both parameters.

There were strong similarities in the distribution, trends, and relative values of [DQO] and %SAT,
as indicated in Table 2 and Figures 6a and 6b. In order to present the considerable volume of
data clearly, the primary emphasis of this report is on [DO], but some analyses are also
conducted on % saturation for all data within a system.

The general geographic patterns described for the mean [DO] and %SAT metnics across systems
tended to hold true for the lowest 5% [DO] (Figure 7a) and September low tide bottom water
(Figure 7b) metrics. Additionally, the months in which the lowest 5% [DO] measurements were
taken vary between the three groups of systems. In the southern systems, the lowest 5% [DO]
occur over all three months of sampling, while at the Casco Bay systems most of the low [DO]
measurements occurred in August and in the downeast systems most occurred in September.
Within systems, the lowest 5% [DO] measurements occurred over a range of stations and depths.

Rased on the statistical testing we expected that the lowest [DO] would oceur in September at
low tide at depth. This was true on average, but individually these data were not necessarily the
lowest 5%. This was illustrated in a comparison of the metric means (Figure 8). Quite clearly,
the coastwide trends were similar for each of the DO metric means across systems. The most
noticeable deviation occurred for Quahog Bay where the mean for the lowest 5% [DO] metric
was much lower (~2 mgL™) than the other metric means. In Quahog Bay, the lowest 5% [DO]
were measured in August and the water column was stratified (at station 2),

Statistical tests for differences across systems

For four DO metrics, we tested for differences among systems. Non-parametric and ANOVA
tests for each metric (all DO as concentration or % saturation, the lowest 5%, and the low tide
bottom water in September) resulted in the conclusion that significant differences (e.g., Kruskal-
Wallis test, Prob>Chisq=0.0001, df=18) existed across the 19 systems. Figure 9 displays the
results of subsequent planned comparison tests, Since planned comparisons test each system vs.
all the others, a large number of comparisons are conducted. Often in such tests, when there are
relatively small differences and a continuum across many systems, results will indicate a series
of overlapping groups of stmilar (with respect to the metric) systems. Such a result is shown in
Figure 9a. Two systems, the one with the lowest DO (Little River) and the highest mean DO
(Linekin Bay), were distinctly different from the rest. There was a group of systems with higher
DO, including Taunton Bay, Back Cove, Whiting Bay, Boothbay Harbor, and Fore River, that
were distinctly different from the rest. At the lower end, Spruce Creek was lower in DO than
most of the systems. In the middle of the DO range, were 11 or more systems that were similar
to each other and all had [DO] means between 8 and 9 mgL™.

Results for the mean % saturation suggested that both Little River and Spruce Creek were

significantly different from each other and from the remainder of the systems. These two
systems were distinctly heterotrophic, as they had mean % saturation values well below 100%%,
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There were apparent differences between the most supersaturated, and thus autotrophic systems
(e.g. Fore River, 114%) and those with more balanced trophic status during the sampling period,
i.e. near 100% saturation (e.g., Biddeford Pool, Somes Sound, Union River Bay). But overall, a
gradual continuum of % saturation is suggested by the statistical comparisons.

Using the lowest 5% of the concentrations, Little River again was significantly iower than others
(5.41 mgL™). Lower extreme DO conditions also occurred in Quahog Bay and Spruce Creek
compared to most other systems. Most other systems were somewhat similar with respect to
their measured extreme (but rare) events, although two subsets were suggested. One had rare
conditions below 7 mgL" and included a group of about 5-7 systems. The other had its lowest
measured DO conditions ranging from 7.20 to »8 mgL™! (Whiting Bay).

The final metric examined was the low tide bottom water mean for each system as measured in
September, the month with lowest average DO conditions. As somewhat characteristic, Little
River was the lowest (<5.91 mgL™") and Whiting Bay (8.37 mgL™') was the highest, but neither
was fully distinct from other systems by the comparisons. Although September had the lowest
DO concentrations on average, the spatial variability at bottom waters of stations within each
system was apparently large and probably masked differences in localized conditions that might
be more apparent with analyses of spatial heterogeneity that might be aided by more intense
within system sampling. '

Overall, the comparisons of DO suggested differences among systems. But due to spatial and
temporal variability within the systems and relatively small inter-system differences on the

whole , only several systems at the extremes of the DO range were very distinct. Chief among
these were Little River (low) and among others, Fore River (high for mean Do and % saturation),
both highlighted here to be referenced in later discussion.

Overview of System Attributes

Environmental , .
Boxplots were also developed for temperature (T) and salinity (S) data collected at the time of
DO sampling (Figure 10a,b). As for DO, there was considerable vanability in T and a

substantial range within each system. In contrast, S data show quite a narrow range for most
systems and high salinities generally averaging around 31-33 ppt. For the most part these are not
estuarine systems with high volumes of freshwater input. From Figures 10 and 11, one can see
that three systems in particular stood out for lower salinity on average and a much greater
vatiability in the range of salinity sampled. These systems were Little River, Pleasant River, and

Union River Bay.

Morphometrics, circulation, flushing altributes .

Using data provided 10 us (Table 1), we produced a series of bar graphs to compare system
attributes. Several parameters are shown in Figures 12 and 13. At first glance the systems
appear to be grouped roughly by many morphometrics according to distance up the coast. The
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southern systems (south of Portland), middie (Casco Bay) systems, and downeast systems each
have groups of somewhat similar systems in some regards.

A correlation analysis of the morphometrics determined that there were high degrees of
correlation between many of the physical metrics (r>0.8, where p>>0.05 given that n=19). [Note:
For n=19 (df=17), r values 20.46 suggest a significant relationship at the 95% level]. The co-
linearity among parameters is not surprising as many were used in calculating others (e.g.,
watershed area and all the FW runoff volumes) or are fairly analogous to other metncs (eg.
length and perimeter, or areas and volumes). The correlation results were used to reduce the list
of morphometrics to eight (see Table 3), but most of these were still rather highly correlated.
Further, a principal components analysis (PCA) suggested that a majority of the variability
among the either the entire set or the reduced set of eight parameters could be accounted for by
the first principal component. Examination of the loading coefficients for each parameter of the
first principal component strongly suggested the single general factor explaining most of the
difference in system attributes was characterizable as the overall size of the system. Embayment
areas and volumes, tidal volumes, runoff volumes, watershed area were some of the aspects of
size indicated by the PCA and shown as highly correlated in Table 3. Additional principal
components, explaining a minor portion of the vanability across systems, were apparently
related to factors like the shape of the system or dynamic features like the relative amount of
freshwater input and/or mean tidal range. ' |
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conceptualized as three classes of flushing, a/l the flushing times are within several days and
relative to other estuaries, these are ali rather rapidly flushed systems. On the other hand, 2 mean
flushing time, as calculated, can overestimate true flushing because sloshing of some of the

water in and out of the estuary/embayment occurs before complete release to the coastal marine
water and flushing is not completely efficient. Moreover, an average flushing for a whole

system can poorly represent conditions within some portions of a physically heterogenous
system. Nonetheless, as a guide, the flushing factor may be roughly correct in terms of systems
ranked in this study.

Other Aspects of the Array of Sampled Systems

In searching for another conceptual model, we focused on being able to explain the low DO ina
system like Little River. When one chooses an array of systems with an intended design, it is not
like a controlled experiment when only the factors of interest are manipulated. That, along with
a true Joading ranking that is different from that given in the figure, may be partially responsible
for lack of support for the conceptual model above. In actuality, there are additional factors that
are embedded in the design. For example, keying on size as a discriminant across the systems
(indicated by PCA), we examined size as typified by the high water area (Figure 15). Thereisa
gradient of size, and a relationship to flushing, with most small systems being among those
flushed quickly. Another aspect of size, but one also recognizing shape, is the mean depth at
high tide (calculated from high water volume/high water area); mean depth at hugh tide is
displayed as a function of flushing for all 19 systems in Figure 16. Obviously, flushing and

depth are related. Smallness itself does not lead to an easy explanation of low DO in Littie River
and or Spruce Creek, another fairly low DO condition. Note, however, that the impact of benthic
oxygen demand on DO in the water column can be more easily magnified in a shallow system,
especially if there is some vertical stratification. :

We recognized that Little River had a lower salinity than many systems and wanted to examine
this feature. Indeed, if one calculates the refative freshwater input (annual watershed runoff/high
water volume), it is noticeable that Little River has a high ratio (Figure 17). In one sense, this
metric represents a volume-based loading analogy. For example, concentrations in runoff being
equal (and higher than seawater concentrations brought in with the tide), runoff from non-point
sources will be higher with systems having a high relative runoff for their volume. All systems
had a much greater annual tidal exchange volume than 2 freshwater input. But the relative
importance of freshwater input was high in Little River (about 10% of tidal), whereas it was 1%
or less in most systems (Figure 18). Moreover, in relation to size (the first principal component
and major "factor" of the design, Little River also stands out (Figure 19}).

In principle, a relatively higher freshwater input, as calculated, may almost be an indicator of
loading (Fore River and its high point source loads perhaps excepted). Alternatively, freshwater
input may induce stratification of bottom water (cf. Figure 5), especially between tides when
much of the volume of this small system ebbs from the system, Little River's smallness may also
allow higher bottom water temperatures and its marshy nature (M. Dionne, personal
communication) may be important to creating its lower DO. But, for data exploration, we
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