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ABSTRACT: Due to the ecological importance of seagrasses and recent indications of disease and dieback, we have
synthesized existing mapped survey information concerning the spatial and temporal distribution of seagrass beds (pri-
marily eelgrass, Zostera marina) in Barnegat Bay, New Jersey. Mapped surveys from the 1960s, 1970s, 1980s, and 1990s
were digitized and compiled in a geographic information system to facilitate analysis. Comparison of the earlier maps
with the 1990s survey shows an overall decrease of approximately 2,000 to 3,000 ha in the area of seagrass beds. While
there are indications of seagrass decline, due to the great difference in mapping methods used for each of the surveys,
we are cautious in directly attributing the decrease in mapped eelgrass acreage to a large-scale dieback. We examined
the extent to which light could be used to predict the distribution of seagrass in Barnegat Bay. Data on Secchi depth
throughout the bay were combined with a modification of an existing model (Duarte 1991) of the relationship between
Z. marina compensation depths and light attenuation coefficients to predict the distribution of seagrasses in Barnegat
Bay. When compared with mapped seagrass distribution in the bay, the model correctly predicts seagrass presence-
absence over two-thirds of the time. The majority of the model error is due to errors of commission, i.e., the model
predicts seagrass occurrence where it was not observed to occur. Most of this commission error is located in specific

geographic areas (i.e., southern third of Little Egg Harbor and the western shoreline of the bay).

Introduction

Seagrasses play an important ecological role in
coastal ecosystems due to their habitat value for
many organisms (Larkum and Hartog 1989) and
contribution to primary production (Hillman et al.
1989). An extensive body of literature exists on sea-
grasses and factors influencing their growth, depth
limits, and distribution. Light, temperature, salini-
ty, substrate, nutrient levels, epiphytes, and disease
have all been found to affect the survival and dis-
tribution of seagrasses (e.g., Twilley et al. 1985;
Dennison 1987; Duarte 1991; Burkholder et al.
1994; Short et al. 1995; Taylor et al. 1995; Moore
et al. 1996, 1997; Short and Burdick 1996).

Many coastal ecosystems in the United States,
Europe, and Australia have experienced a decline
in seagrass abundance during recent decades (e.g.,
Orth and Moore 1983; Shepherd et al. 1989; Gie-
sen et al. 1990; Hall et al. 1999; Sigua et al. 2000).
The causes of these declines were not always clear
but have been attributed to natural as well as hu-
man causes. Increased development of estuarine
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watersheds leading to increased anthropogenic nu-
trient inputs and increased water column turbidity
are often considered as important factors contrib-
uting to seagrass decline (Orth and Moore 1988;
Dennison et al. 1989; Koch and Beer 1996; Short
and Burdick 1996; Short and Wyllie-Echevarria
1996).

A number of approaches have been used to ex-
amine factors controlling seagrass distribution in-
cluding mesocosms (Twilley et al. 1985; Short et al.
1995; Taylor et al. 1995; Moore and Wetzel 2000),
models, and mapping combined with measures of
water quality. Field surveys and more recently re-
mote sensing techniques including aerial photog-
raphy and satellite imagery have been used to map
the distribution of seagrasses throughout an estu-
ary or coastal system (Zieman et al. 1989; Ferguson
et al. 1993; Ferguson and Korfmacher 1997; Mum-
by et al. 1997; Robbins 1997; Ward et al. 1997).
Photogrammetric interpretation of color aerial
photography is generally considered the optimal
method for comprehensive mapping and change
detection of seagrasses and other submersed root-
ed vascular plants (Dobson et al. 1995). Numerous
models have been developed to describe seagrass
growth, survival, and/or potential habitat. These
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models range from primarily optically based
(Duarte 1991; Gallegos 1994; Zimmerman et al.
1994) to a combination of optical and water quality
criteria (Dennison et al. 1993) to dynamic ecosys-
tem simulation models (Madden and Kemp 1996).
Each seagrass model usually has been developed
or recalibrated using both water quality data and
seagrass distribution information from one partic-
ular estuary or coastal system. In some cases pre-
diction of the presence/absence of seagrasses has
been compared at a few additional sites in that sys-
tem. Existing seagrass models have not been ap-
plied to an independent coastal system or incor-
porated into a GIS approach to test the model ex-
tensively throughout the coastal system for which
the model was originally developed.

Barnegat Bay is a shallow back-bay lagoonal type
of estuary on New Jersey’s Atlantic coast (Fig. 1)
and contains approximately 75% of New Jersey’s
estuarine submerged aquatic vegetation habitat
(Lathrop et al. 2001). Barnegat Bay shows a pat-
tern of higher water turbidity as well as greater nu-
trient loading in the northern bay (Moser 1997;
Hunchak-Kariouk et al. 1999) which follows the
pattern of greater watershed development in the
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northern bay (Lathrop and Bognar 2001). The im-
pact of increased development within the water-
shed coupled with the possible recurrence of wast-
ing disease (McClain and McHale 1996; Bologna
et al. 2000) has sparked concern about the status
of eelgrass, Zostera marina, and other seagrasses in
Barnegat Bay, New Jersey. Due to the ecological
importance of seagrass and recent indications of
disease and dieback, we synthesized existing
mapped survey information concerning the spatial
and temporal distribution of seagrass beds (pri-
marily eelgrass) in Barnegat Bay. Mapped surveys
from the 1960s, 1970s, 1980s, and 1990s were dig-
itized and input to a geographic information sys-
tem to facilitate visual and spatial analysis of the
geographic patterns. An existing relationship be-
tween water column turbidity and seagrass depth
limits (Duarte 1991) was then used to develop a
GIS-based spatial model to predict the distribution
of potential seagrass habitat throughout Barnegat
Bay under current water quality conditions as well
as under theoretical scenarios. The modeled dis-
tributions were then compared to mapped distri-
butions.

Methods
MAPPING METHODS

Mapped information on the spatial distribution
of seagrass beds for Barnegat Bay was derived from
several sources. The first systematic survey was un-
dertaken in 1968 (U.S. Army Corps of Engineers
1976). The methods for this study were not de-
tailed but are presumed to be a boat-based survey.
There were several mapping efforts during the
1970s. The lower portion of Little Egg Harbor was
mapped based on springtime aerial photography
acquired in 1977, as a pilot project to examine the
feasibility of mapping submerged aquatic vegeta-
tion (SAV), including seagrass beds, with aerial
photography (Good et al. 1978). Based on the suc-
cess of this project, the Earth Satellite Corporation
mapped the state’s entire Atlantic coast and pro-
duced a 1:24,000 scale map series for the entire
bay based on interpretation of black and white ae-
rial photography and low altitude sea plane recon-
naissance during the summer of 1979 (photos tak-
en June and August, field checked July through
September) (Macomber and Allen 1979). For both
the 1968 and 1979 survey, they mapped four gen-
eral types of SAV communities (eelgrass Z. marina,
widgeongrass Ruppia maritima, mixed eelgrass and
widgeongrass, and sea lettuce Ulva lactuca domi-
nated) at various levels of density. We table digi-
tized their paper maps for later GIS analysis using
existing shoreline GIS data as a base map. The U.S.
Fish and Wildlife Service incorporated the Earth
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Satellite Corporation maps into the National Wet-
land Inventory for the state of New Jersey.

During 1985 to 1987, information on eelgrass
distribution, water depth, and bottom sediments
was collected in conjunction with an estuarine
shellfish inventory of Barnegat and Little Egg Har-
bor bays (Joseph et al. 1992). These surveys
spanned the spring, summer, and autumn seasons.
Benthic samples were collected at approximately
0.4 km (one-quarter mile) intervals in the deeper
waters (greater than 0.9 m; 3 feet) of the bay, for
a total of 489 stations. The extreme northern end
of the Bay (i.e., Metedeconk River) was not sur-
veyed. Based on this survey, the distribution of eel-
grass beds was then interpolated and mapped onto
a nautical chart base map and produced as figures
(Joseph et al. 1992). The resulting map included
two areas that were not explicitly sampled (i.e., the
boat did not enter due to the shallow depth and
no benthic samples were taken) but where visual
reconnaissance noted the occurrence of eelgrass
beds. These two areas were included as containing
eelgrass (for a total of 896 ha) in our analysis. We
table digitized photocopies of the eelgrass distri-
bution maps of Joseph et al. (1992), using existing
shoreline GIS data as a base map to provide
ground control points.

A field survey of seagrasses was conducted dur-
ing the summers of 1996, 1997, 1998 (McLain and
McHale 1996), and 1999 (Bologna et al. 2000).
The middle portion of the bay was mapped in
1996, the northern portion in 1997, and the south-
ern portion (e.g., Little Egg Harbor) in 1998. The
southern portion of the bay was re-mapped in 1999
using a differentially corrected (post-processing)
global positioning system (GPS). During boat-
based surveys, McLain and McHale (1996) and Bo-
logna et al. (2000) identified and mapped SAV
beds onto a 1:40,000 scale National Oceanic and
Atmospheric Administration (NOAA) nautical
chart (Charts 12324 and 12316). The dominant
species (i.e., Zostera or Ruppia) were noted. We
then table digitized these annotated charts and in-
tegrated them with the GPS mapped data.

In all cases, the various digitized maps were pro-
jected to a Universal Transverse Mercator (UTM)
coordinate system (datum NADS83; spheroid GRS
1980). A GIS map of the bay shoreline (New Jersey
Department of Environmental Protection [NJDEP]
1996) was used to provide ground control points
to rubber sheet the maps where needed to a com-
mon base map. The various maps were overlaid
and analyzed to examine the consistency in map-
ping interpretation as well as possible changes in
the spatial distribution between the 1960s, 1970s,
1980s, and 1990s.

MODELING APPROACH

A number of modeling approaches have been
used to define potential seagrass habitat. A model
developed for Chesapeake Bay predicted the pres-
ence or absence of SAV at 1 m depth using a set
of springtime water quality criteria (light attenua-
tion coefficients, Secchi depth, total suspended sol-
ids, chlorophyll, and dissolved inorganic nitrogen
and phosphorus) (Dennison et al. 1993). A model
of potential seagrass habitat was developed for the
Rhode River and Chincoteague Bay estuaries based
on light attenuation coefficients (Gallegos 1994).
Light attenuation was related to CDOM, chloro-
phyll @, and non-algal particulate matter in the wa-
ter column. The optical component of the model
was later recalibrated and applied to two sites in
Indian River Lagoon, Florida (Gallegos and Ken-
worthy 1996). The optical model of Duarte (1991)
related compensation depth of Z. marina to light
attenuation coefficients using data from a wide
range of geographic locations, including northern
Europe, eastern North America, California, Mexi-
co, and Japan. In this study, we applied (a modified
form of) the Duarte (1991) model in a GIS frame-
work to Barnegat Bay. The Duarte (1991) model
was chosen because it was specific for Z. marina,
the dominant seagrass in Barnegat Bay; it was orig-
inally developed using data from a wide range of
geographic locations, and there were extensive wa-
ter column turbidity data for Barnegat Bay for
comparison with the mapped distribution of sea-
grasses in the bay.

The depth limits (compensation depth; Z.) of Z.
marina across a wide range of geographic locations
show a significant relationship with light attenua-
tion coefficients (K;): log Z, (m) = 0.27-0.84 X
logK,; (m™!) (r2 = 0.40, n = 29, p < 0.001; Duarte
1991). Using the data compiled in Duarte (1991),
we derived an alternate form of the relationship:

Z. (m) = 1.59/K,; (m™) (1)

As noted above, Z. marina is the dominant seagrass
in Barnegat Bay. Only a small portion of northern
Barnegat Bay SAV beds, where salinity levels are
lower, is dominated by R. maritima, although Z. ma-
rina is still present. Similar compensation depths
have been reported for Ruppia and Zostera (Orth
and Moore 1988). Equation 1 was used to map
compensation depths of both seagrasses in the bay.

While there are few measurements of light at-
tenuation coefficients based on detailed light pro-
files in Barnegat Bay, there are extensive measure-
ments of Secchi disk depths (S;) in the bay
(NJDEP unpublished data). Therefore, we modi-
fied Eq. 1 for use with Secchi disk depths. Atten-
uation coefficients were estimated from the Secchi



disk depths using the equation of Giesen et al.
(1990):

Ky (m™) = 1.65/S, (m) (2)
Substituting Eq. 2 into Eq. 1 yields:
Z. (m) = 0.96S, (m). (3)

The spatial distribution of water column turbid-
ity, as measured by Secchi disk depth (S,), was
mapped throughout Barnegat Bay using the Secchi
disk depth data from over 40 point stations col-
lected at repeated intervals between 1993 and 1997
(NJDEP unpublished data). This data set was input
to the ArcView GIS software for further processing
and spatial analysis (UTM: datum NAD 83; spher-
oid WGS 1980). The original S, data was converted
from units in feet to meters. The data were extract-
ed for the spring (April-June) and summer (July—
September) seasons for a total of 41 stations for
the spring season and 41 stations for the summer.
Each station was sampled approximately once each
season during each year. A mean S, value was cal-
culated for the entire time period (1993-1997) for
each sampling station by season (spring and sum-
mer). The comparative utility of various tech-
niques of interpolating the S, point to a grid within
the ArcView software, namely inverse distance
weighting and kriging, were examined. Using a
100 m grid cell, the two techniques produced very
similar results with S, distributions that were not
statistically significant (¢ test, p = 0.8521). Kriging
was chosen because it uses the information from
the semivariogram to determine the optimal set of
weights for the estimation of the surface at unsam-
pled grid cells (Davis 1986). The kriging parame-
ters for both the spring and summer data sets in-
cluded an exponential model and a search radius
of 5,000 m.

In any interpolation procedure a major concern
is how well the resulting outputs “honor the data
points” (Davis 1986, p. 375). There is a limit on
how fine the output grid cell size can be made
given the spatial frequency and distribution of the
input sampling points. Compared with the bottom
depth data (see below), the S, data was compara-
tively sparse with a mean distance between any out-
put grid cell and the nearest input sample point
of approximately 1,200 m. Various output cell sizes,
ranging from 100 to 1,000 m, were examined.
Comparison of the results using a 1,000 versus 100
m spacing showed very similar results with S, dis-
tributions that were not statistically significant (¢
test, p = 0.84). Because the spatial distribution of
Sq within Barnegat Bay is smoothly continuous
without a lot of fine scale spatial heterogeneity, the
distribution of sampling points appeared to ade-
quately capture the spatial variation of S; values
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within the bay (Fig. 2). A grid cell size of 100 m
was chosen to provide a suitably detailed picture
of the water turbidity for the seagrass modeling ef-
fort without unduly compromising the integrity of
the S, data or the mapped seagrass distribution.
Equation 3 was then applied to produce an average
predicted compensation depth, Z., for each grid
cell.

A GIS map of bottom depth (m) was derived
through digitization of individual depth readings
(at mean lower low water) from the NOAA nautical
chart (Charts 12324: edition 25, 1990 and 12316:
edition 25, 1992). Due to the large number of data
points (total of 2,627 sample points) well distrib-
uted throughout the bay and the sometimes irreg-
ular nature of bottom topography, a simple inverse
distance weighted technique was chosen. These
bottom depth readings were then interpolated to
create a grid cell map of 100 m cell size in the same
projection system as the S; maps. The mean dis-
tance between any output grid cell and the nearest
input sample point was approximately 180 m.

One potential problem with relying on S, data
to estimate the compensation depth, Z, in shallow
waters is that under high transparency conditions
the Secchi disk can be visible all the way to the bay
bottom. Under these conditions, the S, will be re-
corded as deep as the bottom depth, thereby over-
estimating the K; and underestimating the Z_ for
that location. Unfortunately the NJDEP data set
does not record where and when this situation oc-
curs. Most of the NJDEP sampling stations were
taken in deeper water where the above situation is
not normally a problem. Even if this above situa-
tion occurs, it should not materially affect the pre-
diction of suitable seagrass habitat, in that if there
is enough light at the bottom to see the Secchi disk
then there should be enough light to support eel-
grass.

The compensation depth, Z., was then subtract-
ed from the bottom depth, Z,, at each grid cell.
Potential eelgrass habitat was then defined as those
grid cells where Z, — Z, > 0, i.e., the bottom is
above the Z_and therefore sufficiently illuminated.
As the water depth was based on mean lower low
water, this model is a best case estimate of available
light at the bottom. During high tide, some areas
might not be sufficiently illuminated all the way to
the bottom. If Z, — Z,, < 0, then the bottom is
below the Z. and therefore not sufficiently illumi-
nated. The resulting maps, one for spring and one
for summer, of the potential or expected seagrass
distribution were then compared with the ob-
served distributions from the 1990s summer sur-
vey. The 1990s seagrass map was converted to a 100
m grid cell and the analysis conducted using the
ERDAS IMAGINE Software package. Various mea-
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sures of accuracy including the percent correct, er-
rors of omission and commission, and the Kappa
statistic were calculated. The error of omission rep-
resents the ratio of the area incorrectly predicted
as seagrass absent over the total area observed as
seagrass present. The error of commission repre-
sents the ratio of the area incorrectly predicted as
seagrass present over the total area predicted as
seagrass present. The Kappa statistic is a measure
of the difference between actual agreement be-
tween reference data and the model output and
the chance agreement between reference data and
a random assignment (Congalton 1991). The Kap-
pa statistic varies between —1 and 1 with 1 repre-
senting a perfect agreement.

Map of kriged S, values for the summer data set with location of 41 sampling stations. A) 1,000 m resolution grid cell. B)

Results and Discussion

SPATIAL AND TEMPORAL TRENDS IN SEAGRASS
DISTRIBUTION

While we were fortunate in having a series of
SAV surveys dating back over thirty years, the great
difference in mapping methods and the poor qual-
ity of some of the hard-copy mapped products,
made a rigorous comparison of the surveys prob-
lematic. The 1970s survey (Macomber and Allen
1979) relied on aerial photography complemented
by float plane-assisted field checking. The 1980s
survey (Joseph et al. 1992) relied on a boat-based
systematic grid sampling (one-quarter mile inter-
val) while the 1990s survey (McLain and McHale
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Fig. 3. Map of seagrass distribution for Barnegat Bay and Little Egg Harbor over the past four decades. Sources: 1968 map (U.S.
Army Corps of Engineers 1976), 1979 map (Macomber and Allen 1979), 1985-1987 (Joseph et al. 1992), and 1996-1999 map (McClain

and McHale 1996; Bologna et al. 2000).

1996; Bologna et al. 2000) was a boat-based survey
that traced the outer boundaries of individual
beds. These surveys allow us to examine general
temporal and spatial trends in seagrass distribu-
tions in Barnegat Bay.

The 1968 survey (U.S. Army Corps of Engineers
1976) mapped approximately 6,800 ha of seagrass-
es in the north and central portions of Barnegat
Bay (the survey excluded southern Barnegat Bay-
Little Egg Harbor) (Fig. 3a). The 1970s SAV survey
(Macomber and Allen 1979) mapped 8,053 ha as

dominated (> 80%) by either Z. marina or R. mar-
itima in the main body of Barnegat Bay (excluding
associated tidal creeks and subtidal ponds; Fig. 3b).
The 1980s survey (Joseph et al. 1992) mapped ap-
proximately 8,799 ha as eelgrass-dominated SAV
beds (Fig. 3c). The combined 1990s survey (Mc-
Lain and McHale 1996; Bologna et al. 2000)
mapped only 6,083 ha of eelgrass or widgeongrass-
dominated SAV bed (Fig. 3d). Table 1 shows the
results of all four mapped surveys broken down by
zone (see Fig. 1). These geographic zones were
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TABLE 1. Comparison of mapped seagrass area (ha) for the
four time periods.

Bay Zone 1968 1979 1985-1987 1996-1999
1 1,289 767 723% 437
2 5,536 5,126 5,340 3,700
3 No data 2,160 2,736 1,946
Total 6,825%* 8,053 8,799 6,083

* Does not include the Metedeconk River portion of the bay.
*#* The 1968 survey did not map Zone 3.

chosen to represent distinct regions within Bar-
negat Bay-Little Egg Harbor as well as the gradient
of watershed development (i.e., Zone 1 has the
highest (35%) and Zones 2 and 3 have the lowest
(12%) percentage of developed land in the upland
watershed; Lathrop and Bognar 2001). A spatial
comparison of the changes between the 1970s and
1980s surveys reveals minor shifts in the spatial dis-
tribution that might be due to real changes in dis-
tribution or purely artifacts of differences in the
survey and mapping methodologies. While the spa-
tial distribution of many seagrass beds has re-
mained relatively stable over the time period, com-
parison of the 1970s and 1980s maps with the
1990s survey shows an overall decrease of over
2,000 ha in total seagrass area (Table 1).

The 1990s surveys suggest that there has been a
loss of seagrasses in the deeper waters of the bay,
resulting in the contraction of the beds to the shal-
lower subtidal flats (< 1 m depth) between the
1970s-1980s and the 1990s. In the northern por-
tion of the bay (north of Toms River) the outright
loss of many beds does appear by the 1990s survey.
Due to the great difference in mapping methods,
we must be cautious in directly attributing the de-
crease in eelgrass acreage to a large-scale dieback
of eelgrass. This is especially true at the deep water
edge of seagrass beds where accurate mapping be-
comes problematic and the ability to conclusively
detect change becomes difficult. While we can not
conclusively establish that there has been a major
dieback and loss of eelgrass acreage, there is rea-
son for concern over the status of eelgrass beds in
Barnegat Bay. To gain further insight into the spa-
tial and temporal patterns of seagrasses in the bay,
the degree to which water transparency can ex-
plain the current distribution of seagrasses in the
bay was explored.

COMPARISON OF PREDICTED AND MAPPED
DISTRIBUTION OF SEAGRASSES

Areas of potential seagrass habitat were mapped
using Eq. 3 under both spring and summer water
column turbidity conditions and compared to
mapped distribution of seagrass during summer in
the bay (Fig. 4). The model correctly predicts sea-

grass presence-absence over two-thirds of the time
(Table 2). The summer model showed a slightly
higher overall accuracy than that obtained for the
spring model, 68% versus 66%, respectively. Due
to lower water transparency (i.e., observed lower
Secchi depths) during the summer months, the
summer model is more restrictive predicting 9,573
ha as compared to 12,673 ha for the spring model,
a decrease of 25%. The lower water transparency
during the summer months appears to be more of
a constraining factor than water transparency dur-
ing the spring. The higher omission error (i.e.,
model does not predict seagrass but seagrass was
observed) during the summer (Table 2) suggests
that eelgrass might become established in areas
with a suitable light environment during the spring
that then become marginal during the summer.

The majority of the model error was due to er-
rors of commission (i.e., the model predicts that
the water transparency-light environment was suit-
able but no seagrass was found). The model over-
estimates the total amount of seagrass by over 55%
(predicted = 9,573 ha versus observed = 6,083 ha)
using the summer model (Table 2). If the omission
error was greater, it might suggest that the light
extinction model was too conservative (i.e., the
model does not predict seagrass occurrence where
it was observed to occur and thus underestimates
eelgrass occurrence). The Kappa statistic for the
spring and summer models was 0.31 and 0.26, re-
spectively. This represents a comparatively weak fit,
i.e., a Kappa statistic of 0.30 implies that the model
was avoiding only 30% of the errors that a com-
pletely random assignment would generate (Con-
galton 1991).

Discrepancies between the observed and mod-
eled seagrass distribution may be due to a number
of factors in both the mapping and modeling com-
ponents including limitations in field methods, er-
rors associated with the seagrass surveys and map-
ping, difficulties in the scaling of point measure-
ments to 2-dimensional mapped surfaces at the
scale of the entire bay including the interpolation
and the selection of a grid cell size of 1 ha as the
areal unit of analysis, the use of mean low water
depth for bathymetry, and the exclusion of other
factors that may be affecting the distribution of sea-
grasses (e.g., sediment type, storm events, human
disturbance, nutrient limitations, etc.). In addition,
a modification of Barnegat Inlet (in Zone 2, see
Fig. 1) by the Army Corps of Engineers in 1990-
1992 resulted in a slight change in the tidal am-
plitude of Barnegat Bay since the bathymetry data
used in this study was charted. The mean tidal
range increased by approximately 6 cm in the cen-
tral and northern portions of Barnegat Bay (Ken-
nish personal communication) over a background
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Fig. 4. Map of the predicted versus observed distribution of seagrass for the 1990s comparisons. A) 1990s versus Spring Model.

B) 1990s versus Summer Model.

mean tidal range of 15 cm (Chizmadia et al. 1984).
The extent to which this increase in tidal ampli-
tude has affected seagrass distributions, especially
in areas adjacent to the inlet, is uncertain.

Visual examination of the predicted versus ob-
served distribution for the 1990s (Fig. 4) shows a
significant amount of the commission error is ac-
counted for by two areas: the shallow shoreline ar-
eas fringing the western shoreline of the bay and
the extreme southern end of the study area. These
two areas of the bay together account for over half
of the commission errors. Over one-quarter of the
commission errors in the 1990s comparison
(29.9% for the spring, 26.9% for the summer mod-
el) are due to the shallow shoreline areas fringing

the mainland shoreline of the bay. This commis-
sion error may occur because the model correctly
predicts eelgrass occurrence but the mapped ref-
erence data is inadequate, or because the model
correctly predicts an adequate light environment,
but other factors such as bottom substrate are lim-
iting eelgrass presence. While eelgrass is known to
occur in sparse amounts (e.g., in patches with only
30% cover) along this mainland shoreline (Ma-
comber and Allen 1979), the 1990s seagrass survey
concentrated on mapping only the larger, high
percent cover beds in the central and eastern por-
tions of the bay and less effort was expended in
surveying the bay’s western shoreline (McClain
and McHale 1996). The bottom substrate along
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TABLE 2. Comparison of predicted versus observed distribu-
tions (in ha) of eelgrass for the 1990s survey (area in ha). For
spring: * % correct = 17,194/26,070 = 66.0%, ** Error of com-
mission = 7,733/12,673 = 61.0%, *** Error of omission =
1,143/6,083 = 18.8%, and Kappa statistic = 0.31. For summer:
* 9% correct = 17,848/26,070 = 68.5%, ** Error of commission
= 5,856/9,673 = 61.2%, *** Error of omission = 2,366/6,083
= 38.9%, and Kappa statistic = 0.26.

Predicted Predicted
Seagrass Seagrass
Observed Absent Present Total

Spring Model

Seagrass Absent 12,254 7,733%% 19,987

Seagrass Present 1,143%%* 4,940%* 6,083

Total 13,397 12,673 26,070
Summer Model

Seagrass Absent 14,131%* 5,856%* 19,987

Seagrass Present 2,366% 3,717%* 6,083

Total 16,497 9,573 26,070

these mainland shoreline areas may not be suitable
for eelgrass in many areas. Sediments along the
barrier island side of the bay are primarily fine to
medium sands, with muddy sand and silt-clay sed-
iments in the deeper regions and along the main-
land side of the bay (Chizmadia et al. 1984). The
only places where extensive eelgrass beds were doc-
umented to occur were westward of Barnegat Inlet,
where the substrate has a higher sand component.

An additional area of major disagreement for
both the 1990s comparison was identified in the
extreme southern end of the study area in the
southern third of Little Egg Harbor (Fig. 4). Over
one-quarter of the commission errors in the 1990s
comparison (26.6% for the spring, 34.4% for the
summer model) are due to this area. If this area is
excluded, the percent correct increases for the re-
mainder of the bay to 69.5% and 72.2% (Kappa
statistic = 0.37 and 0.35) for the spring and sum-
mer models, respectively. Although there appears
to be an adequate light environment, this area has
not supported extensive eelgrass beds during the
1970s, 1980s, or 1990s. It is interesting to note that
Great Bay, the next estuary south, does not support
eelgrass either. These two estuarine systems are
closely connected with water flow as they share the
same ocean inlet, Little Egg Inlet, as well as nu-
merous tidal creek connectors. It is unclear what
is limiting the eelgrass distribution in this region.

Though the Secchi disk model is relatively sim-
plistic, it does explain over two-thirds of the vari-
ability in the spatial distribution of seagrass. While
this does not conclusively prove that water trans-
parency is the causal factor, it does show a strong
association. The majority of the model error is due
to errors of commission, i.e., the model predicts
seagrass occurrence where it was not observed to
occur. Most of this commission error is located in
specific geographic areas (i.e., southern third of

Little Egg Harbor and the western shoreline of the
bay). The model is useful in highlighting areas of
disagreement between the predicted and observed
distributions where factors other than water trans-
parency may be a controlling influence.

EVALUATION OF ALTERNATIVE WATER COLUMN
TURBIDITY SCENARIOS

Water column turbidity is generally higher in the
northern bay (Zone 1, mean Secchi depth is 0.6
m) than the southern bay (Zones 2 and 3, mean
Secchi depth 0.8 m) during summer when phyto-
plankton biomass is highest (Styles et al. 2001).
This pattern of higher water turbidity in the north-
ern bay follows the pattern of greater watershed
development (Zone 1 watershed is 35% developed
as compared to 12% developed for Zones 2 and 3
watershed; Lathrop and Bognar 2001) as well as
greater nutrient loading (Moser 1997; Hunchak-
Kariouk et al. 1999) in the northern bay. To illus-
trate the possible ramifications of changes in wa-
tershed development on seagrass distribution, we
used the above model to examine the change in
seagrass distributions under two alternative water
quality scenarios.

In the first scenario, the summer Secchi depths
north of Toms River (Zone 1) were increased by
0.2 m. This scenario was designed to simulate a
change in land use/human activities in the north-
ern bay watershed (Zone 1) that would decrease
water column turbidity in the northern bay (cur-
rent average Secchi depth 0.6 m) to levels that are
similar to the current southern bay (Zones 2 and
3; average Secchi depth 0.8 m; Fig. 1). In the sec-
ond scenario, we increased the water column tur-
bidity throughout the bay by applying a Secchi
depth of 0.4 m to all regions. These Secchi depths
are 0.2 and 0.4 m lower (on average) than current
summer levels in the northern bay and southern
bay, respectively. This decreased the Secchi depths
in the whole bay to the lowest levels currently re-
ported in the northern bay during summer. A Sec-
chi depth of 0.4 m is similar to those reported for
summer in Rehoboth Bay, Delaware (one of the
Delaware Inland bays) (Lacouture and Sellner
1988), a region that has experienced total loss of
eelgrass (Orth and Moore 1988).

Under Scenario 1 with improved summer water
transparency in Zone 1, the model estimates an
increase in seagrass area, from 9,573 to 12,900 ha
(Table 3). Visual analysis of the model results (Fig.
5a) shows a spatial distribution in the northern bay
similar to that expected under existing spring sea-
son conditions (Fig. 4a). The declining water qual-
ity of Scenario 2 (baywide decrease of summer Sec-
chi depth to 0.4 m) results in a major decrease in
predicted seagrass area to 4,580 ha (Table 3). This



TABLE 3. Area estimates of seagrass distribution by zone for
the spring, summer, and scenario 1 and 2 models, along with
the observed distribution (based on summer data) during 1990s
surveys (area in ha). Analysis grid cell size = 1 ha.

Bay Spring Summer

Zone Model Model Scenario 1 Scenario 2 Observed
1 2,101 1,009 2,539 736 437
2 5,889 3,691 5,443 1,966 3,700
3 4,680 4,873 4,918 1,878 1,946

Total 12,673 9,573 12,900 4,580 6,083

equates to a decrease of over 50% compared to the
prediction under present conditions (9,573 ha)
and a decrease of 25% over that actually mapped
in the 1990s surveys. Visual analysis of the model
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results (Fig. 5b) shows that the northern half of
Barnegat Bay (north of Barnegat Inlet) would be
largely devoid of seagrass and the expansive beds
in the southern bay (central and northern Little
Egg Harbor) would be drastically reduced in ex-
tent.

Conclusions

Comparison of mapped surveys of seagrass dis-
tribution over the past four decades indicates that
the spatial distribution of many seagrass beds has
remained relatively stable over the time period.
The most recent surveys in the mid-late 1990s,
show loss and diminution of seagrass beds in some
areas of the bay. While comparison of the 1970s

Legend for Maps A and B

Bl Seagrass
" No Seagrass
No Data

A. Scenario 1

B. Scenario 2

Fig. 5. Map of the predicted seagrass distribution under different water quality scenarios. A) Scenario 1 of increased water trans-
parency in Zone 1. B) Scenario 2 of decreased water transparency to a Secchi depth of 0.4 m.
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and 1980s maps with the 1990s survey shows an
overall decrease of over 2,000 ha in total seagrass
area, we are cautious in directly attributing the de-
crease in mapped eelgrass acreage to a large-scale
dieback due to the great difference in mapping
methods used for each of the surveys. To conclu-
sively demonstrate changes in seagrass distribution
requires well documented, consistent mapping
techniques such as the photogrammetric protocols
advocated by the NOAA Coastal Change Analysis
program (Dobson et al. 1995) repeated over time.

Increased water column turbidity is thought to
be a major contributor to observed declines in sea-
grasses worldwide (Short and Wyllie-Echevarria
1996). To examine the influence of water trans-
parency on the spatial distribution of seagrasses in
Barnegat Bay, we combined data on Secchi depth
throughout the bay with an existing model of the
relationship between Z. marina compensation
depths and light attenuation coefficients to predict
the presence-absence of seagrass. Our objective
was to develop a simple but robust model that
could be feasibly applied across an entire estuary
area. When compared with mapped seagrass dis-
tribution in the bay, the model correctly predicts
seagrass presence-absence over two-thirds of the
time. The Secchi depth-based model tends to over-
estimate the observed presence of seagrass, espe-
cially in two subareas of the bay: the extreme south-
ern end of the bay and the shallow shoreline areas
fringing the mainland shoreline of the bay. These
areas of commission error serve a useful purpose
in raising questions as to why the model doesn’t fit
well in these locations. What factors other than wa-
ter transparency are limiting seagrass in these areas
of the bay?

There is a large and expanding literature on sea-
grass ecology. However, it is “dominated by de-
scriptive research (> 60% of papers), with a pau-
city of efforts to synthesis results and derive gen-
eral relationships” resulting in “a present lack of
predictive ability, and scientific basis for the man-
agement of seagrass ecosystems’” (Duarte 1999, p.
7). In the current study we used a modified version
of a model that was developed using data collected
globally (Duarte 1991) and combined it with local
environmental data using a GIS approach. While
we recognize that the Secchi depth-based seagrass
model is comparatively simplistic, we feel it has val-
ue as a management tool to evaluate the potential
changes in the spatial distribution of seagrass un-
der different water quality scenarios. The spatially
distributed GIS approach allows us to account for
the spatial heterogeneity of environmental condi-
tions across the bay and predict the local presence
or absence of seagrass. Based on our model, we
predict that a decrease in water transparency to

match levels found in the Delaware Inland Bays
(Scenario 2 above) would decrease the spatial dis-
tribution of seagrass by over 50% of that predicted
under present conditions and by 25% over that ac-
tually mapped in the latest 1990s surveys. The few
field studies that have been conducted indicate
that due to recurring disease, nuisance algal
blooms, and periphyton infestations leading to sea-
sonal dieback (McClain and McHale 1996; Bolo-
gna et al. 2000), the long-term status of eelgrass
beds in Barnegat Bay is cause for concern. The
extent to which environmental conditions may
control these contributing factors to eelgrass de-
cline in Barnegat Bay (i.e., thereby facilitate mod-
eling) is presently unknown. While a number of
factors may be affecting the spatial distribution and
health of seagrasses in Barnegat Bay, continued
maintenance of existing water transparency levels,
at a minimum, is critical to the long-term sustain-
ability of these vital seagrass habitats.

ACKNOWLEDGMENTS

We thank Pete McLain for sharing the results of his 1990s
SAV surveys and Dave McKeon and Daniel Adams of the Ocean
County Planning Department for access to the digitized versions
of McLain’s 1996 surveys. We gratefully acknowledge Paul Bo-
logna for sharing the results of his 1999 seagrass survey in Little
Egg Harbor. We thank Ken Able for their help in getting access
to the 1970s and 1980s surveys and Bonnie Zimmer NJDEP for
access to the Secchi depth data from the NJDEP-NJGS monitor-
ing program. The assistance of Paul Bowers, Andrew Hendrick-
son, Robert Manning, and Anthony Pasquini in digitizing, data
processing, and graphics production is greatly appreciated. We
also acknowledge the contributions of two anonymous reviewers
whose comments greatly strengthened the resulting manuscript.
This research was supported in part by funding from the Bar-
negat Bay National Estuaries Program (to R. G. Lathrop and S.
P. Seitzinger) and New Jersey Sea Grant (to S. P. Seitzinger)
(NJSG-01-456).

LITERATURE CITED

BoLoGNA, P., K. ABLE, R. G. LATHROP, AND P. B. BOWERS. 2000.
Assessment of the health and distribution of submerged
aquatic vegetation from Little Egg Harbor, New Jersey. Tech-
nical Report #2000-11, Institute of Marine and Coastal scienc-
es, Rutgers University, New Brunswick, New Jersey.

BURKHOLDER, JR., J. M., H. B. GLASGOW, AND J. E. COOKE. 1994.
Comparative effects of water-column nitrate enrichment on
eelgrass Zostera marina, shoalgrass Halodule wrightii, and wid-
geongrass Ruppia maritima. Marine Ecology Progress Series 105:
121-138.

CHIZMADIA, P. A., M. J. KENNISH, AND V. L. OHORI. 1984. Physical
description of Barnegat Bay, p. 1-28. In M. J. Kennish, and
R. A. Lutz (eds.), Ecology of Barnegat Bay, New Jersey. Spring-
er-Verlag, New York.

CONGALTON, R. 1991. A review of assessing the accuracy of clas-
sifications of remotely sensed data. Remote Sensing of Environ-
ment 37:35-46.

Davis, J. C. 1986. Statistics and Data Analysis in Geology. John
Wiley & Sons, New York.

DENNISON, W. C. 1987. Effects of light on seagrass photosynthe-
sis, growth and depth distribution. Aquatic Botany 27:15-26.
DENNISON, W. C., G. J. MARSHALL, AND C. WIGAND. 1989. Effect

of “brown tide” shading on eelgrass (Zostera marina) distri-



butions, p. 675-692. In E. M. Cosper, V. M. Bricelj, and E. J.
Carpenter (eds.), Coastal and Estuarine Studies. Springer-Ver-
lag, New York.

DENNISON, W. C., R. J. OrTH, K. A. MOORE, J. C. STEVENSON, V.
CARTER, S. KOLLAR, P. W. BERGSTROM, AND R. A. BATIUK. 1993.
Assessing water quality with submersed aquatic vegetation.
BioScience 43:86-94.

DossoN, J. E., E. A. BRIGHT, R. L. FERGUSON, D. W. FIELD, L. L.
Woopb, K. D. HADDAD, H. IREDALE, J. R. JENSEN, V. V. KLEMAS,
R. J. OrTH, AND J. P. THOMAS. 1995. NOAA Coastal Change
Analysis Program (C-CAP): Guidance for regional implemen-
tation. National Oceanic and Atmospheric Administration
Technical Report NMFS 123, Seattle, Washington.

DuArTE, C. M. 1991. Seagrass depth limits. Aquatic Botany 40:
363-377.

DUARTE, C. M. 1999. Seagrass ecology at the turn of the millen-
nium: Challenges for the new century. Aquatic Botany 65:7—-
20.

FERGUSON, R. L., L. L. Woob, aND D. B. GRAHAM. 1993. Moni-
toring spatial change in seagrass habitat with aerial photog-
raphy. Photogrammetric Engineering and Remote Sensing 59:1033—
1038.

FERGUSON, R. L. AND K. KORMACHER. 1997. Remote sensing and
GIS analysis of seagrass meadows in North Carolina, USA.
Aquatic Botany 58:241-258.

GALLEGOS, C. L. 1994. Refining habitat requirements of sub-
mersed aquatic vegetation: Role of optical models. Estuaries
17:187-199.

GALLEGOS, C. L. AND W. J. KENWORTHY. 1996. Seagrass depth
limits in the Indian River Lagoon (Florida, USA): Application
of an optical water quality model. Estuarine, Coastal and Shelf
Science 42:267-288.

GIESEN, W. B. J. T., M. M. VAN KATWIK, AND C. DEN HARTOG.
1990. Eelgrass condition and turbidity in the Dutch Wadden
Sea. Aquatic Botany 37:71-85.

Goop, R. E,, J. LivB, E. LyszCZEK, M. MIERNIK, C. OGROSKY, N.
Psuty, J. RYAN, AND F. SICKELS. 1978. Analysis and delineation
of submerged vegetation of coastal New Jersey: A case study
of Little Egg Harbor. Center for Coastal and Environmental
Studies, Rutgers University, New Brunswick, New Jersey.

HALL, M. O., M. J. DURAKO, J. W. FOURQUREAN, AND . C. ZIEMAN.
1999. Decadal changes in seagrass distribution and abun-
dance in Florida Bay. Estuaries 22:445-459.

HiLimaN, K., D. I. WALKER, A. W. D. LARKUM, AND A. J. McCOMB.
1989. Productivity and nutrient limitation, p. 635-685. In A.
W. D. Larkum, A. J. McComb, and S. A. Shepherd (eds.),
Biology of Seagrasses. Elsevier, Amsterdam.

HUNCHAK-KARIOUK, K., R. S. NicHOLSON, D. E. RicE, AND T. 1.
IVAHNENKO. 1999. A synthesis of currently available informa-
tion on freshwater. Water-quality conditions and nonpoint-
source pollution in the Barnegat Bay watershed. Technical
Report from the U.S. Geological Survey to the Barnegat Bay
National Estuaries Program, West Trenton, New Jersey.

Joserw, J., K. PURDY, AND B. FIGLEY. 1992. The influence of water
depth and bottom sediment on the occurrence of eelgrass in
Barnegat, Manahawkin and Little Egg Harbor bays. Marine
Fisheries Administration, New Jersey Department of Environ-
mental Protection and Energy, Nacote Creek, New Jersey.

KocHh, E. W. AND S. BEER. 1996. Tides, light and the distribution
of Zostera marina in Long Island Sound, USA. Aquatic Botany
53:97-107.

LACOUTURE, R. V. AND K. G. SELLNER. 1988. Phytoplankton and
nutrients in Delaware’s inland bays, p. 6-83. In K. G. Sellner,
Phytoplankton, Nutrients, Macroalgae and Submerged Aquat-
ic Vegetation in Delaware’s Inland Bays 1985-1986. Report
prepared by Benedict Estuarine Research Laboratory, Acad-
emy of Natural Sciences, Philadelphia, Pennsylvania.

LARKUM, A. W. AND C. DEN HARTOG. 1989. Evolution and bio-
geography of seagrasses, p. 112-156. In A. W. D. Larkum, A.

GIS Modeling of Seagrass Distribution 915

J. McComb, and S. A. Shepherd (eds.), Biology of Seagrasses.
Elsevier, Amsterdam.

LATHROP, R. G. AND J. A. BOGNAR. 2001. Habitat loss and alter-
ation in the Barnegat Bay region. journal of Coastal Research
32:212-228.

LatHror, R. G., J. A. BOGNAR, A. C. HENDRICKSON, AND P. D.
Bowers. 2001. Data synthesis report for the Barnegat Bay es-
tuary program: Habitat loss and alteration, Appendix 3. In M.
Kennish (ed.), Characterization Report for Banegat Bay-Little
Egg Harbor Estuary and Watershed. JCNERR Contribution
No. 100-5-01. Institute of Marine and Coastal Science, Rutgers
University, New Brunswick, New Jersey.

MACOMBER, R. T. AND D. ALLEN. 1979. The New Jersey sub-
merged aquatic vegetation distribution atlas final report.
Earth Satellite Corporation, Washington, D.C.

MADDEN, C. J. AND W. M. KEmp. 1996. Ecosystem model of an
estuarine submersed plant community: Calibration and sim-
ulation of eutrophication responses. Estuaries 19:457-474.

McLAIN, P. AND M. MCHALE. 1996. Barnegat Bay eelgrass inves-
tigations 1995-1996, p. 165-172. In G. Flimlin and M. Ken-
nish (eds.), Proceedings of the Barnegat Bay Ecosystem Work-
shop. Rutgers Cooperative Extension, Toms River, New Jersey.

MooRE, K. A., H. A. NECKLES, AND R. J. OrRTH. 1996. Zostera
marina (eelgrass) growth and survival along a gradient of nu-
trients and turbidity in the lower Chesapeake Bay. Marine Ecol-
0gy Progress Series 142:247-259.

Moorg, K. A. AND R. L. WETZEL. 2000. Seasonal variations in
eelgrass (Zostera marina L..) responses to nutrient enrichment
and reduced light availability in experimental ecosystems.
Journal of Experimental Marine Biology and Ecology 244:1-28.

MoOORE, K. A., R. L. WETZEL, AND R. J. ORTH. 1997. Seasonal
pulses of turbidity and their relations to eelgrass (Zostera ma-
rina) survival in an estuary. Journal of Experimental Marine Bi-
ology and Ecology 215:115-134.

MOSER, F. C. 1997. Sources and sinks of nitrogen and trace met-
als, and benthic macrofauna assemblages in Barnegat Bay,
New Jersey. Ph.D. dissertation. Rutgers University, The State
University of New Jersey, New Brunswick, New Jersey.

MuMBY, P. J., E. P. GREEN, A. J. EDWARDS, AND C. D. CLARK. 1997.
Measurement of seagrass standing crop using satellite and
digital airborne remote sensing. Marine Ecology Progress Series
159:51-60.

NEW JERSEY DEPARTMENT OF ENVIRONMENTAL PROTECTION. 1996.
New Jersey Geographic Information System CD-ROM Series
1, Vol. 4. Trenton, New Jersey.

ORrTH, R. J. AND K. A. MOORE. 1983. Chesapeake Bay: An un-
precedented decline in submerged aquatic vegetation. Science
222:51-53.

ORrTH, R. J. AND K. A. MOORE. 1988. Submerged aquatic vege-
tation in Delaware’s Inland Bays, p. 96-140. In K. G. Sellner
(ed.), Phytoplankton, Nutrients, Macroalgae and Submerged
Aquatic Vegetation in Delaware’s Inland Bays 1985-1986. Re-
port prepared by Benedict Estuarine Research Laboratory,
Academy of Natural Sciences, Philadelphia, Pennsylvania.

RoBBINS, B. D. 1997. Quantifying temporal change in seagrass
areal coverage: The use of GIS and low resolution aerial pho-
tography. Aquatic Botany 58:259-267.

SHEPHERD, S. P., A. J. McComB, D. BULTHUIS, V. NEVERAUSKAS,
D. A. STEFFENSEN, AND R. WEST. 1989. Decline of seagrasses,
p- 346-393. In A. W. D. Larkum, A. J. McComb, and S. A.
Shepherd (eds.), Biology of Seagrasses. Elsevier, Amsterdam.

SHORT, F. T. AND D. M. BURDICK. 1996. Quantifying eelgrass hab-
itat loss in relation to housing development and nitrogen
loading in Waquoit Bay, Massachusetts. Estuaries 19:730-739.

SHORT, F. T., D. M. BURDICK, AND J. E. KAaLDY III. 1995. Meso-
cosm experiments quantify the effects of eutrophication on
eelgrass, Zostera marina. Limnology Oceanography 40:740-749.

SHORT, F. T. AND S. WYLLIE-ECHEVERRIA. 1996. Natural and hu-



916 R. G. Lathrop et al.

man-induced disturbance of seagrasses. Environmental Conser-
vation 23:17-217.

SIGUA, G. C., J. S. STEWARD, AND W. A. TWEEDALE. 2000. Water-
quality monitoring and biological integrity assessment in the
Indian River Lagoon, Florida: Status, trends, and loadings
(1988-1994). Environmental Management 25:199-209.

STYLES, R. M., S. P. SEITZINGER, AND R. G. LATHROP. 2001. Data
synthesis report for the Barnegat Bay estuary program: Water
quality and primary production in the Barnegat Bay-Little
Egg Harbor Estuary, Appendix 2. /n M. Kennish (ed.), Char-
acterization Report for Barnegat Bay-Little Egg Harbor Estu-
ary and Watershed. JCNERR Contribution No. 100-5-01. In-
stitute of Marine and Coastal Science, Rutgers University, New
Brunswick, New Jersey.

TAYLOR, D. 1., S. W. NIxON, S. L. GRANGER, AND B. A. BUCKLEY.
1995. Impacts of different forms of nutrients on the roles of
coastal lagoons as nutrient sources or sinks—A mesocosm
study. Ophelia 42:353-370.

TwiLLEY, R. R., W. M. KEmP, K. W. STAVER, J. C. STEVENSON, AND
W. R. BOWWTON. 1985. Nutrient enrichment of estuarine sub-
mersed vascular plant communities. 1. Algal growth and ef-
fects on production of plants and associated communities.
Marine Ecology Progress Series 23:179-191.

U.S. ARMY CORPS OF ENGINEERS. 1976. Aquatic Plant Control
Project for the State of New Jersey: Design Memorandum No.
1. Philadelphia District, Philadelphia, Pennsylvania.

Warp, D. H., C. J. MARKON, AND D. C. DOUGLAS. 1997. Distri-
bution and stability of eelgrass beds at Izembek Lagoon, Alas-
ka. Aquatic Botany 58:229-240.

ZIEMAN, J. C., J. W. FOURQUREAN, AND R. L. IVERSON. 1989. Dis-
tribution, abundance and productivity of seagrasses and ma-
croalgae in Florida Bay. Bulletin of Marine Science 44:292-311.

ZIMMERMAN, R. C., A. CABELLO-PASINI, AND R. S. ALBERTE. 1994.
Modeling daily production of aquatic macrophytes from ir-
radiance measurements: A comparative analysis. Marine Ecol-
ogy Progress Series 114:185-196.

SOURCES OF UNPUBLISHED MATERIALS

KENNISH, M. 2001. Personal Communication. Rutgers University,
New Brunswick, New Jersey.

NEW JERSEY DEPARTMENT OF ENVIRONMENTAL PROTECTION, D1vI-
SION OF SCIENCE AND RESEARCH. Unpublished Data. CN 409,
State St. Trenton, New Jersey, 08625-0409.

Received for consideration, May 10, 2000
Accepted for publication, April 26, 2001



