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ABSTRACT: The widespread occurrence and persistence of modern day seagrass habitats has led
many to hypothesize that grazing on seagrasses is minimal. On a global scale this may well be true as
the numbers of large vertebrate herbivores (e.g. sea turtles, manatees and dugongs) and waterfowl,
grazers that can greatly alter seagrass density, have been dramatically reduced in coastal ecosystems.
Nonetheless, numerous observations indicate that smaller herbivores (e.g. the bucktooth parrotfish
Sparisoma radians), grazers that may not be able to reduce seagrass density substantially, still commonly feed on seagrasses in the subtropical and tropical western Atlantic Ocean. These observations
led us to quantify the role that seagrass herbivory plays in modern-day seagrass food webs. In the first
phase of this study, digitally scanned seagrass leaves were clipped to ropes and placed at 3 sites in
Hawk Channel, in the northern Florida Keys (USA). Areal loss from the tethered leaves provided a
daily estimate of seagrass grazing rates. These losses, coupled with local estimates of net aboveground primary production, allowed us to determine the proportion of seagrass production consumed
at our study sites during 4 separate seasons. We found that seagrass grazing varied greatly both spatially and seasonally at our sites but, on average, grazers consumed virtually all of the aboveground
production at 2 of the 3 sites. When experiments were repeated in the summer of a second year at 6
sites, seagrass grazing again varied greatly among sites, but at 3 of the sites most of the daily production of seagrass shoots was consumed by small herbivorous fishes. These results suggest that
while it is undoubtedly true that modern day grazing by mammals, turtles and waterfowl on seagrass
is reduced, small vertebrate grazers consume substantial amounts of seagrass production in the
northern Florida Keys.
KEY WORDS: Carbon · Nitrogen ratios · Florida Keys · Herbivory · Parrotfish · Production · Seagrass ·
Tethering · Thalassia testudinum
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INTRODUCTION
The proportion of seagrass production reaching
higher order consumers via the grazing pathway is
reported to be low in most locations (< 30% of annual
net aboveground primary production) (e.g. Fenchel
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1970, 1977, Kikuchi & Peres 1977, Nienhuis & Van Ierland 1978, Kikuchi 1980, Thayer et al. 1984, Nienhuis
& Groenendijk 1986, Valiela 1995). While this may be
true in some areas, seagrasses are readily consumed in
many others (Randall 1965, 1967, Lawrence 1975,
Kirkman & Reid 1979, Lobel & Ogden 1981, Klumpp &
Nichols 1983a,b, Valentine & Heck 1991, 1999, Montgomery & Targett 1992, Klumpp et al. 1993, Mitchell et
al. 1994, Cebrián et al. 1996, Pinto & Punchihewa 1996,
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Havelange et al. 1997, Valentine et al. 1997, 2000). In
some cases, grazing by herbivorous fishes, waterfowl,
and sea urchins can be so intense as to control both
seagrass productivity and density (see Lodge et al.
1998, Valentine & Heck 1999). Clearly, in these areas
the importance of seagrass grazing is great, and there
remains a need to better understand the factors that
control spatial and temporal variability in seagrass
consumption.
The historical overharvesting of green sea turtles,
sirenians, and waterfowl has undoubtedly led to
reduced grazer impacts on seagrass density in many
areas (Jackson 1997, Valentine & Heck 1999). It has
also been hypothesized that the threat of predation
from both pelagic and reef -resident piscivorous fishes
limits seagrass grazing in pristine reef environments
(Ogden et al. 1973, Morse 1977, Ogden & Zieman
1977, Dubin & Baker 1982, Macintyre et al. 1987). Evidence supporting this hypothesis, however, remains
elusive. Observational data suggest that while predation risk may limit grazing by larger herbivorous fishes
on seagrasses to the base of coral reefs, it does not
seem to limit feeding by smaller species of parrotfishes
(e.g. bucktooth parrotfish Sparisoma radians) that hide
within, and feed on, seagrasses far removed from coral
reefs (Randall 1965, Ogden & Zieman 1977, Robertson
& Warner 1978, Weinstein & Heck 1979, Lobel &
Ogden 1981, Macintyre et al. 1987, Greenway 1995,
Montague et al. 1995, McAfee & Morgan 1996). Macintyre et al. (1987), for example, showed that the size of
parrotfish bites on seagrass leaves in Belize decreased
with distance from a reef. Grazing, however, remained
high as far as 100 m away from the reef where some
80% of leaves were bitten by small parrotfish. Similarly, Ogden & Zieman (1977) discovered that while
bite size on seagrass leaves decreased with increasing
distance from a reef in the Virgin Islands, an overfished location (Ogden et al. 1973, Hay 1984a), the
number of parrotfish bites did not decrease significantly with distance, but instead increased with distance from the reef. Although data exist for only these
2 locations in the Caribbean Sea, it seems that small
parrotfish grazing on seagrasses may still represent an
important energy pathway.
We believe that seagrasses have characteristics that
have led investigators to underestimate the magnitude
of grazing by smaller grazers such as juvenile parrotfish and sea urchins (Valentine & Heck 1999). Unlike
wholly exposed marine macroalgae, which are often
very heavily grazed, many seagrass species possess
rhizome and short shoot meristems that are located
within the sediment. This means that regenerative tissues are probably not accessible and easily damaged
by most small grazers. This partial refuge from consumption may allow seagrasses to quickly overcome

grazer-induced damage to aboveground tissues (cf.
Valentine et al. 1997, 2000). It is noteworthy, however,
that when meristems are exposed, grazers can dramatically reduce seagrass density and biomass (Maciá &
Lirman 1999, Rose et al. 1999).
In contrast to estimating grazing rates on macroalgae, accurate estimates of consumption by small grazers may be further hindered by the sequential leaf
growth of many seagrasses. Put simply, while an outer
leaf is being consumed another leaf is being produced
in the interior of the leaf bundle (Tomlinson & Vargo
1966, see also Valentine & Heck 1999). When taken
together, these characteristics illustrate some of the
difficulties in accurately estimating seagrass consumption by smaller marine herbivores such as sea urchins
(Valentine et al. 2000) and herbivorous fishes (this
study) that do not usually consume whole shoots. They
also suggest that estimates of energy flow from seagrasses to higher order consumers based solely on
changes in seagrass density may be too low (Valentine
& Heck 1999).
In this paper, we directly estimate the proportion of
seagrass production consumed by parrotfishes in the
Florida Keys National Marine Sanctuary (USA). Using
tethered leaves, we show that grazing on seagrasses
varies greatly both spatially and temporally, but that
the proportion of living seagrass consumed at our
study sites is much greater than currently thought.
From our data it seems clear that the importance of
seagrass grazing in food web dynamics has been
greatly underestimated in subtropical settings like the
Florida Keys.

MATERIALS AND METHODS
Description of the study sites. Our study sites were
haphazardly located within Hawk Channel, which is
located along the southeastern coast of the Florida
Keys, USA, in an area included in the Florida Keys
National Marine Sanctuary (Fig. 1). Experiments were
begun in December 1995 and repeated in May, July,
and November of 1996. These months were selected to
evaluate the degree to which grazing on seagrasses
varies seasonally in this subtropical setting.
Our first experiment was conducted at 2 sites in December 1995. One site was located within Hawk Channel and called the Mid-Channel site. The Mid-Channel
site (25° 00.17’ N, 80° 25.43’ W) was characterized by a
large, monospecific stand of turtlegrass Thalassia testudinum located in approximately 6 m of water. The second site was just inshore of a low-relief reef known as
Pickles Reef (the Pickles Site). The Pickles Site was
located approximately 100 m north of Pickles Reef
(24° 59.28’ N, 80° 25.02’ W). This grassbed, located in ap-
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crease the spatial scale of our
previous experiments. This time
6 haphazardly selected sites were
used. They included a new site
located approximately 200 m
west-northwest of Conch Reef
(24° 57.45’ N, 80° 28.00’ W). This
reef has a more developed crest
than does the Pickles Site and
was located in a mixed stand
of seagrasses consisting of both
turtlegrass and manatee grass
Syringodium filiforme. Two additional sites were located near
patch reefs in Hawk Channel.
One was the original Patch Reef
37 site, and the second site was
near another isolated patch reef
site (Patch Reef 39). Patch Reef 39
was located near channel marker 39 (25° 00.49’ N, 80° 27.47’ W)
Key Largo
which was also within a continuous turtlegrass habitat. Water
Patch Reef 37
depth was approximately 4 m at
Triangles 1
Triangles 2
this site.
Florida Bay
Mid-Channel
Two more sites were located
Pickles
Patch Reef
in an area of Hawk Channel
Conch
known as the Triangles. Both
the Triangles 1 site (25° 01.60’ N,
80° 25.61’ W) and the Triangles
2 site (25° 00.92’ N, 80° 26.48’ W)
were located in monospecific
stands of turtlegrass. Both TrianFig. 1. Study site locations in the northern Florida Keys. Flags indicate transect station
locations
gles sites were near the original
Mid-Channel site, which was
used again in August 1998.
Estimates of seagrass grazing by fishes. We modiproximately 3 m of water, was dominated by turtlegrass
fied a previously used tethering approach to estimate
as well. Interspersed within this seagrass meadow were
unvegetated sand patches of varying sizes.
grazing on seagrasses. Macrophyte tethering has been
used to study how herbivores control macroalgal distriDuring May, July, and November of 1996 we conbution and community structure on coral reefs (e.g.
ducted experiments at 3 haphazardly selected sites.
Hay 1981, 1984b, Lewis 1985, Macintyre et al. 1987)
The sites included the original Mid-Channel, and Pickand to estimate herbivore consumption of mangrove
les sites, plus 1 new site located further inshore near
the southern end of Key Largo (the Patch Reef 37 site).
leaves (Robertson 1986, Micheli 1993).
In our study, turtlegrass leaves were attached to
The Patch Reef 37 study site was near Channel Marker
60 cm lengths of sisal rope with clothespins. We chose
37 (25° 02.24’ N, 80° 25.25’ W) in approximately 4 m of
to tether turtlegrass leaves because Thalassia testuwater. Turtlegrass was the only seagrass at this site
dinum is the dominant seagrass species in the tropical
and it extended to the edge of a small, isolated patch
and subtropical western Atlantic Ocean and covers
reef. The addition of this third site provided the oppormuch of the bottom in the northern Florida Keys (Zietunity to examine how seagrass grazing varies along
man 1982, Fourqurean et al. 2002). Sisal rope was
an offshore-onshore gradient.
chosen because it is a natural fiber whose color (light
Experiments were repeated again in August 1998 to
tan) blended well with the sandy sediments at our
replicate testing conducted in the summer 1996. The
study sites. Each tether consisted of 3 seagrass shoots
goals of this final experiment were to assess the degree
attached to a single sisal rope. Each tethered shoot
to which seagrass grazing varies annually and to in-
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consisted of all of the undamaged leaves (usually 3)
from individual turtlegrass shoots. Leaves were considered to be undamaged if no signs of grazing (i.e.
jagged edges indicative of urchin grazing or crescent
shaped bite marks indicative of small parrotfish grazing) were found (cf. Hay 1984a). The shoots used in all
of these experiments were collected from a boat channel located just north of Rodriquez Key (Fig. 1). Undamaged shoots were readily available in all seasons
at this location.
Four replicate tethers (totaling 12 shoots at Site 1)
were placed within a continuous seagrass habitat, at
each study site, for 24 h. The tethers were secured to
the bottom with wire stakes inserted at both ends of
the sisal line. Tethers were placed approximately 0.5 m
apart. Care was taken to ensure that the ends of the
clothespins were pushed in the sediments such that the
shoots were held upright, thus simulating natural shoot
orientation. After 24 h, the tethers were collected and
replaced with new ones. The process continued for 5 to
7 d, except in November 1996 when inclement weather
reduced the experimental period to 3 d.
We estimated tethered leaf losses to grazers with the
aid of a Scanman digital hand scanner (Logitech,
Freemont, CA). Once scanned, leaf surface area was
determined using Sigma-Scan image analysis software
(SPSS, Chicago, IL). Leaf tissue lost to grazers during
the 24 h period was determined by subtracting the initial measurement of leaf area (Fig. 2a) from leaf area
remaining after 24 h (Fig. 2b). Leaves that appeared to
be torn, rather then grazed, were excluded from statistical analyses. Such damage was infrequent in this
study.
The net aboveground turtlegrass production (NAPP)
was measured at each site using a modified hole punch
technique (Kirkman & Reid 1979). All turtlegrass short
shoots within 3 haphazardly placed 0.01 m2 quadrats
were marked by punching a hole, with a blunt point
probe, through all leaves at the top of each short shoot
sheath. After 6 d, all marked shoots within each
quadrat were collected and returned to the laboratory.
In the laboratory, the leaves were separated from the
shoots at the top of each short shoot sheath. Once
removed, the surface area of all leaves in each shoot
was measured as described above. The area of new
leaf growth (recorded in cm2 d–1) was defined as the
distance between the initial marking scar and bottom
of the leaf, plus any new unmarked leaves formed during the 6 d period. Growth was summed from all
marked shoots and, then calculated both on a per
meter square and a short-shoot specific basis to standardize our estimates with the work of others. Shootspecific growth (cm2 shoot–1 d–1) was calculated by
dividing NAPP by the number of shoots within each
quadrat. This value was compared to the amount of

area lost to herbivores to provide an estimate of the
daily proportion of shoot-specific production consumed by fishes. Estimates of areal NAPP and short
shoot specific growth were then converted to biomass
(both as g m–2 d–1 and g shoot–1 d–1) by drying scanned
leaf material to a constant weight at 60°C. We also
recorded the number of parrotfish bites on all marked
leaves.
In addition, aboveground seagrass biomass (dry
mass, DM: g m–2) was estimated from the harvested
shoots. Aboveground seagrass biomass for each site
was estimated by averaging all the dried aboveground
leaf material from the 3 quadrats.
Spatial extent of fish grazing: To determine the
extent to which the study sites were representative of
parrotfish grazing on seagrasses throughout the northern Florida Keys, in July 1996 turtlegrass shoots were
collected at 29 stations along a 96 km transect through
the center of Hawk Channel (see Table 1 for station
locations). The transect started southeast of Elliot Key
and followed Hawk Channel southwest to just offshore
of Duck Key. Stations were located at approximately
4.8 km intervals along the transect. At each station,
haphazardly chosen turtlegrass shoots were collected

Fig. 2. Digital images of tethered leaves (a) before and (b)
after being deployed in the field for 24 h
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and returned to the lab for analysis. In the laboratory,
all leaves were examined for evidence of parrotfish
grazing based on the incidence of a clearly distinguishable crescent-shaped bite mark (cf. Hay 1984a).
Testing for seagrass tethering artifacts: As the use of
tethering has increased in ecology, so has its criticism
(Barbeau & Scheibling 1994, Zimmer-Faust et al. 1994,
Peterson & Black 1994, Micheli 1996, Benedetti-Cecchi
& Cinelli 1997, Curran & Able 1998). While critiques
have focussed on the experimental artifacts associated
with animal tethering, it is possible that the tethering
of marine macrophytes also has, as yet, unrecognized
artifacts (cf. Aronson & Heck 1995, McGuinness 1997).
We hypothesized that the tethered leaves represented
a novel prey that might differ either nutritionally or
morphologically from leaves growing at the study sites.
If true these differences could have led, depending on
the nature of the artifact, to either over- or underestimates of seagrass grazing.
To obtain clear images, seagrass leaves were blotted
dry, then scanned. Some herbivorous fishes (i.e. buck-

Table 1. Stations location for July 1996 transect survey of
grazing in the Hawk Channel and percentage of grazed
shoots

Station ID

N1
N3
N4
N5
N6
N7-D
N7-S
N8-S
N9-D
N9-S
N10-D
N10-S
N11-D
N11-S
S1
S2
S3-D
S3-S
S4-D
S5-D
S5-S
S6-D
S6-S
S7-S
S8-D
S8-S
S9-S
S10-D
S10-S

Location

25° 25.8’ N, 80° 25.3’ W
25° 07.8’ N, 80° 21.2’ W
25° 15.6’ N, 80° 19.5’ W
25° 13.1’ N, 80° 17.9’ W
25° 13.6’ N, 80° 16.2’ W
25° 19.1’ N, 80° 15.0’ W
25° 19.0’ N, 80° 14.3’ W
25° 21.0’ N, 80° 12.6’ W
25° 23.5’ N, 80° 12.0’ W
25° 26.2’ N, 80° 11.3’ W
25° 26.5’ N, 80° 10.7’ W
25° 26.2’ N, 80° 10.2’ W
25° 29.2’ N, 80° 09.0’ W
25° 29.1’ N, 80° 09.4’ W
24° 58.8’ N, 80° 29.7’ W
24° 56.7’ N, 80° 32.1’ W
24° 55.7’ N, 80° 35.7’ W
24° 54.9’ N, 80° 34.6’ W
24° 53.6’ N, 80° 38.4’ W
24° 52.2’ N, 80° 41.0’ W
24° 51.3’ N, 80° 40.0’ W
24° 50.8’ N, 80° 43.8’ W
24° 49.8’ N, 80° 42.9’ W
24° 49.2’ N, 80° 45.7’ W
24° 48.0’ N, 80° 49.5’ W
24° 46.7’ N, 80° 48.5’ W
24° 47.3’ N, 80° 51.3’ W
24° 45.7’ N, 80° 54.9’ W
24° 44.6’ N, 80° 54.5’ W
Mean

% of shoots
suffering herbivory
60
40
40
0
30
60
60
90
60
0
50
10
80
20
60
30
10
40
10
10
10
80
0
60
0
30
10
0
0
32.76 ± 28.27

75

tooth parrotfish are reported to forage preferentially
on seagrasses with elevated epiphyte coverage (Lobel
& Ogden 1981, Montague et al. 1995). Therefore,
either blotting or scanning may have resulted in the
loss of attached epiphytes, possibly producing an
underestimate of fish grazing. To assess the importance of this potential artifact, we placed pairs of
scanned and unscanned shoots at Conch Reef in
August 1998. Leaves were replaced at 24 h intervals
for 4 consecutive days. A comparison of the number of
bites on each of the scanned and unscanned leaves
was used to assess the degree to which the scanning
process affected grazing preferences.
The C:N ratio of seagrass leaves varies greatly
throughout the Florida Keys (Fourqurean et al. 1992).
Because leaf nutritional quality (expressed as the
carbon:nitrogen or C:N ratio) has been suggested to
influence fish grazing on seagrasses (cf. McGlathery
1995), we also compared the C:N ratios of turtlegrass
leaves collected from each study site and leaves collected from Rodriquez Key in May 1996 and August
1998. The leaves used for the tethering experiments
were always collected from the boat channel at
Rodriquez Key, where we found little evidence of seagrass grazing. Thus, it was possible that potentially
important nutritional differences (in terms of the C:N
ratio) could exist between the leaves growing at
Rodriquez Key and those at our study sites. If true, it
was again possible that our estimates of seagrass grazing might be biased.
To test the hypothesis that the C:N ratios of leaves
used for our tethers varied from the leaves growing at
each of the study sites, we collected leaves from 10
shoots selected from the experimental sites and eleven
shoots from those collected at Rodriguez Key. Epiphytes were removed, the shoots were dried to a constant weight at 60°C, and then they were ground into a
powder using a Wiley Intermediate Grinding Mill™.
The C:N ratios of these leaves were determined using
an NA1500 N/C/S analyzer™ (Carlo Erba, Milan).
Leaves collected from the boat channel at Rodriquez
Key appeared to be longer and wider, than the seagrass leaves at our study sites. We considered the possibility that these larger leaves might attract grazers,
possibly leading to exaggerated estimates of grazing.
Therefore the lengths and widths of tethered leaves
collected from Rodriquez Key were compared to the
lengths and widths of leaves harvested from the production quadrats at each study site. These comparisons
were made during each season of this study.
To further consider the possibility that grazers were
preferentially feeding on tethered leaves, we compared the number of bites on tethered leaves with the
number of bites per leaf on shoots collected from the
production quadrats in each season. We hypothesized
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that if the tethered leaves were grazed at some anomalously high rate than there would be significantly
more bites on our tethered leaves than on the leaves
harvested from our production quadrats.
Finally, to ensure that losses on tethered leaves were
due to parrotfish grazing and not to unidentified physical processes, 2 sisal ropes containing tethered shoots
were placed in a wire mesh cage at the Triangles 2 site
in August 1998. The shoots were left in the cage for 7 d
and on each day the leaves were inspected to determine if any damage of any kind had occurred during
the preceding 24 h.
Statistical analysis. Seasonal and spatial scales of
fish grazing on turtlegrass: Prior to testing the
hypotheses that grazing varied both seasonally and
spatially in the northern Florida Keys, leaf losses were
averaged (on a per shoot basis) for the shoots on each
rope. Thus, each replicate was the average amount of
leaf loss per shoot on each rope. Losses were then converted to the proportion of daily shoot production consumed at each site. Since many of the proportions were
greater than 1 (due to the extraordinarily high grazing
rates recorded at some sites), all were divided by 100,
then arcsine square root transformed (Sokal & Rohlf
1981) before statistical analysis.
To test the hypothesis that grazing varied seasonally in the northern Florida Keys, we pooled the estimated proportions of leaf tissue grazed at all sites in
each month. In this comparison, time was considered
to be the treatment. Results from Levene’s test indicated that these transformed data violated the homogeneity of variance assumption for ANOVA. Therefore, a nonparametric Kruskal-Wallis 1-way ANOVA
was used to compare the ranked transformed daily
proportions of production removed each month.
When significant differences were detected, the nonparametric Games-Howell multiple comparison test
was used for a posteriori comparisons among months.
The Games-Howell test is a conservative pairwise
comparison that is used when the variance is unequal
(Games & Howell 1976, Sokal & Rohlf 1981).
To determine if grazing varied spatially, a separate
Kruskal-Wallis 1-way ANOVA on ranks was also performed for each month, except December, comparing
the mean proportions of daily production consumed at
each site. In this case, each day was considered to be a
replicate and each replicate represented the average
leaf loss (per shoot) on each tether. Nonparametric
tests were again used due to violations of the homogeneity of variance assumption. When significant
differences were found, the Games-Howell multiple
comparison test was again used to make post-hoc comparisons. Because there were only 2 sites (Pickles and
Mid-Channel) in December, the nonparametric MannWhitney test was used.

Spatial differences in NAPP, short shoot density and
aboveground biomass, collected from the marked
quadrats, were compared using a 1-way ANOVA with
sites as treatments, following the examination of the data
for the validity of the model’s assumptions. The equality
of variance assumption of ANOVA was tested using Levene’s test for homogeneity. Normality was tested using
the Shapiro-Wilk test. When significant treatment effects
were detected, post-hoc comparisons were made using
a least significant difference’s procedure.
p-values less than 0.05 were considered to be significant. p-values between 0.05 and 0.10 were considered
to be marginally significant.
Analysis of tethering artifacts: We used a series of
four, 2 sample t-tests to determine the degree to which
the scanning of the seagrass leaves might have altered
grazing estimates. Again each rope containing multiple shoots represented an individual replicate. Similarly, we used 2 sample t-tests, conducted for each
season, to determine whether parrotfishes may have
attacked tethered leaves at higher rates than the
leaves collected in our production quadrats occurring
at our sites. We did this by comparing the average
number of leaf bites per tethered shoot to the average
number of bites per leaf collected from the production
samples. To further assess the degree to which grazing
on tethered seagrass leaves reflected grazing on leaves
growing at the study sites, we also calculated the correlation between the total number of leaf bites on each
rope with the number of bites on leaves collected from
production quadrats.
Finally, to assess the degree to which the nutritional
artifacts associated with the use of leaves collected from
Rodriquez Key boat channel, we used ANOVA to determine if the C:N ratios of the tethered leaves varied significantly from the leaves growing at our study sites.
When significant differences were detected we used a
least significant difference (LSD) test to compare differences in either the leaf C:N ratios or leaf morphology
among sites. We used a series of 2 sample t-tests, conducted for each month and site of the survey, to determine if the morphology of the leaves used in our tethers
was different from the morphology of leaves growing at
our study sites. The results were again considered to be
significant when p < 0.05 and marginally significant
when p was between 0.05 and 0.10.

RESULTS
Seagrass production and biomass
Although seagrass growth, shoot density and biomass varied greatly among seasons, with only a few
exceptions these parameters did not vary significantly
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g DW m–2

g DW shoot–1 d–1

cm2 shoot–1 d–1
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Fig. 3. Net aboveground turtlegrass short shoot production measured by (a) leaf area and (b) biomass produced, (c) net aboveground primary production and (d) short shoot density at the study sites by month (mean ± 1 SD). Uppercase lettering indicates
sites that were statistically significantly different within the respective month. DW = dry weight
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g DW m–2

among sites. For example, shoot-specific leaf growth (in
terms of leaf area) ranged from a low of 0.28 cm2 shoot–1
d–1 in November 1996 to a high of 1.74 cm2 shoot–1 d–1
in July 1996 (Fig. 3a). However, only one significant
difference in leaf growth among sites was detected,
when in August 1998 we found that leaves were growing faster at the Triangles 2 and Conch sites, and slower
at the Mid-Channel site, than at any of the other
sites. Shoot-specific production (in terms of biomass)
mirrored that of shoot-specific leaf growth (Fig. 3b),
with biomass production lowest in November 1996
(0.66 g DW m–2 d–1) and highest in July 1996 (3.84 g DW
m–2 d–1) (Fig. 3c). Significant differences among sites
were noted only twice, in November 1996 and August
1998, and a marginally significant difference was noted
in May 1996. Clear patterns of habitat-specific growth,
however, were lacking (e.g. higher production at the
shallower sites and lower at the deeper sites) as shootspecific production was highest at the deepest site
(Mid-Channel site) in November 1996 and the shallowest site (Conch Reef) in August 1998.
In 3 of the first 4 visits, NAPP was higher at the Pickles site than at the other sites, but only once was it significantly higher (in November 1996) (Fig. 3c). NAPP
differed significantly among sites again in August
1998, with higher values at Conch Reef than any of the
other study sites. Shoot density was lowest in May
1996 (450 shoot m–2) and highest in November 1996
(966 shoot m–2) (Fig. 3d). Again only one marginally
significant difference was noted among sites (in
August 1998). Aboveground biomass ranged from a

Fig. 5. Average percentage of daily NAPP lost at the study
sites by month (mean ± 1 SD). Uppercase lettering indicates
statistically significant differences between months

low of ~22 g DW m–2 in December 1995 to a high of
~119 g DW m–2 in August 1998 (Fig. 4). Significant differences in aboveground biomass among sites were
detected in only 1 mo (August 1998).

Estimates of parrotfish grazing

While the proportion of seagrass production consumed by parrotfish also varied with season, only 1
significant difference among months was detected
(Fig. 5). A pairwise comparison found that
the estimated loss of seagrass production
to parrotfish grazing was significantly
higher in December 1995 (~750% of daily
NAPP on average) than in November
1996, when less than 5% of the average
daily shoot production was grazed by parrotfish (p ≤ 0.03). No other significant
seasonal differences in grazing intensity
were detected.
In contrast, grazing varied greatly among
sites. In December, consumption at the
Mid-Channel site was significantly higher
than recorded at the Pickles site where parrotfishes did not graze on the tethered
leaves (Mann-Whitney U = 35, p < 0.001;
Fig. 6). At the Mid-Channel site, over 20%,
on average, of the tethered leaf surface
area was removed daily. Because NAPP
was low at this site in December (Fig. 4),
Fig. 4. Aboveground turtlegrass biomass at the study sites by month (mean
our estimate of the proportion of daily
± 1 SD). Uppercase lettering indicates sites that are statistically signifishoot production consumed by small parcantly different within the respective month. The Mann-Whitney U-test
rotfish was extraordinarily high, some 15
used in December 1995 because of heterogeneity of error variances.
times more than was produced.
DW = dry weight
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Grazing varied significantly among the 3 sites in
May (χ2 = 36.95, df = 2, p < 0.001, Fig. 6) and July 1996
(χ2 = 7.96, df = 2, p < 0.019). Losses to grazers were significantly higher at the Mid-Channel site (exceeding
450% of daily short shoot NAPP) than at the Pickles
site (~1.8% of the daily NAPP per shoot). Grazing at
Patch Reef 37 was also low in May (~2.5% of the daily
NAPP per shoot), but was higher at Patch Reef 37 than
at the other sites in July (Fig. 6), with shoots losing
~5% of the surface area offered per day (representing
over 170% of the daily production per shoot). Grazing

Fig. 7. Percentage of NAPP consumed by fish and the percentage of offered/removed biomass shoot–1 d–1 at 6 locations
in August 1998 (mean ± 1 SD). Uppercase lettering indicates
sites that were statistically significantly different at p < 0.05

Fig. 6. Percentage of daily production consumed by fish
(left y-axis) and percentage of biomass offered removed
(right y-axis) at 3 locations in 1995 and 1996 (mean ± 1 SD).
Uppercase lettering indicates sites that were statistically
significantly different within the respective month at p < 0.05

at the Pickles site (~3% daily production per shoot)
was significantly lower than at the Patch Reef 37 site in
July. In November 1996, there were no significant differences among sites (χ2 = 0.74, df = 2, p > 0.10) as
grazing was uniformly low at all sites (Fig. 6).
In August 1998, neither the leaves placed at the MidChannel or the Patch Reef 39 sites were grazed at all
(Fig. 7). Grazing on the leaves placed at the Triangles
2 site was significantly greater at than any other sites
(p ≤ 0.003), with losses estimated at over 900% of daily
NAPP per shoot.
When averaged across all sites and months (excluding our estimates from the Triangles 2 site which were
more then 3 standard deviations from the mean), we
estimate that the small parrotfishes can consume
some 85% of seagrass production within the northern
reaches of Hawk Channel.
Highly significant correlations between short shootspecific growth and NAPP (r = 0.87, n = 17, p <
0.001), and between the number of bites on tethered
shoots and the average number of bites on shoots
harvested from the production quadrats (r = 0.631,
n = 15, p < 0.012) indicate that our estimates of grazing on tethered leaves (on a per shoot basis) were
comparable to grazer-induced tissue losses on leaves
harvested from our study sites. A small, nonsignificant negative correlation (r = –0.15, n = 17, p > 0.57)
between the proportion of leaf tissue lost to grazers
on our tethered shoots and aboveground biomass
suggests that, while the proportion of seagrass production consumed by small parrotfishes was high,
grazers did not seem to have a significant negative
impact on aboveground biomass.
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Survey of spatial extent of herbivory
Evidence of parrotfish grazing on seagrasses was
found throughout Hawk Channel, and leaves at 23 of
the 29 stations had been bitten by parrotfish (Table 1).
On average, 3 of 10 shoots collected at each station had
been grazed. At 1 site (N-8-5), leaves on 9 of 10 shoots
had been grazed. Moving from northeast to the southwest, there appeared to be a reduced incidence of fish
herbivory that seemed to coincide with increasing distance from reef habitat.

Test of tethering artifacts
With the exception of the last day of this comparison,
there were fewer parrotfish bites on tethered leaves
that had been scanned than on those that had not
(Table 2). On only 1 day, however, did we find a marginally significant difference between the number of
bites on scanned leaves and the number of bites on
unscanned leaves. On this day, there were significantly more bites on the unscanned leaves (3.5 bites
shoot–1) than on scanned leaves (1.4 bites shoot–1). This
suggests that if the scanning process impacted our estimates of seagrass grazing it did not lead to a gross
overestimate of grazing on seagrass leaves.
Leaf C:N ratios varied significantly both among
sites and tethers in May 1996 (F = 7.45, df = 3, p <
0.001). Post-hoc analysis showed that leaves growing
at Patch Reef 37 had significantly lower C:N ratios
than those growing at the other 2 sites or of the tethered leaves (LSD, p < 0.05, Fig. 8a). Even so, grazing
at Patch Reef 37 was low in May and the number of
bites on the tethered leaves was lower than the number of bites on leaves growing at the site (Table 3).
C:N ratios of the tethered leaves were also significantly lower than those growing at the Pickles site
but significantly higher than those at Patch Reef 37
(p < 0.03). Again, losses to grazers on our tethers

Fig. 8. C:N ratios of leaves collected (a) at the 3 sites and on
the tethers used in May 1996 versus the percentage of daily
production consumed at each site (indicated by m), and (b) at
the 6 sites and the tethers used in August 1998 comparing
ratios of leaves with epiphytes removed versus leaves with
epiphytes and ratios versus the percentage of daily production consumed at each site (indicated by m) (mean ± 1 SD).
Uppercase lettering indicates sites with significantly different
C:N ratios at p < 0.05

Table 2. Statistical comparisons of the number of parrotfish bites on scanned
and unscanned leaves placed at Conch Reef in August 1998
Date

Treatment

n

Mean no.
SD
of bites per shoot

t

df

p
(2-tailed)

12–13 Not scanned
Scanned

12
12

5.67
3.50

4.03
5.20

1.141

22

0.27

13–14 Not scanned
Scanned

12
12

3.50
1.42

3.21
1.51

2.038

22

0.059

14–17 Not scanned
Scanned

12
12

1.58
0.92

1.56
1.44

1.085

22

0.29

17–18 Not scanned
Scanned

12
12

0.42
0.58

0.90
–0.392
1.16

22

0.7

were negligible at Pickles Reef. A highly
significant difference was also found
between the C:N ratios of leaves growing at the sites and those of tethered
leaves in August 1998 (F = 17.54, df = 6,
p < 0.001; Fig. 8b). Post-hoc analysis
indicated that tethered leaves had a significantly lower C:N ratio than leaves
collected from the Triangles 2, Patch
Reef 39 and Conch sites. Grazing estimates were high at both the Triangles 2
and Conch reef sites. Nonetheless, there
were still fewer parrotfish bites on the
tethered leaves than on the leaves growing at these sites, suggesting that differ-
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Table 3. T-test for the difference in number of bites per leaf on the tethers and the
shoots used in production measurements. *Equality of error variance not assumed
Month

Site

Production or
tether

May 96 Mid-Channel Production
Tether

n

Mean
SD
bites
blade–1

t

df

p
(2-tailed)

65
161

0.23
0.64

0.55
1.20

3.5*

220.3
8

0.001

Production
Tether

99
176

0.0707
0.0170

0.29
0.17

1.67*

134.6
8

0.098

Patch Reef 37 Production
Tether

76
168

0.0789
0.0238

0.36
0.24

1.23*

107.87
7

0.223

Mid-Channel Production
Tether

69
155

0.30
0.13

0.88
0.62

1.49*

99.38

0.137

Pickles

Production
Tether

79
150

0.37
0.0667

1.10
0.40

2.35*

88.78

0.021

Patch Reef 37 Production
Tether

48
151

0.27
0.20

0.61
0.57

0.76

Nov 96 Mid-Channel Production
Tether

73
60

0.25
0.0333

0.55
0.18

3.13*

Production
Tether

71
54

0.79
0.0185

1.99
0.14

3.26*

Patch Reef 37 Production
Tether

56
53

0.32
0.0377

1.16
0.19

1.80*

Aug 98 Mid-Channel Production
Tether

56
130

0.0983
0.00

0.29
0.00

2.32*

Patch Reef 37 Production
Tether

42
125

1.14
0.66

2.14
2.54

1.1

Patch Reef 39 Production
Tether

54
127

0.26
0.00

0.68
0.00

2.81*

Conch

Production
Tether

31
125

7.35
0.82

7.99
1.60

4.53*

Triangles 1

Production
Tether

39
134

0.72
0.0299

1.67
0.27

2.56*

Triangles 2

Production
Tether

68
139

4.29
2.86

7.99
3.47

1.41*

Pickles

Jul 96

Pickles

ences in C:N ratios did not lead to exaggerated grazing rates.
Leaves collected for tethering tended to be longer
and wider than leaves growing at the study sites
(Figs. 9, 10 & 11). Again, however, in only 1 month
and at only 1 site were there significantly more bites
on tethered leaves than on leaves growing at a site
(Mid-Channel site in May 1996: 0.23 bites per leaf
from production quadrats versus 0.64 bites per tethered leaf (Table 3). At all other sites, and in all
months, leaves harvested from the production
quadrats had more bites than recorded from the tethered leaves, with half being significantly higher (p <
0.05, Table 3). This indicates that morphological differences between tethered leaves and those growing
at the study sites did not lead to a large overestimate
of the proportion of NAPP production consumed by
grazers.

Finally, tethered leaves placed
inside cages remained undamaged
during the 7 d of deployment,
whereas tethers outside the cage
suffered substantial amounts of
herbivory. This, in conjunction with
the easily distinguishable crescentshaped bite marks, demonstrated
that the removal of leaf material
from the tethers was the direct result
of grazers.

DISCUSSION

We found that parrotfish grazing on
turtlegrass was significant in the
northern portions of the Florida Keys
National Marine Sanctuary. Although
90.49 0.002
grazing varied spatially, our estimates
of consumption often exceeded local
70.86 0.002
daily turtlegrass production. When
averaged across all sites and seasons,
58.18 0.077
we estimate that small herbivorous
fishes can consume much of the pro55
0.024
duction of turtlegrass in the northern
reaches of Hawk Channel. These esti165
0.273
mates are among the highest reported
53
0.007
in the literature, and they suggest that
the current paradigm regarding the
30.6
0.000
minimal importance of seagrass herbivory in nearshore food webs is inac38.59 0.014
curate.
If our estimates of grazing are accu79.62 0.162
rate, why does seagrass persist in areas such the Mid-Channel site, where
grazing is intense? Marine herbivores
have never been observed to graze a single habitat or
landscape uniformly, either temporally or spatially (Ogden et al. 1973, Ogden & Zieman 1977, Bjorndal 1980,
Lobel & Ogden 1981, Handley 1984, Hay 1984a, Carpenter 1986, Polunin 1996, Overholtzer & Motta 1999),
and this was certainly the case in our study. While grazing was consistently high (i.e. > 50% of NAPP) at the
Mid-Channel site in December, July, and May 1996, little grazing was detected at this site in August 1998. Intense grazing at Patch Reef 37 was limited to July 1996
and August 1998. Grazing also varied among similar,
nearby, habitats. For example, tethers placed in a
turtlegrass meadow on one side of the Triangle Reef
(Triangles 2) were heavily grazed but there was little
evidence of grazing in a similar meadow on the other
side of the reef (Triangles 1). Little grazing was
recorded in a turtlegrass meadow on the north side of
Pickles Reef (a back reef environment) at any time in
197

0.451
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Fig. 9. Average (a) width and (b) length of
leaves used on tethers versus leaves at experimental sites for December 1995 (mean ± 1 SD)

1995 or 1996, yet grazing was heavy in a
similar habitat on the north side of Conch
Reef in 1998. On a broader geographic
scale, leaves collected at almost 90% of
Fig. 10. Average width and length of leaves used on tethers versus leaves at
the stations, along the ~96 km of Hawk
experimental sites for (a) May 1996, (b) July 1996 and (c) November 1996
Channel surveyed had been grazed by
(mean ± 1 SD)
small fish. Grazing was more common at
the more northerly stations than at the
more southerly stations that corresponds with changes
(summarized in Hay & Steinberg 1992), we do not
in the amount of reef structure in the upper Florida
know how marine herbivores might preferentially
Keys.
select nitrogen-rich foods or avoid plants low in nitroThe lack of a significant negative correlation
gen. Certainly, such discriminating herbivores would
between the proportion of NAPP consumed by grazers
need the ability to detect differences in plant nutriand aboveground biomass, coupled with the observed
tional quality so that they could preferentially feed on
variability in grazing suggests either that periods of
more nutritious plants (cf. Westoby 1974, 1978). To
intense grazing are followed by periods of low grazing
date, we know of no studies that have documented this
and seagrass biomass accrual or that seagrass produccapability in the marine realm. Indeed, it would be surtion is stimulated by grazing and that this increased
prising if herbivores selected food based solely on
production replaces biomass lost to parrotfish, as we
nutritional value, given the lack of specialized feeding
have shown previously for sea urchins (Valentine et al.
by most marine herbivores (Hay 1991, Hay & Steinberg
1997, 2000).
1992, Overholtzer & Motta 1999).
Small differences in the C:N ratio of seagrass leaves
Nonetheless, we considered the possibility that difover short distances have been correlated with
ferences between the C:N ratios of the leaves used in
changes in herbivore feeding patterns (Bjorndal 1980,
our tethers and the leaves growing at our study sites
McGlathery 1995). While the mechanisms by which
may have led to an overestimate of grazing on seachemical defenses affect plant feeding preferences in
grasses. We found no evidence that the differences
marine environments have been frequently reported
between the C:N ratios of turtlegrass leaves used for
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our tethers and those growing at our study sites were
related to the observed variability in grazing intensity.
If C:N ratios had a significant effect on herbivore grazing patterns, sites with the lowest C:N ratios should
have experienced the most herbivory because of their
higher nitrogen content. That was not the case.
The possible alteration of epiphyte biomass did not
seem to alter fish grazing preferences either, as we
found no difference in the number of bites on scanned
and unscanned leaves in 3 of 4 d. This, coupled with
the fact that the average number of bites on tethered
leaves was lower than observed on leaves harvested
from our production quadrats, suggests that our estimates of grazing on seagrasses are not grossly exaggerated.
But can we accurately estimate the proportion of seagrass production consumed by grazers using tethered
shoots? We think the answer is yes. A highly significant
correlation between short shoot-specific productivity
and NAPP suggests that we can extrapolate individual
shoot production to areal estimates of NAPP. Additionally, we found a highly significant positive correlation
between the number of bites on tethered leaves and

Fig. 11. Average (a) width and (b) length of leaves used on
tethers versus leaves at experimental sites in August 1998
(mean ± 1 SD)
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leaves harvested from our production quadrats (with the
exception of 1 month at 1 site) further suggesting that our
estimates of grazing were closely related to actual grazing intensity. We therefore believe that the proportional
estimates of seagrass consumption on a per shoot basis
can be extrapolated to estimate proportional losses of
seagrass production to grazers on an areal basis.
Even so, we believe that relying on the use of proportional losses of seagrass production or changes in
seagrass density to test the importance of grazing on
seagrasses is an oversimplification of what appears to
be a dynamic relationship between the growth patterns of these plants, the foraging patterns of small
herbivorous fishes, and possibly the activities of their
predators. From our study, it seems clear that the proportion of NAPP consumed by small herbivorous fishes
varies with seasonal patterns of seagrass productivity.
The proportional losses of seagrass production were
greatest in winter when NAPP was lowest and lower in
summer when NAPP was much higher. We propose
that a better indicator of the importance of seagrass
grazing to local food webs should be based on estimates of the absolute amount of seagrass production
being consumed over a wide area.
Clearly the overharvesting of large seagrass herbivores which are strong interactors (sensu Paine 1992) has
reduced the frequency with which herbivores control
seagrass density. However, weak interactors that exert
little control over community structure can still represent
significant pathways for energy flow among trophic
compartments (cf. Hall et al. 1990, Raffaelli & Hall 1996,
Polis & Strong 1996). We believe that this is the case in
modern day seagrass-dominated ecosystems. Even using the currently held paradigm (i.e. < 30% of annual
aboveground seagrass production is consumed), extrapolation to the area covered by seagrasses in the
Florida Keys National Marine Sanctuary suggests that
an extraordinary amount of energy is reaching higher
order consumers through the grazing pathway.
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