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(the precise timing of this peak in total P varies between the
two Whipray cores), (3) decreasing total P concentrations by
the late 1800's, with relatively low total P values persisting
until about 1940, (4) increasing total P concentrations after
about 1940 to the surface, with the greatest rate of increase
after 1960. The peak in total P during the 1800's at the Whi­
pray Basin site may correspond to the peak in total P ob­
served at the base of the core at Bob Allen . Note that the
total P profile exhibited no large peak at 79 em (1741), as
was observed for organic C and total N. The two Whipray
Basin sites and all sa mpling sites except Bob Allen had the
highest concentrations of total P in the near surface zone,
1950 and later.

Total P accumulation rates generally increased with in­
creasing sediment depth (Table 2). This trend was largely
driven by changes in the dry bulk density of the sediments,
which increased with increasing sediment depth (Holmes and
Marot, unpublished data).

Atomic C/N, C/P, and NIP Ratios

Downcore profiles of atomic CIN, CIP, and NIP ratios in
sediments from all five sites are presented in Figures 6, 7,
an d 8, respectively. Atomic CIN values (Figu re 6) were gen­
erally in the ra nge of 9 to 12, but values as low as 8.3 and as
high as 13.1 were observed. Atomic CIN values of Florida Bay
sediments were much lower than tho se observed in the south­
ern Everglades (Shark River Slough and Taylor Slough),
where atomic CIN values generally exceeded 20 (OREM, un­
publis hed data). This reflected the greater N content of or­
ganic matter derived from algae compared to vascular plants
(TISSOT an d WELTE, 1984), with a greater algal contribution

to the organic matter in Florida Bay sediments an d a greater
vascular plant contributio n to peat from the Everglades . Sea ­
grass (vascular plants) also contributed to the organic matter
in sediments from Florida Bay. Atomic CIN values for fresh
seagrass (Thalass ia testudinum ) were 15 to 16, while buried
seagrass fragments had CIN values generally ranging from
20 to 40. Barren sites had generally higher atomic CIN values
than seagrass-covered sites, reflecti ng the generally lower N
contents of the sediments from barren areas.

The most distinctive feature of th e ato mic CIN plots (Figure
6) was the trend toward lower CIN values near the surface
at the Pass Key and Russell Key seagrass sites. This was
most apparent at Pass Key, where a shift in ato mic CIN to­
wards lower values occurred above 22.5 em (after 1985). At
Russell Key, the change to lower atomic CIN values occurred
above 15 em (after 1980), but was less pronou nced than at
Pass Key. At the seagrass-covered Bob Allen site there was
a shift toward lower atomic CIN values from about 1971 to
1987, but a shift back to higher values after 1987. The barren
areas at Pass Key and Bob Allen Keys also showed a shift to
lower atomic CIN values near the surface with about the
same timing as that at the seagrass-covered areas. The Rus­
sell Key barren area exhibite d an irregular pattern in atomic
CIN values near the su rface.

Below the surface zone, the principal change (if any ) ob­
served downcore in the ato mic CIN values was a slow in­
crease with depth . This observed trend was like ly due to pref­
ere ntial utilization of N-containing organic matter by an aer­
obic bacteria in the sediments (MACKO et al., 1993). Both
cores from Whipray Basin were nearly coincident, and exhib ­
ited only a gradual rise in atomic CIN with depth . Similarly,
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Figure 6. Atomic carbon/nitrogen (CIN) ratio in th e fine sediment fraction for th e same locations as in Fig . 3.

barren and seagrass-covered areas at Pass Key showed only
a gradual increase in atomic CIN with depth below the sur­
face zone. The barren and seagrass-covered areas at Bob Al­
len exhibited minimal change in atomic CIN below 20 cm. The
barren and seagrass-covered areas at Russell Key showed
somewhat more irregular downcore profiles of atomic CIN be­
low 20 em, but the overall change was still a gradual increase
in values with depth.

Atomic CIP ratios ranged from 1,040 to 300, but with most
values between 400 and 900 (Figure 7). Much higher atomic
CIP values (2,000 to 7,000 in pri stine areas) were observed
in peat from the lower freshwater Everglades (OREM, unpub­
lished data), and reflected the much lower total P content of
vascular plants (the major contributor to organic matter in
peat) compared to algae (Trssor and WELTE, 1984). The low­
er atomic CIP values in Florida Bay sediments is indicative
of the greater algal input to organic matter in the bay sedi­
ments compared to peat from the Everglades. In the surface
sediments there was a geographic distribution of increasing
atomic CIP values from north to south and east to west in
these cores . This could indicate a P source to the north and
east. The upper sediment layers from barren areas had gen­
erally higher atomic CIP values than seagrass-covered areas
(above 22 ern at Pass Key, above 42 cm at Russell Key, and
above 32 cm at Bob Allen Keys) . At depth, the profiles of
atomic CIP at barren and seagrass-covered areas were simi­
lar at the Pass Key and Bob Allen Keys sites. At Russell Key,
the barren site had systematically lower CIPvalues compared
to the seagrass-covered area below 42 ern.

The most distinctive feature of the atomic CIP profiles in
Figure 7 was the abrupt drop in values observed in the near

surface zone. This was most apparent at the Pass Key sea­
grass site, where values declined from 547 at 22.5 em (1985)
to between 398 and 465 near the surface. The CIP ratio was
also very low (427) at 37.5 cm (1978 ). At the Russell Key
seagrass site, the drop in CIP values occurred earlier: (1) val­
ues fell from about 700 at 42.5 em (1950) to about 450 at 37.5
em (1956), (2) then increased to values of 520 to 590 from
about 1961 to 1982, and (3) finally declined above 11 em
(1982) to an atomic CIP value of 424 at the surface. A low in
atomic CIP values was also observed between 85 and 95 em
(1894-1905) at Russell Key, primarily due to low organic C
content. At both sites in Whipray Basin, atomic CIP values
declined in the near surface: at the NE site from 755 (1959)
to 624 at the surface, and at the SW site from 811 at 13 em
to 681 at the surface. The surface atomic CIP values at the
Whipray Basin sites, however, were not historic lows. Other
periods of very low atomic CIP values were observed between
1903 and 1932, about 1810 to 1873, and at the base of the
core (about 1655-1700). The atomic CIP profiles closely par­
alleled the organic C profiles at the Whipray Basin sites.
Thus, the variation observed in the downcore atomic CIP val­
ues was driven largely by changes in the organic C content
of the sediment rather than changes in total P. The minimum
in the CIP profile between 1810 and 1873, however, coincided
with a rise in the total P content at both Whipray sites (Fig­
ure 5). At Bob Allen , little change in atomic CIPwas observed
in the downcore profile , with only a slight decline in values
above 9 em (1984 ).

Atomic NIP values ranged from about 25 to 88 at the Flor­
ida Bay sites (Figure 8). These values were somewhat lower
than atomic NIP values for peats from the lower Everglades
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and mangrove fringe area, which generally ranged from 80
to 300 (OREM, unpublished data). Thus, the freshwater peat
environment may be more P limited than Florida Bay . Whole
core atomic NIP values increased to the south and west in
the following order: Pass Key < Russell Key < Bob Allen
Keys < Whipray Basin SW = Whipray Basin NE. Barren and
seagrass areas had generally similar atomic NIP values in
the upper sediment zone (e.g. above 17 ern at Pass Key, 37.5
cm at Russell Key, and 11 em at Bob Allen Keys). At depth,
however, sediments from barren areas had generally lower
atomic NIP values, which reflected the lower N content of
sediments from the barren areas (Figure 4). Recent increased
algal productivity in the surface water could account for the
similarity in the NIP values of barren and seagrass-covered
areas in the upper sections of the cores , as this would likely
impact both areas similarly.

Downcore changes in atomic NIP values were observed at
all sites (Figure 8). At Pass Key, the most significant feature
of the profile was th e sharp decrease in values between 1985
and 1990. This change coincided with the decreases in atomic
CIN and CIP discussed earlier (Figures 6 and 7), and showed
that P concentrations were increasing faster than N during
this period. Similar decreases in atomic NIP in the near sur­
face sections of the cores were also observed at the other sites,
but over different time frames (e.g. after 1984 at Russell Key,
after 1982 at Bob Allen Keys, and after about 1970 at Whi­
pray Basin ). Downcore changes in atomic NIP below this near

surface zone at all sites were driven largely by changes (in­
creases and decreases) in the total N content of the sedi­
ments. These downcore changes were most pronounced at
Russell Key and Whipray Basin (Figure 8).

Geochemistry of Seagrass Fragments

Living seagrass (Thalassia testudinum) and seagrass frag­
ments from the coarse fraction of sediment (visually identi­
fied as Thalassia testudinum ) from Pass Key and Bob Allen
Keys were analyzed for organic C, and total N as described
earlier (Figure 9). Living seagrass had organic C contents of
45 and 47% and total N contents of 3.2% and 3.6% at Pass
Key and Bob Allen Keys, respectively. These values were con­
siderably higher than those reported by FOURQUREAN et al.
(1992) for Thalassia testudinum from Florida Bay (mean val­
ues of 34.6% for organic C and 2.20% for total N). The pre­
vious study (FOURQUREAN et al., 1992) used scraping to phys­
ically remove carbonates in attached epiphytes from the sea­
grass, while we used a dilute acid washing treatment (see
Analytical Methods). Even a small amount of relatively heavy
carbonate left on the grass can greatly alter the results ob­
tained. One explanation for our higher values is that even
efficient scraping left a little residual carbonate on the sea­
grass compared to dilute acid washing. Our atomic CIN val­
ues for the living seagrass (15 to 16) were toward the low end
of the range of values reported by FOURQUREAN et al. (1992):
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range of atomic CIN values of 15.7 to 22.8. Th is was consis­
tent with some residual carbonate left from the physical
scraping procedure. Both C and N values would be lowered
equally by the additional weight of residual carbonate, but
some additional C would be added from th e carbonate giving
somewha t high er atomic CIN values than those obtained
from acid washing. Based on this, we believe dilute acid
washing treatment gave more accurate elemental data for
the seagrass, although the acid washing treatment may have
resulted in some loss of acid labil e organic matter from the
sample.

Organi c C contents of buri ed sea gras s fragments at both
sites showed an initial drop to valu es of about 40% in the top
2 ern of sediment . Thi s likely represented initial loss of labil e
organic matter aft er senescence of th e seagrass (MACKO et
al., 1993). Downcore profiles of organic C at both sites showed
little change aft er th is init ial loss, with values varying be­
tween 38 and 44%. Thus, little additi ona l decomposition of
organic C in th e seagrass fragm ents occurred in th ese highly
sulfidic sediments .

In both cores, total N contents of the seagras s fragments
initially decreased to values of about 1.2% at about 10 em,
likely due to preferential biodegr adation of N-containing or­
ganic compounds und er an aerobic conditions (MULLER, 1977;
ROSENFELD, 1979). After an initial decrease, total N content
increased to subsurface values th at exceeded those of the liv­
ing seagrass at th ese sites (3.7% at Pa ss Key and 4.5% at Bob
Allen Keys). The se peak values were observed at about 15 ern
at Pass Key and over th e range of 15-30 cm at Bob Allen.
The observed peaks in total N at about 15 em in both cores
may have resulted from N immobilization, where ammonium
or dissolved organic N from porewater is incorporated into
the plant fragment (ZIBILSKI, 1987). Dissolved ammonium
concent rations in porewater were nearly 400 Jl.M at Pass Key
and 60 Jl.M at Bob Allen (OREM,unpublished data). The pore­
water dissolved ammonium profiles at both sites showed dis­
tinct maximum concentrations at depth (OREM, unpublish ed
data), but th e maxima did not correlate with maxima ob­
served in th e total N contents of th e seagrass fragments.

Another explanation of the downcore peaks in th e total N
content of th e seagrass fragm ents is that th ey reflected his­
torical changes in th e N available to the seagrass for assim­
ilation. Previous work had shown that the C:N:P ratio of sea­
grass leaves changed in respon se to the ava ilable nutrients
in the sur face water (FOURQUREAN et al.. 1992). If thi s hy­
pothesis is valid, th en peaks in th e available nitrogen for sea ­
gra ss at Pa ss Key occurred about 1960 (base of core), and in
the mid to late 1980's, with a peak around 1989 (Figure 9).
At Bob Allen, peaks in available nitrogen occurred about
1924, from about th e mid 1950's to the late 1960's, in 1976,
and in 1992. The subsurface peaks in total N in th e seagras s
fragments roughly corresponded to periods of increased total
N content in the profile s of th e fine sediment fraction from
th ese sites : afte r 1980 at Pass Key and aft er 1950 at Bob
Allen (compare Figures 4 and 9). There were, however, some
discrepanci es between th e total N profiles of th e seagrass
fragments and th e fine sediment fraction. For example, th e
peak in total N observed in th e seagrass fragments in 1960
at Pass Key was not observed in th e fine sediment, and the

peak in total N in th e seagrass fragm ents in 1924 at Bob
Allen was recorded earlier (1912) in the fine sediment frac­
tion .

The atomic CIN ratios of the buried seagrass fragments at
th e Pass Key and Bob Allen Keys sites are also shown in
Figure 9. Because of th e relative invariance of th e organic C
profile downcore at both sites, th e CIN downcore plots gen­
era lly resembled mirror images of th e total N profiles.

Stable Isotope Analysis

Stable isotope results (013C and 015N) for living seagrass ,
seagrass fragments, and the organi c matter in the fine fra c­
tion of sediments from Pass Key and Bob Allen Keys are pre­
sented in Figure 10. The 013C values for th e living seagrass
wer e - 9.1 permil and - 8.5 permil for Pass Key and Bob Al­
len, respectively. The somewhat lighter values from Pass Key
may have reflected its proximity to runoff from the lower Ev­
erglades compared to the more marine Bob Allen site (FOGEL
and CIFUENTES, 1993). The 015N values wer e also slightly
hea vier at th e Pass Key site (5.9 perrnil), compared to Bob
Allen (5.3 perrnil ). Again , this likely reflected th e proxim ity
of the Pa ss Key site to terrestrial runoff (FOGEL and CI­
FUENTES, 1993).

The downcore profiles of 013Cfor buried seagrass fra gments
and the fine fraction of th e sediment paralleled each oth er ,
but the values for the fine sedim ent fraction were lower (i .e.
isotopically lighter ) by 4.7 to 7.5 permil at Pass Key, and 3.2
to 5.2 permil at Bob Allen . These differences reflected th e
contribution of organic C from 13Cdepleted (isotopically light­
er) algae to th e organic matter in th e fine sediment fraction
(FOGEL and CIFUENTES, 1993). Only small vari ations were
observed in the downcore 013Cvalues of buried sea grass frag­
ments and fine sediment at both sites. At Pass Key, the bur­
ied seagrass fragments showed a gradual increase in 013C
with depth to 55 cm (1969 ). This trend likely represents slow
biodegradation of isotopically lighter organic matter under
an aerobic conditions in th e sediments (MACKO et al., 1993).
Below 55 cm the 013C values of th e seagrass fragments de­
creased by 2.8 permil, suggesting a poss ibly shift to more ter­
restrial input (i .e. increased freshwater runoff). Notably, this
was the approximate period of can al construction in the Tay­
lor Slough region (CH I canal), which resulted in diminish ed
freshwater runoff to Florida Bay (LIGHT and DINEEN, 1994).
The 013C values of th e fine sediment fraction from Pass Key
showed little change in the downcore profile, except for a
bulge of somewhat heavier values between 1987 and 1995.
The timing of this corresponded to increased deposition of C,
N, and P to the sediments at this site discu ssed earlier. In­
creased algal productivity in the water column at this site
during this time period would account for the observed iso­
topic shift to slightly heavier values. At Bob Allen , 013C val­
ues of both th e buried seagrass fragm ents and the fine sedi­
ment fraction showed a gradual increase with depth, proba­
bly reflecting biodegradation of th e isotopically lighter frac­
tions of th e available organic C, leaving the residual
sedimentary organic C heavier by ma ss balance.

Th e 015N values of the fine sediment fraction from the Pass
Key core varied over a relatively narrow range, 5.5 to 4.4
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permil (Figure 10). The depth profile of the fines for this core
showed a gradual decrease with depth in &15N of about 1.5
permil to 27.5 cm (1983), and then a gradual increase of about
1.5 permil to the bottom of the core (1960). Biodegradation
typically involves bacterial utilization of the lighter fraction
of organic nitrogen leaving the heavier nitrogen behind in the
sediments. This produces a vertical profile of increasing Sl5N
with depth (MACKO et al ., 1993). This behavior was observed
below about 27.5 em at the Pass Key site (i .e. before 1983).
The &15N profile after 1983, however, suggested that a shift
to a source of N with heavier overall SI5N values had oc­
curred; possibly increased algal input to the sediments, since
algae have somewhat heavier &15N values compared to ter­
restrial plants (FOGEL and CIFUENTES, 1993). Elemental C,
Nand P data were also consistent with increased algal input
to the sediments at Pass Key since the mid 1980's, as dis­
cussed earlier. At Bob Allen, the SI5N values of the fines also
varied over a narrow range (2.5 to 3.3 permil), but with lower
values compared to those at Pass Key. This likely reflected
differences in the sources of N at Pass Key and Bob Allen (a
farther offshore site); possibly a greater influence of N from
seagrass at Bob Allen. The &15N values of the fines from Bob
Allen showed little change downcore, but had a peak around
1960. The increase from the surface to a peak SI5N value at
27.5 cm (1960) at Bob Allen may have resulted from: (1) pref­
erential biodegradation of lighter N, or (2) somewhat more
input from algae in 1960 compared to the present.

The SI5N values for the living seagrass were similar at both
sites: 5.9 permil at Pass Key and 5.3 permil at Bob Allen . The
downcore &15N profiles for the seagrass fragments were some-

what erratic at both sites, with no discernable trends (Figure
10). The ranges ofS ' 5Nvalues in the seagrass fragments from
the two cores were similar at both sites; between 2 and 5
permil for most samples. In contrast, the &15N values of the
fine sediment fraction were significantly heavier at Pass Key
compared to Bob Allen. One explanation for this discrepancy
is that seagrass may obtain much of its N from porewater
(recycled N) rather than from surface water as algae does
(algae being the major contributor to N in the fine sedi­
ments). This would essentially buffer the seagrass from
changes in the source ofN to surface water. Another potential
factor is that biodegradation of N-containing organic com­
pounds in seagrass fragments may be different than biodeg­
radation of bulk organic matter in the fine sediments. A larg­
er set of N isotope data will be needed before more detailed
conclusions on the N dynamics in Florida Bay can be drawn.

CONCLUSIONS

Our interpretation of results from this study suggested
that recent nutrification (i .e. increases in the Nand P load to
sediments) occurred in portions of eastern and central Florida
Bay, beginning in the early to mid 1980's at most sites. This
was indicated by sudden and sometimes dramatic shifts in
the concentrations of organic C, total N, and total P, and the
atomic CIN and CIP ratios of sediments in the near surface
sections of cores collected at the five sampling sites estab­
lished for this study (Figures 3-7). The magnitude of the
shifts were in excess of what would be expected from normal
diagenetic processes, and the shapes of the downcore profiles
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also suggested that the effect was source related and not dia­
genetic. The observed nutrification was most pronounced at
Pass Key located in the northeastern portion of the bay (clos­
est to terrestrial input), and least pronounced at Bob Allen
Keys, the most southerly area (most marine influence), (Fig­
ure 1). Enhanced concentrations of both Nand P were ob­
served, but the effect appeared to be significantly greater for
P. At Pass Key, the sediments recorded increased nutrifica­
tion after 1985, with an earlier nutrification event observed
in the mid 1970's. At Russell Key and Bob Allen Keys, recent
nutrification was observed to begin about 1982 and 1984, re­
spectively. These dates were consistent within the limits of
uncertainty, and point to increased nutrient load (N and P)
to eastern Florida Bay in the early to mid 1980's. At the high
sedimentation rate, high time resolution Pass Key site, there
was also evidence that the recent nutrification switched back
to more moderate nutrient levels after 1993. The timing of
the observed nutrification directly preceded the first reported
observations of microalgal blooms and seagrass dieoff in
1987.

The longer sediment records at the Russell Key and Whi­
pray Basin sites also showed evidence of earlier events of
increased nutrient input and enhanced productivity in east­
ern and central Florida Bay. At Russell Key, an earlier event
of increased P input to the sediments was observed during
the 1950's. The two cores from Whipray Basin had very sim­
ilar vertical profiles, with large changes in organic C and to­
tal N contents, and moderate changes in total P concentra­
tions of the sediments recorded downcore. The similarity of
the profiles from the two Whipray sites located in the NE
and SW sections of the basin suggests that the processes con­
trolling changes in C, N, and P downcore acted across the
entire basin. A very large productivity event is recorded from
about 1730 to 1800; peaks in organic C and total N dated at
1741 nearly equaled surface sediment concentrations. Anoth­
er , somewhat smaller peak in organic C and total N was re­
corded from about 1850 to 1900 at the two Whipray sites.
The decadal scale of these events suggested that they were
not the result of isolated events such as hurricanes, but were
caused by longer scale changes in the environment such as
shifts in water circulation in the bay, or changes in rainfall
patterns. The timing of the mid 1700's peaks in organic C
and total N in Whipray Basin during the height of the "Little
Ice Age", corresponded to a period of cooler temperatures in
the Florida Straits (DRUFFEL, 1982), and probable deeper
water (increased rainfall) in the freshwater Everglades to the
north (WILLARD et al., 1999; WEIMER, 1998). We speculate
that the increased rainfall during this cooler period resulted
in greater discharge of freshwater and N load to central Flor­
ida Bay from Taylor Slough and possibly Shark River Slough.
This, in turn, would have stimulated productivity in the bay
during the mid 1700's . Surprisingly, these historical peaks in
organic C and total N were periods of relatively low or mod­
erate total P concentrations. An historical peak in total P was
observed between about 1800 and 1850 in Whipray Basin,
but this did not correspond to any concomitant peaks in the
organic C or total N data. This suggested that the Whipray
Basin area had historically been limited more by N than by
P. The two Whipray Basin cores also recorded recent nutri-

fication beginning about 1947, with significant increases in
organic C, total N, and total P.

The &15N results from Pass Key (Figure 10) also suggested
that changes in the nutrient regime occurred here beginning
in the early 1980's . The trend in the &15N data at Pass Key
from 1980 to 1996 (a change to heavier values at the surface)
suggested a shift in the source of N to this site during this
period. Differences in the &13C values of seagrass fragments
and organic matter in the fine sediment fraction between
Pass Key and Bob Allen Keys suggested more terrestrial
sources of C at Pass Key and more marine sources at Bob
Allen. This was consistent with their geographic locations
(Figure 1).

The results of the analysis of cores from adjacent seagrass­
covered and barren areas showed that, near the surface, bar­
ren areas had distinctly lower organic C, total N, and total
P, and were generally finer-grained compared to seagrass­
covered areas. At depth, however, the sediment size and
chemical composition (organic C, total N, and total P) of sed­
iments from barren and seagrass-covered areas were gener­
ally similar. It was also observed that barren areas contained
abundant seagrass fragments below the surface. We conclud­
ed from this that the barren areas were formerly covered with
seagrass, but have been buried by relict sediment moved to
the site by physical processes in the estuary. The sediment
size data and some of the chemical data at the Whipray basin
NE site (currently seagrass-covered) suggested that the pro­
cess of burial may be occurring there at present. The Whipray
NE site may, therefore, represent a favorable location for
studies of the processes involved in the burial of seagrass
beds .

Studies of sediment geochemistry can provide useful infor­
mation on the history and dynamics of environmentally im­
portant elements in the Florida Bay ecosystem, such as C, N,
and P. We are currently examining cores from these same
sites in order to replicate the results presented here, and to
increase the time resolution. Organic biomarker studies are
also being conducted to examine the nature of the historical
productivity maxima observed in Whipray Basin during the
height of the "Little Ice Age" in the mid 1700's.
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