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Abstract

Mangrove ecosystems may be a source of organic carbon and nutrients to adjacent coastal systems on one hand and provide
a sedimentary sink for organic carbon on the other. The balance between these two functions may be sensitive to both natural and
anthropogenically induced variability, yet these effects have not been thoroughly evaluated in mangrove ecosystems. We determine
organic matter sources and carbon burial rates over the past 160 years in three lagoons on the Yucatan Peninsula, Mexico. Carbon
isotopes and C/N elemental ratios are utilized to trace the three sources contributing to sedimentary organic matter, mangroves,
seagrasses and phytoplankton, while nitrogen isotopes are used to elucidate potential post-depositional biogeochemical
transformations in mangrove lagoon sediments. All three organic matter sources contribute to organic carbon burial.
Phytoplankton and mangroves are the dominant sources of organic matter in lagoon bank sediments and seagrasses are
a significant source to central lagoon sediments. Organic carbon burial rates are higher at the lagoon fringes, where mangrove
vegetation dominates, than in seagrass-dominated mid-lagoon areas. A reduction in mangrove contribution to the sedimentary
organic matter pool concurrent with reduced total organic carbon burial rates is observed in the recent past at all three lagoons
studied. Natural cycles in sediment organic matter source over the past 160 years are observed in a high-resolution core. These
fluctuations correspond to climatic variability in this region, as recorded in deep-sea foraminiferal assemblages. Additional work is
required in order to differentiate between recent anthropogenic perturbations and natural variability in organic carbon sources and
burial rates within these ecosystems.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction coastal ocean, alleviating problems due to high loading

of these anthropogenic constituents (Valiela and Cole,

Highly productive coastal mangrove ecosystems
(average productivity of 2500 mg C m>d ") are stra-
tegically located at the interface between land and sea,
and play an important role in the biogeochemical cycles
of the coastal environment (Jennerjahn and Ittekkot,
2002). In particular, these systems may provide impor-
tant nutrients and organic carbon (C,,) to tropical
coastal oceans (Lee, 1995; Alongi, 1996). On the other
hand, mangrove forests may intercept terrestrial-derived
nutrients, pollutants and sediments before they reach the
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2002).

Mangrove forests are usually characterized by
sediment accretion (Woodroffe, 1992). This fact, com-
bined with the high productivity and low ratio of
sediment respiration to net primary production, gives
mangrove sediments the potential for long-term seques-
tration of C,e, thus these systems play an important
role in the global carbon (C) cycle (Jennerjahn and
Ittekkot, 2002). The balance in these multiple functions
as an organic matter (OM) source on short time scales
and as a sedimentary C sink on longer time scales may
be sensitive to climatic change and/or anthropogenic
perturbations of mangrove ecosystems. Further un-
derstanding of the C biogeochemical cycling in these


mailto:apaytan@pangea.stanford.edu
http://www.elsevier.com/locate/ECSS

212 M_.E. Gonneea et al. | Estuarine, Coastal and Shelf Science 61 (2004) 211—227

systems at present, and how it may have varied in the
past, is very important in light of how quickly mangrove
ecosystems are changing and disappearing (Valiela
et al., 2001). The goal of this study is to understand
sedimentary OM dynamics in three mangrove lagoons
on the Yucatan Peninsula of Mexico over the past 160
years. We use C and N isotopes and C/N elemental
ratios to trace OM sources to sediments within these
systems and examine changes in and relationships
between OM source and C,,, burial rates through time
in each of the lagoons.

1.1. Nutrient and carbon cycling in mangrove
ecosystems

Many C and nutrient cycling studies in the mangal
ecosystem focus on mangrove trees, as mangrove litter
fall and root biomass have been implicated as the
ultimate source of OM that is regenerated and the
source of C and nutrients exported out of the system, as
well as the source of stored OM in the sediments
(Kristensen et al., 1995; Alongi, 1996; Bouillon et al.,
2000). However, other components (e.g. seagrasses and
phytoplankton) may be just as important as mangroves
to C and nutrient cycles in these systems. Seagrasses
have been mentioned as potential nutrient sources in
studies of some mangrove ecosystems (de Boer, 2000;
Holmer and Olsen, 2002), but their contribution to Coyg
storage has not been thoroughly quantified or evaluated
even though their role may be significant. The net burial
of OM in sediments is a function of both the deposition
rate to the sediment and decomposition and regenera-
tion within the sediment. The latter is a function of
reactivity of the OM to be decomposed (e.g. vegetation
source) and the sedimentary environment (burial rates,
grain size, redox conditions, microbial populations, etc.)
Research is needed to determine how anthropogenic
and/or natural changes may influence OM preservation
in mangrove lagoon sediments.

1.2. Tracing OM Sources

C and N stable isotopes and C/N ratios have been
utilized in many estuarine studies to determine OM
sources (Schultz and Calder, 1976; Thornton and
McManus, 1994; Middleburg and Nieuwenhuize, 1998;
Yamamuro, 2000; Graham et al., 2001). They have also
been used for tracing mangrove OM transfer through
estuarine food webs (Newell et al., 1995; Loneragan
et al., 1997; Bouillon et al., 2000; Lee, 2000; Chong
et al., 2001) and, in conjunction with other tracers,
mangrove OM export to coastal sediments (Cifuentes
et al., 1996; Dittmar et al., 2001).

The requirements for applying C and N isotopes
and elemental ratios to study sedimentary OM sources
are that (1) end member sources must be clearly

differentiated from each other and (2) the end member
signature should be preserved after burial (i.e. no post-
depositional changes). The first requirement can be
verified by analysis of end member vegetation, however
the second requirement is harder to test (Middleburg
and Nieuwenhuize, 1998). Tests for post-depositional
alteration have been performed chiefly on sediments
where only two end members were recognized—
autochthonous, including primary production by sur-
rounding vegetation, phytoplankton, microphytoben-
thos and chemoautotrophs, or allochthonous, including
marine and/or riverine input, as well as anthropogenic
runoff (Thornton and McManus, 1994; Middleburg and
Nieuwenhuize, 1998; Andrews et al., 1998). In systems
with more than two potential sources and with variable
inputs in space and time, such as studied here, it is
difficult to separate simple multiple end member mixing
from the effects of post-depositional alteration. It has
been suggested however, that C and N isotope ratios
(3'3C and 3'°N) of OM in sediments with OM con-
tent of only a few dry weight percent (DW%) are not
altered significantly during decomposition (Meyers and
Ishiwatari, 1993). Thus, C and N isotopes may be good
tracers of OM source in mangrove sediments (which
typically have ~5 dry DW% C,,,) (Loneragan et al.,
1997; Bouillon et al., 2000; Chong et al., 2001). Despite
the potential complexity of variable sources and potential
diagenetic alteration of source signals, we assume that if
sediment OM composition can be explained by mixing
between known and well defined OM end member
sources, OM diagenesis has not significantly changed
the isotopic composition or C/N ratios of the OM sources
(e.g. we adopt the simplest explanation of the data).

Studies using C/N ratios as tracers of different OM
end member sources show that this ratio can be altered
by many processes, including ammonification, nitrifica-
tion and denitrification (Matson and Brinson, 1990;
Thornton and McManus, 1994; Cifuentes et al., 1996;
Andrews et al., 1998; Yamamuro, 2000; Graham et al.,
2001). Increases in C/N ratios of sedimentary OM,
relative to the source, over time or with depth in a core,
which are commonly observed, have been interpreted as
indicative of preferential loss of nitrogen (N) (Andrews
et al., 1998), while little change suggests that C and N
are mineralized or preserved at the same rate. Decreases
in C/N ratios, which have also been observed in some
sediment, were explained as a result of the absorption of
organic or inorganic N onto silicate clay surfaces
(Macko et al., 1993) or the incorporation of N by
bacteria in decaying OM (Cifuentes et al., 1996).
However, if little change in C/N is observed between
living (sources) and decaying OM pools, as in this study,
then this elemental ratio may be utilized as a tracer of
OM sources.

It must be kept in mind, however, that any de-
termination of OM source in the sediment will only
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reflect the component of the OM that is preserved and
not the original flux to the sediment. For example, if
mangrove C is more recalcitrant than seagrass C and is
preferentially preserved (de Boer, 2000; Holmer and
Olsen, 2002), then isotopic analyses of OM in the
sediment may record higher contributions (burial) of
mangrove C relative to seagrass C despite potentially
higher input and regeneration of seagrass OM. Hence, it
is only possible to determine the source of the residual
refractory OM in the sediment. This fraction, however,
is the component that is related to long-term C,.,
sequestration and therefore is of interest.

2. Materials and methods
2.1. Study sites

The coast of the Yucatan Peninsula, bordering the
southern Gulf of Mexico, is dominated by mangrove

forests (Fig. 1a). Shallow lagoons lined with mangrove
vegetation run parallel to much of the coast and are

separated from the sea by sand barrier islands or penin-
sulas that are between a few meters to over a kilometer
wide (Herrera-Silveira and Comin, 1995). Due to the
karstic geology of the region, there is practically no
surface run-off and thus rivers are not a significant
source of terrestrial OM or nutrients to the coastal
lagoons. The Yucatan Peninsula has a tropical climate
with an average temperature of 28.5 °C and annual
rainfall ranges from 50 cm in dry areas to 90 cm in wet
areas (Herrera-Silveira et al., 1998b).

Three lagoons were sampled during December 2000
and October 2001. Celestun Lagoon (area: 28 km?) lies
on the west coast of the Yucatan Peninsula, Mexico
(Fig. 1b) (Herrera-Silveira, 1994). This lagoon is rela-
tively undisturbed and has little influx of pollution,
although the port of Celestun (population 4600) is
located on the barrier peninsula (Herrera-Silveira,
1996). The lagoon shores (stations 6 and 16, Fig. 1b)
are lined by a fringing mangrove forest of Rhizophora
mangle, Avicennia germinans and Laguncularia racemosa.
In the shallow inner and central parts of the lagoon
(station 3, Fig. 1b), Halodule wrightii and Ruppia sp.
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Fig. 1. Maps of (a) Yucatan Peninsula, (b) Celestun Lagoon, (c) Chelem Lagoon, and (d) Terminos Lagoon. Station locations are indicated by their

respective designations. Note the different scales for each lagoon.
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dominate extensive mid-lagoon seagrass beds, covering
65% of sediment surface area (Herrera-Silveira et al.,
1998b).

Chelem Lagoon (area: 13.6 km? lies on the
northwestern coast of the Yucatan Peninsula (Fig. 1c).
The towns of Chuburna and Chelem and ports of
Yucalpeten and Progresso surround the lagoon (pop-
ulation 25000), and urban and industrial development
has had an adverse impact on Chelem, resulting in
a considerable reduction in vegetation cover (Herrera-
Silveira et al., 1998b). Chelem was a hypersaline lagoon
with only seasonal communication with the open sea
through two natural openings until 1969, when Yucal-
peten Harbor was created and another opening was
added, increasing sea water exchange (Valdes and Real,
1998). Scrub mangrove forests dominated by dwarf
Rhizophora mangle and Avicennia germinans line the
northern and eastern shores of the lagoon (station 9,
Fig. 1c), where the anthropogenic impact is greatest.
Submerged aquatic vegetation, including seagrass (Hal-
odule wrightii) and algae (Chara fibrosa, Batophora
oestedi, Chaetomorpha linum), covers 37% of the
sediment surface (Herrera-Silveira et al., 1998b), with
greater coverage in the western part of the lagoon.
Sediments in both Celestun and Chelem are dominated
by autochthonous carbonate ooze.

Terminos Lagoon, at the southwestern base of the
Yucatan Peninsula, is the largest estuary in Mexico
(area: 2500 km?, Fig. 1d). Carmen Island (38 km long
and 2 km wide) forms a sand barrier between the lagoon
and the open sea and is the location of Ciudad de
Carmen (population 130000). Terminos is the only
lagoon in this study that receives riverine input. The
lagoon is bordered by extensive fringe mangrove forests
consisting of Rhizophora mangle, Avicennia germinans
and Laguncularia racemosa, which give way to basin
forests away from the lagoon edge. Thalassia testudinum
beds are common in regions of the lagoon with clear
water (station 3, away from river discharge, Fig. 1d).

Given the diversity of environments within Terminos
Lagoon, from full seawater influence to full riverine, two
tidal channels running from the lagoon into the barrier
island with little riverine influence and similar ecosys-
tems, but different degrees of anthropogenic influence,
were chosen for this study in addition to one seagrass
dominated site (station 3). Estero Pargo, the natural site
(station 7, Fig. 1d, area: 0.5 km?), is a channel with
a fringe mangrove forest (Day et al., 1996). Station 15
is located on the banks of a channel (area: 0.2 km?)
that passes through Ciudad de Carmen (Fig. 1d). This
channel is heavily polluted since the city is built right up
to the edge of the channel, although large Laguncularia
racemosa still line the bank. Sediments from both fringe
mangrove sites in Terminos are dark brown organic rich
silts mixed with some carbonate material, while seagrass
sediments are autochthonous carbonate ooze. Sediment

samples were collected at additional stations in all three
lagoons, and data from these sites are plotted on the
mixing diagrams but detailed depth profiles for all of
these sites are not included in the present study.

2.2. Sediment and vegetation sampling and
preparation

Sediment cores were collected during December 2001
and October 2002 using acrylic push cores (7 cm diameter,
30 or 50 cm length) and extruded and sectioned (2.5 cm
intervals, except Chelem station 9 at 1 cm intervals)
within 24 h of collection. Pore water was extracted by
centrifugation from each interval and then sediments
were dried at 50 °C and ground. Shells and any living
biomass (including pneumataphors and propogules) were
removed prior to grinding, as these components are
growing in situ and thus not of interest for evaluation of
sedimentary OM storage. Sediment samples were fume
acidified with 10 N HCI to remove carbonates prior to
isotope analyses (Yamamuro and Kayanne, 1995).

Vegetation samples (living and senescent) were col-
lected from each lagoon and rinsed to remove sediment,
salt and other plant debris. All plant samples were dried in
a 50 °C oven within 24 h of collection with the exception
of Terminos Lagoon vegetation samples, which were first
frozen (for 3 days) and then dried. For seagrasses, only
green leaves were used (except for samples labeled
‘senescent seagrass’). Stems were removed prior to
grinding the mangrove leaves. Vegetation samples were
ground and homogenized prior to analysis. Suspended
particulate matter (SPM) was collect by low vacuum
filtration of 1—2 1 of lagoon water onto a pre-combusted
Whatman GF/C glass fiber filter. SPM samples are
considered representative of the phytoplankton end
member, but may include microscopic fragments of other
vegetation as well as zooplankton and some resuspended
sedimentary material. Samples were split after grinding
and homogenizing and one split was fume acidified with
10 N HCl to remove inorganic C (for 3'*C analysis) while
the untreated fraction was used for 3'°N analysis.

2.3. C and N isotope and elemental ratio analyses

C and N isotopic analyses of OM in sediments were
carried out at the Menlo Park USGS Stable Isotope
Laboratory on a Micromass Optima continuous flow
mass spectrometer. A Carlo Erba C-N-S elemental ana-
lyzer system is attached to the mass spectrometer for
simultaneous analysis of DW% C,, and Nl
Vegetation samples were run at the Stable Isotope
Laboratory at Stanford University on a Finnigan MAT
isotope ratio mass spectrometer and a Carl Erbo
NA1500 Series II elemental analyzer. Samples were
run twice, acidified for 3'3C and un-acidified for 3'°N. C
and N isotope abundances are reported in per mil
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deviations from a standard (PDB and atmospheric N
respectively). Analytical precision is 0.1 and 0.5%, for C
and N, respectively. Sediment and vegetation C and N
isotopes showed good reproducibility (0.3 and 0.99,,
respectively), determined by analysis of duplicate
samples, when compared with the natural variability
within each vegetation type (see Table 1). DW% C,,,
and Nioa were determined at the same time as the
isotopic compositions, but were not determined for
SPM samples because samples were collected on
a volume and not a weight basis.

2.4. Sediment ages and C burial rates

To establish a chronology for cores collected from
these lagoons, sediment accumulation rates (SAR) were
determined from *'°Pb profiles in 1 to 2 cores from each
lagoon for which we present detailed depth profiles.
Cores from Celestun were measured by low-level gamma
counting at the Institute for Ocean Management, Anna
University, India. '°Pb values for cores from Terminos
and Chelem were measured by low-level gamma
counting at the Coordinated Instrumentation Facility
of Tulane University. Since SAR can be underestimated

Table 1

Average values of 3'3C, 8'°N and C/N and one standard deviation for
mangroves (including species Rhizophora, Laguncularia, and Avicen-
nia), senescent mangrove leaves, seagrasses (including species Ruppia,
Halodule, and Thalassia), senescent seagrass leaves and SPM for (a)
Celestun Lagoon, (b) Chelem Lagoon, (c) Terminos Lagoon and (d) all
lagoons

3¢ 3N C/N n
Average SD  Average SD Average SD

(a) Celestun

Mangrove —-28.79 135 6.80 3.14 579 28.7 19
Senescent leaves —28.46 0.93 10.05 1.34 71.7 333 3
Seagrass —-1536 233 775 2.59 204 23 17
Dead seagrass —1691 n/a 5.21 n/a 20.0 n/a 2
SPM —-22.06 2.80 7.78 1.87 8.7 1.5 8
(b) Chelem

Mangrove —-26.55 125 7.89 3.16 538 247 9
Senescent leaves —27.58 n/a  11.58 n/a  67.0 n/a 2
Seagrass —-16.23 036 11.74 289 21.2 0.6 3
Dead seagrass  —14.57 n/a 7.41 n/a  20.0 n/a 2
SPM —22.06 2.80 7.07 227 93 09 5
(c¢) Terminos

Mangrove —28.93 2.00 4.31 3.55 534 149 o6
Senescent leaves —28.53 0.72 533 5.83 69.6 445 3
Seagrass —11.88 nj/a —1.56 n/a 153 n/a 2
SPM —25.32 391 445 193 73 08 6
(d) All lagoons

Mangrove —-2824 1.75 6.79 3.43 555 28.5 34
Senescent leaves —28.33 1.17  9.75 321 76.0 341 8
Seagrass —14.74 247 7.62 496 19.8 24 12
Dead seagrass  —15.74 230 8.97 3.04 214 20 4
SPM —22.31 4.15 6.58 2.53 8.5 14 19

n, number of samples; n/a, not applicable.

without correcting for compaction, SAR were normal-
ized to bulk densities (BD) following Lynch et al. (1989).
SAR for the three lagoons range from 2 to 4 mm yr'
(200—400 cm kyr™!), and compare favorably with a
previously published sedimentation rate (2.9 mm yr )
for the fringe mangrove forest at Estero Pargo,
Terminos Lagoon (Lynch et al., 1989). C,,, burial rates
were calculated by multiplication of DW% C,,, by the
sediment mass accumulation rate (C,, burial=
SARXBDXDW% Coe).

2.5. Ternary mixing diagram

The lagoons in this study primarily receive OM from
three sources—mangrove, seagrass and phytoplankton
(referred to as SPM) production (Herrera-Silveira et al.,
1998b). A ternary diagram has been employed to
calculate OM sources. In this model each OM source
occupies a corner of a triangle (Dittmar et al., 2001).
Samples within the triangle defined by end members A,
B and C (here mangroves, seagrasses and SPM) can be
considered a mixture of these three sources. Samples
that fall along any of the tie lines connecting two end
members are a mixture of only those two OM types.
Samples that fall outside of the triangle area indicate the
presence of additional sources or diagenetic alterations
of the original signal and cannot be characterized by this
model. Following the example included in Dittmar et al.
(2001), it is possible to expand the applicability of this
model by establishing a tolerance interval (7) such that:

’ !

b !
T :% X 100% = — X 100% :% X 100% (1)

where 7 is the tolerance interval (%) which determines
the range of values that may still be considered as
defined by the three end member mixing model; ¢, b and
¢ characterizing the strict validity of the model, and a’,
b', ¢’ characterizing the expanded validity of the model
(e.g. values acceptable within natural variability and
analytical error). In our study, each ternary plot is
expanded by a 10% tolerance level (see the empty circles
in Fig. 3a—d). Samples that fall outside of the strict
validity of the model, but within the expanded arca
(tolerance interval), are treated the same as samples that
fall on the tie-lines and are a mixture of only two
sources. Samples that fall outside of the strict triangle at
the vertices but are within the expanded triangle are
attributed completely to the source at the vertex.

3. Results and discussion
3.1. End member vegetation isotopes

Vegetation samples show considerable spread in
isotope ratios within each group, representative of the
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natural variability, however a clear separation between
vegetation groups is observed (Table 1 and Fig. 2).
Significance values (Student’s t-test, P < 0.05) between
each species and between groups of primary producers
from all three lagoons are reported in Tables 2 and 3.
The different mangrove and seagrass species are not
significantly different from each other based on their
3'3C, 3"°N or C/N so have been grouped together to
represent the mangrove and seagrass end member
components respectively (see the filled triangles in Figs.
2 and 3). Mangrove, seagrass and SPM 3'°C values and
C/N ratios are significantly different from each other
(e.g. distinct end members). 3'°N values for the different
vegetation groups are indistinguishable from each other
and express considerable variability. One explanation
for this observation is that N sources for mangroves,
seagrasses and SPM (most likely NO; and NH;) all
have the same isotopic signature. SPM samples have an
average 3'"°C (—22.31%,) and C/N ratio (8.5) within the
range expressed by marine phytoplankton, so for the
purpose of this study SPM is considered to be
representative of the phytoplankton end member (Fry
and Sherr, 1984; Yamamuro, 2000). Mangroves and
seagrasses also have average d'°C values (—28.24%, and
—14.749,,, respectively) and C/N ratios (55.5 and 19.8,
respectively) in agreement with previously published
data (Fleming et al., 1990; Cifuentes et al., 1996).
Previous studies have highlighted the importance of
determining the effect of diagenesis on the OM tracers.
We found that the senescent leaves from mangroves and
seagrasses have 8'°C values within the variability
expressed by living leaves. 8'°N of senescent mangrove

0.18

leaves, on the other hand, was significantly heavier,
9.759%, compared to 6.799%, (Tables 2 and 3), likely as
a result of selective regeneration of certain N containing
compounds in the sediments and preferential preserva-
tion of mangrove OM with a heavier 8'°N (Fogel et al.,
1989). The C/N ratio increased in decaying mangrove
leaves from an average of 55.5 in intact leaves to 76.0
in fallen leaves, although this did not occur in every
senescent leaf sample, so was not significant, but is con-
sistent with the interpretation of the change in 8'°N.
Decaying seagrass (Thalassia testudinum and Halodule
wrightii) collected on the sediment surface or floating in
the lagoon water, also displayed a slight increase in 8'°N
(8.979%,) compared to living species (7.629%,), although
this was not significant (Tables 2 and 3). The C/N of
decaying seagrass leaves was also slightly but not
significantly higher (21.4) than living leaves (19.8).
While 8'°N is not useful in differentiating OM sources,
it does show some utility in evaluating the degree of
diagenesis of OM and may highlight potential diagenetic
processes that affect N cycling in these systems.

3.2. Sedimentary OM source in Celestun,
Chelem and Terminos

The relative contribution of mangroves, seagrasses
and SPM to sedimentary OM has been calculated using
ternary mixing diagrams depicting the 3'°C and N/C
values of the vegetation end members. Although little
variation was found in vegetation 8'°C and N/C
between the three lagoons, plant samples specific to
each lagoon were used to determine end member values

0.16
0.14 - .
0.12

0.10 4

N/C
®

0.08
0.06 4

Mangrove
0.04 L

0.00

AA
o) 8 ke
O3
T

T
-20 -15 -10 -5

13
& C

Fig. 2. N/C vs. 3'3C of lagoon vegetation; empty symbols for mangrove samples, light gray symbols for seagrass samples, dark gray symbols for SPM
samples. The average of all vegetation end members are shown in black triangles with bars denoting one standard deviation. Celestun vegetation
samples are represented by triangles, Chelem by circles and Terminos by squares.
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Fig. 3. N/C vs. 3'°C in ternary mixing diagrams of mangrove, seagrass and SPM OM. (a) Celestun Lagoon, including sediment samples from the
inner and central region of the lagoon in addition to stations 3, 6 and 16; (b) Chelem Lagoon, including sediment samples from the eastern and
western lagoon in addition to station 9; (¢) Terminos Lagoon and (d) Terminos Lagoon with vegetation end members specific to station 3. Filled
triangles are average end member values (Table 1, part d); empty circles are end member values expanded by a 10% tolerance level. In (a), (b) and (c),
one standard deviation in N/C and 8'3C is indicated with bracketed lines for each end member. End member values for seagrass and SPM in (d) are
based on single vegetation samples collected at station 3; mangrove end member is same as (c).

for each site. Accordingly, sediments from each lagoon
are plotted on separate mixing diagrams (Fig. 3a—d).
N/C ratios were used rather than the more common
C/N to normalize against C. When plotted on these
ternary plots, including both core tops and down core
samples, 91% of Celestun sediments (Fig. 3a), 84% of
Chelem sediments (Fig. 3b) and 65% of Terminos
sediments (Fig. 3¢) can be explained in terms of the three
OM sources (e.g. mangroves, seagrasses and SPM).

When a site-specific (rather than lagoon-wide) ternary
plot is used for station 3 in Terminos (Fig. 3d), the
mixing model explains100% of the OM in Terminos
sediments. Sediment samples from throughout these
lagoons are included in the ternary mixing plots to show
the lagoon-wide applicability of the mixing model and
also to highlight slight differences in relative contribu-
tions from the three vegetation end members to OM
burial within each lagoon.
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Fig. 3. (continued)

There is considerable intra-lagoon variability in OM
3C, 3N, DW% Core, DW% Nigas C/N and Cyp
burial rates (Fig. 4), chiefly as a function of the
dominant vegetation type at the core site or possibly
site specific sediment biogeochemical properties affect-
ing OM regeneration. This spatial variability is greatest
between seagrass and mangrove-dominated sites, and, at
Terminos, also between natural and impacted sites.

3.2.1. Celestun Lagoon
Sediments from Celestun Lagoon are plotted in
Fig. 3a. There is considerable variability in the relative

contribution of OM source within Celestun Lagoon at
present and in the past. Regions of the lagoon
dominated by fringe mangroves (station 6, Fig. 4b)
have a lower 8'°C (—24%,) compared to values in the
center of the lagoon farther from the mangroves (station
3, —20%, Fig. 4a). As expected, the two fringe
mangrove sites (stations 6 and 16) derive most of their
OM from mangroves and SPM (although station 6 does
receive significant seagrass OM at some intervals), while
station 3, in seagrass beds, is dominated by seagrass and
SPM OM. This distribution has not been previously
documented although it is expected due to the greater
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Table 2
P values from Student’s z-test for statistical significance between mangrove, seagrass and SPM end members from all lagoons

Mangrove Seagrass SPM

¥ 3N C/N dC 3N C/N ¥ 3N C/N
Mangrove n/a n/a n/a <0.0001 0.4595 <0.0001 <0.0001 0.4979 <0.0001
Seagrass <0.0001 0.4595 <0.0001 n/a n/a n/a <0.0001 0.9909 <0.0001
SPM <0.0001 0.4979 <0.0001 <0.0001 0.9909 <0.0001 n/a n/a n/a

All vegetation samples from the three lagoons are included in these tests. Statistically significant values (P < 0.05) in bold.

contribution of seagrass and SPM C to OM in the center
of lagoon, where sediments are covered with seagrass
beds and lagoon waters are abundant with phytoplank-
ton (both seagrass and SPM have heavier 3'°C than
mangroves). The dominant sediment OM source
appears to be a direct function of the overlying
vegetation at each site; however, the presence of all
three vegetation sources in sedimentary OM demon-
strates that all three sources contribute to OM deposited
throughout the lagoon.

3.2.2. Chelem Lagoon

Sediments from a core from station 9 on the eastern
side of the lagoon and additional samples from the
eastern (fringe mangrove site) and western (less impact-
ed seagrass dominated site) lagoon are included in
Fig. 3b. Although all three end members contribute to
sedimentary C,y in Chelem, the distribution tends to
fall close to the diagram tie lines, indicating that at each
site only two end members dominate the OM burial
(Fig. 3b). Cores from the western lagoon are dominated
by seagrass and SPM, while samples from the eastern
part typically lie closer to the mangrove-SPM tie line
(Fig. 3b). As in Celestun, this is likely a function of the
dominant vegetation source, as there is greater seagrass
coverage in the western lagoon while mangroves
dominate in the eastern lagoon. It is interesting that
sediments from the upper portion of the cores collected
at the eastern side of the lagoon seem to fall outside the
diagram but close to the SPM vertex, which may suggest
increased marine influence within the fringing man-
groves after construction of the Yucalpeten Harbor in
1969. Alternatively, as suggested by a higher N/C (lower

Table 3
P values from Student’s z-test for statistical significance between living
and senescent mangrove and seagrass leaves from all lagoons

Mangrove Senescent Leaves Seagrass Senescent leaves
3*C B3N (/N 33%C 3N (/N
0.8827 0.0081 0.0773 0.2449 0.2663 0.1082

Living
leaves

Living
leaves

All vegetation samples from the three lagoons are included in these
tests. Statistically significant values (P < 0.05) in bold. n/a, not
applicable.

C/N) than expected from their 3'*C signature, this result
could potentially be caused by bacterial activity in the
sediments at this location, or adsorption of N from
other, possibly anthropogenic, sources onto the sedi-
ments, as has been observed previously (Cifuentes et al.,
1996).

3.2.3. Terminos Lagoon

Sediments from the two fringe mangrove sites in
Terminos Lagoon, station 7 (natural site at Estero
Pargo) and station 15 (within the polluted Carmen
channel) have 8'°C similar to mangrove OM (—26%,,
Fig. 4f.1 and g.1), and derive most of their C,, from
mangroves and SPM (Fig. 3c), with seagrass contribu-
tions only ~10%. This is not surprising since there are
no seagrass beds nearby. Data from station 3, 50 m from
the shore (outside the Ciudad de Carmen channel), falls
outside the end member model based on all Terminos
vegetation. This is an interesting result, and one possible
explanation is diagenetic alteration of OM at this site.
However, we did not find a significant difference in 8'*C
or N/C between decaying seagrass and live secagrass at
this site (Tables 2 and 3), although this observation
should be confirmed with a greater number of samples.
In addition, if during the processes of decomposing, OM
preferentially looses N, as suggested previously (An-
drews et al., 1998), the N/C of decomposed seagrass OM
should decrease while the N/C ratios of station 3
sediments show an increase compared to the OM signal.
Thus, decomposition is most likely not responsible for
station 3 sediments falling outside of the model in
Fig. 3c. As in the sediments from cores obtained from
the eastern Chelem Lagoon, this result may be due to
bacterial activity in the sediments or adsorption of N-
rich OM from other sources, e.g. sewer (Cifuentes et al.,
1996). However, when seagrass and SPM samples
collected specifically at station 3 are plotted as the end
members on a ternary mixing diagram, sediments do fall
within the expanded validity of this model (Fig. 3d), in
line with our observation about the relation between
OM source and proximal vegetation. Indeed, at this mid
lagoon site, heavy 8'3C values (—169%,) suggest that sea-
grasses and SPM are the main contributors to the OM
pool with very little input of mangrove C,,, (Fig. 4e.5).
At this location, mangrove OM is effectively trapped
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Fig. 4. Down core analyses. Core depth (cm) vs. (1) 3'3C (filled triangles) and 8'°N (empty triangles); (2) DW % Cory (filled circles) and DW % Nigal
(empty circles); (3) C/N elemental ratio; (4) Co, burial (C g m~2yr~'); and (5) OM source, % mangrove is black, % seagrass is light gray and % SPM
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Fig. 4. (continued)

along the shore, within the fringe mangrove sedi-
ments, suggesting that all degradation and nutrient
recycling of mangrove C,,, occurs in the fringe man-
grove sediments, with little mangrove C,,, deposition
away from the lagoon shore, let alone exported to the
adjacent coastal ocean (at least at present). Variability in
3'3C and N/C within Terminos Lagoon vegetation
limits the applicability of a lagoon-wide OM source
model to specific environments within the lagoon,
and the same end member values cannot be used
throughout the lagoon, unlike the lagoon-wide applica-
bility of the mixing models for both Celestun and
Chelem.

In Terminos sediments, the 8'°N of OM may be
sensitive to anthropogenic influence. Unpolluted sites in
Terminos (stations 3 and 7) have mangrove, seagrass
and SPM with much lower 8'°N than the polluted site
(station 15). For example, inside Estero Pargo (station
7), 3'°N of mangroves is 2.8%, and of SPM is 4.4%, and
vegetation at station 3 exhibit 8'°N values of —3.1%, for
seagrasses and 1.4%, for SPM, while the polluted
Ciudad de Carmen channel mangroves and SPM have
a 3"°N of 119, and 6.4%,, respectively. Thus, it is likely
that N sources and cycling differ greatly between the
polluted and unpolluted sites in Terminos Lagoon and
that vegetation reflects the changing N dynamics at each
location. The heavy 3'°N values of vegetation and
sedimentary OM at the polluted site may be due to
extensive denitrification processes within this system or
input of anthropogenic N with a heavy isotopic
signature (Kaplan and Cline, 1979; Mariotti et al.,
1981; Spies et al., 1989; Rivera-Monroy and Twilley,
1996; Rogers, 1999). Alternatively, sediment OM iso-
topic signatures may be a reflection of the isotopic
signature of the overlying vegetation, which may also be
a function of the impacts on N signature mentioned
above. Such wide variability in N isotopic values in
vegetation and sediment are not observed in either
Celestun or Chelem Lagoons but have been observed
before at other polluted locations (Spies et al., 1989;
Rogers, 1999).

3.3. Temporal variability in sediment isotopes,
elemental ratios and C,,, burial rates

Sediment depth profiles of OM 3'°C, 8'°N, DW%
Corgs DW% Niota1, C/N and C,,, burial rates are shown
for selected dated cores from Celestun, Chelem and
Terminos Lagoons to highlight fluctuations in sedimen-
tary OM composition through time and the relationship
between OM composition and C,,, burial rates (Fig. 4).
To help visualize changes in OM source over time, the
information provided by the ternary mixing diagrams is
also shown plotted against core depth and year for each
of the core profiles (Fig. 4a.5—g.5).

3.3.1. Celestun Lagoon

Temporal fluctuations at station 6, within the fringe
mangrove, show a general trend towards lighter 8'°C
and 3'°N between 7 and 20 c¢m in the sediment, when
compared to the upper 7 cm, returning to heavier values
at the bottom of the core (Fig. 4b.1). This may reflect
shifts in the relative amount of mangrove contribution
to the sediment from lower values (~20%) prior to 1900
to higher values (~50%) in the recent past, approxi-
mately from 1900 to 1940 and back to lower values at
present (~20%) (Fig. 4b.5). Station 16, near the lagoon
entrance, also records heavy 8'*C values (—169,) in the
top of the core (0—13 cm) and lighter values down core,
indicating a switch from mangrove dominated sedimen-
tary OM in the past (marked by 3'*C of —26%, from 17
to 27 cm down core) to seagrass dominated OM at
present (Fig. 4c.1). This drastic shift occurs around
1963, perhaps as a result of changes in lagoon
circulation after infilling to construct a bridge across
the lagoon around that time (Herrera-Silveira et al.,
1998a). Periods of decrease in mangrove OM contribu-
tion to the sediment at the two fringe mangrove sites
(stations 6 and 16) show an accompanied reduction in
bulk C,, burial rates. These records may indicate
temporal fluctuations in the overall lagoon vegetation
distribution, however, more cores are needed to verify if
these fluctuations are representative of lagoon-wide
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changes. In addition, longer cores are needed to verify if
the observed transitions between low mangrove to high
mangrove contributions that seem to occur on decadal
time scales persist deeper in the record. Interestingly, at
the mid lagoon, seagrass dominated site (station 3),
spanning the same time interval (past 150 years), no
obvious trend in the relative contribution of seagrass
and SPM with time (depth) is observed. If representa-
tive, this trend may suggest that the mid lagoon, away
from the fringe mangrove, is a relatively stable
environment, less susceptible to processes that affect
vegetation distribution or organic matter preservation in
the sediment.

DW% C,s and DW% Ny tend to follow similar
trends with depth in the cores (e.g. vary systematically
within each core), thus C/N ratios do not demonstrate
much change throughout the profile, although there are
several outliers in station 16 (Fig. 4a.3—g.3). C,, burial
fluxes are principally controlled by changes in the DW %
Corg, and are overall lower in seagrass dominated mid-
lagoon sediments (40 g C m 2yr ') than in fringe
mangrove sediments (55—70 ¢ C m > yr~'). This relation
implies that changes in the contribution of mangrove
OM to the sediment either as a result of changes in
vegetation distribution or due to variable regeneration
processes may significantly affect the total C,,, burial
rates in these systems.

3.3.2. Chelem Lagoon

The core collected at station 9 in Chelem offers
a much higher temporal resolution record due to higher
sedimentation rates (4 mm yr ') and finer sectioning
(Fig. 4d). This site is located in the eastern, mangrove
dominated, part of the lagoon, which has been highly
affected by anthropogenic perturbations. Based on our
isotopic analysis, it is possible to define four distinct
intervals in this core. Interval one, from 0 to 15 cm
(~1970 to 2001), displays 8'°C and 3'°N values of
—22%., and 6—8Y%,, respectively, along with very low
DW% Coy, (1%) and DW % Niota1 (0.1%). Interval two,
from 15 to 33 cm (~1920 to 1970), has isotope
excursions towards lower values (3'°C of —249%, and
3'°N of 49,) accompanied by an increase in total OM
(Corg 18 2=4 DW% and Ny is 0.2 DW%). Interval
three, from 33 to 47 cm (~ 1885 to 1920), is similar to
interval one and exhibits a return to heavier isotope
values (8'3C of —229%, and 8'°N of 5—6%,) and low OM
content (Corg is 1 DW% and Niga is 0.1 DW%).
Interval four (47—60 cm, ~ 1850 to 1885) is similar to
interval two, with lighter isotope values (3'°C of —24%,
and 3'°N of 3—4%,) and higher OM content (Corg 18 6—8
DW% and N is 0.4 DW%). In addition, intervals
one and three have a C/N molar ratio of 10—12, while
C/N in intervals two and four are 16—18. This profile
demonstrates the presence of cyclic changes in the
processes affecting OM deposition in this lagoon.

Mangroves contribute more to the refractory OM pool
in the sediments during periods marked by lower isotope
ratios (2 and 4), while SPM dominates during excursions
to higher isotopic values (potentially suggesting in-
creased marine influence or increased phytoplankton
production in the lagoon itself) (Fig. 4d.5). In periods
with greater mangrove contributions, C,,, burial rates
are about 50% higher (67—104 g C m 2yr~ ') than in
periods dominated by SPM contributions (35 g C
m 2yr "), caused by either higher preservation (man-
grove OM is more refractory) or greater overall primary
production. This 40—50 year cycle (based our '°Pb-
derived ages) mainly consists of variability in the relative
contribution of mangrove and SPM OM sources, with
seagrasses contributing a small and constant fraction of
about 10—15% of the total sedimentary organic carbon.
These changes may be related to regional climate
changes that affect vegetation distribution and/or
lagoon circulation and salinity (see Section 3.4).

3.3.3. Terminos Lagoon

Sediment profiles of polluted (station 15) and un-
polluted sites (stations 3 and 7) display interesting
contrasts, particularly in N isotopes (Fig. 4e—g). The
fringe mangrove site in the unpolluted Estero Pargo
(station 7) has a light 8'*C of —279%,, indicating Corg in
the sediments is mainly from mangroves (Fig. 4f). There
is a negative excursion in the 3'°N profile to —2%,
between 7.5 and 15 cm, with a return to core top 3N
values (29,) at the bottom. Over the same interval, the
DW% Cg,, and DW% N, steadily increase to
a maximum 16% C,;; and 0.5% Nigei. Station 15,
located within the polluted Ciudad de Carmen channel,
is also dominated by mangrove carbon (3'°C is —27%,)
but has much heavier OM 3'°N (9%,) (Fig. 4g). Similar
to station 7, there is a negative excursion in the 3'°N
profile to —29, away from the baseline of 2%, which
also corresponds to a slight increase in DW% C,,, and
DW% N,oi. These negative 3'°N excursions in stations
3 and 7, which correspond to higher DW% OM in the
sediment, could be an indicator of bacterial activity in
the sediment and possible contributions of C and N from
the bacteria biomass present (Cifuentes et al., 1996). In
Terminos, as in the other lagoons, we also observe that
the fringe mangrove sediments have higher C,,, burial
(53—65gCm 2 yr ') compared to mid-lagoon, seagrass-
dominated sediments (33 g C m~2yr !). Both the
unpolluted and polluted fringe mangrove sites display
a decrease in mangrove contributions to sedimentary
OM, from 80% to 40% in the past 90 years at station 7
and from 60% to 40% in the past 35 years at station 15
(Fig. 4f.5 and g.5). This decrease is accompanied by
a decrease in the C,, burial rates up core, from
a maximum of 117 ¢ C m2yr ' at 22 cm (1925) to only
34gCm 2yr 'atpresentin station 7 sediments and from
77¢Cm yr "at 10 cm (1965)to 33 gCm 2yr ' in the
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core top of station 15 (Fig. 4f.4 and g.4). Although, as
with the trends observed in the other lagoons, these
changes may be a result of natural vegetation changes, it
is more likely that at this location the lower mangrove
contribution is a result of human land use practices and
urban development, which reduce mangrove forest
density (Day et al., 1987).

3.4. Teleconnection with Cariaco Basin

To determine if the observed variability in sedimen-
tary OM source is related to regional climatic fluctua-
tions, we have compared the longer record from station
9, Chelem Lagoon, with a deep-sea foraminiferal
(Globigerina bulloides) abundance record from the
Cariaco Basin (Black et al., 1999). The abundance of
G. bulloides is sensitive to upwelling in the Cariaco
Basin, which in turn is a function of winds. The Cariaco
Basin record exhibits decadal variability during the time
period represented by the Chelem Lagoon core (see
Fig. 3, (Black et al., 1999). We do not find a consistent
relationship between these two records, although both
exhibit variability on similar time scales. For the part of
the record between 1850 and 1910, it is possible to see
a correlation between the G. bulloides record and
sedimentary OM source fluctuation (1853—1904,
r? =0.78, see inset in Fig. 5). During periods of SPM
dominance and low mangrove OM contributions, G.
bulloides abundances are high, i.e. stronger zonal (trade)
winds in the southern Caribbean are observed. Changes
in the wind patterns may result in precipitation changes
and affect the water and nutrient balance in the lagoon,
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resulting in changes in vegetation distribution or in
sedimentary OM regeneration processes. However, this
relationship is not maintained throughout the record, in
fact from about 1910 to the present this pattern is
reversed, and periods of high mangrove and low SPM
sedimentary OM contributions correlate to low G.
bulloides abundances and vice versa (1922—1980,
1> =0.37). It is expected that mangrove ecosystems
would respond to climatic fluctuations, however, the
exact nature of the teleconnections cannot be speculated
upon on the basis of this one record from Chelem
Lagoon. In particular, other local factors possibly
relation to population distribution and land use changes
in the last century may have also contributed to the
observed changes (Hodell et al., 1995; Curtis et al., 1996,
1998). Regardless, the observed fluctuations are in-
triguing and warrant more and longer records to be
taken and analyzed to verify and interpret these
observations.

4. Summary and conclusions

The goals of this study were to characterize sources of
OM in mangrove lagoon sediments and to evaluate
changes in source contributions and C,,, burial over
time. It is imperative that source indicators clearly
differentiate each type of OM input into the sedimentary
pool. For example, if N and C isotopes had been utilized
to determine OM source in these sediments, rather than
the C isotopes and N/C ratios employed, the SPM
contributions would not have been clearly recognized.
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Fig. 5. Plot of station 9 Chelem % sedimentary OM source (mangroves are white circles, seagrasses are gray circles and black circles are SPM, all with
connection lines) vs. abundances of Globigerina bulloides (black lines; Black et al., 1999). The phase relationship between these records is different
before and after about 1920 (indicated by the vertical line). The inset graph shows the linear correlation between % mangrove OM and G. bulloides
abundances (#/gram, 5 year running average), with a high correlation coefficient (> = 0.78) from 1853 to 1904 (filled circles) and a lower one from

1922 to 1980 (empty circles, 1> = 0.37).
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Since SPM accounts for about 40% of sedimentary C,,,
at some sites, this is quite significant. In addition, it is
evident from our results that the validity of the mixing
models must be tested specifically for each location,
since local environmental factors, such as post-de-
positional sedimentary biogeochemical processes and
degree of anthropogenic influence, may affect the end
member source signal. Mixing plots for Celestun and
Chelem lagoons were largely applicable for the entire
lagoon, likely due to the relative simplicity of OM inputs
into the sediment and to the small size of these lagoons.
In the case of Terminos, a much larger lagoon with more
variability in natural and anthropogenic influences, end
member OM sources at different stations had different
3'3C and N/C ratios. Such variability may complicate
interpretations of OM source changes over time if the
end member signals are susceptible to alteration.
Mangrove, seagrass and SPM contributions to lagoon
sediments varied between stations within each lagoon
depending on the dominant vegetation at each site.
Mangroves contribute 30—80% C,,, in fringe mangrove
sediments and 0—20% in mid-lagoon seagrass sites. The
close coupling between local vegetation and OM burial
suggests little transport and mixing of particulate OM
throughout the lagoons.

OM source dynamics vary over time in each lagoon.
Chelem and Terminos seem to be dominated by changes
in the relative contributions from mangrove and SPM
(constant seagrass contribution), while all three OM
sources contribute to changes in the sedimentary C,,
pool in Celestun Lagoon. In particular, Celestun has on
average a greater seagrass contribution to sedimentary
Corg than the other two lagoons. One potential
explanation for this observation is that the seagrass
community in Celestun Lagoon is healthier than in
Chelem or Terminos, both of which experience a greater
anthropogenic impact. The overall low seagrass Co,o
contributions in Chelem and Terminos implies that
seagrasses contribute to C,,, burial only in limited areas
where conditions are optimal. Alternatively, these
results may indicate that seagrass decomposition and
regeneration is more effective in Chelem and Terminos.
To evaluate which of the above explanations is more
consistent with the data, a better estimate of the
contribution of seagrasses to the net primary production
at each site in all of the lagoons is needed, and such data
is currently unavailable.

In each of the three lagoons, SPM contributes a large
portion of C,., to the sediments, yet phytoplankton
contribute only a minor fraction of total primary
production. In Celestun (the only lagoon for which
total primary production values are available), phyto-
plankton account for only 8% of total production (150 g
Cm 2yr ' out of 1860 g C m 2yr ' (Herrera-Silveira,
1994)), yet contribute 20—80% of sedimentary Cg,,
while mangroves account for 62% of total production

(1460 g C m 2yr ', personal communication from A.
Zaldivar, 2002) and contribute a relatively smaller
fraction of sedimentary C,, (20—70%). Seagrasses
make up 30% of total production and about the same
percentage of buried C,,, in Celestun (Herrera-Silveira,
1994). Our results indicate that plankton-based primary
production is an important, yet previously unappreci-
ated, component of these ecosystems and contributes as
much to long-term C storage as mangroves and sea-
grasses. Thus any preservation/protection measures to
sustain such ecosystems should consider conservation
of the entire ecosystem, including the health of phyto-
plankton and seagrass communities in addition to
mangroves.

In this study, we show that in sediments with higher
mangrove OM contribution, DW% C,, and DW%
Niotal are significantly higher than in sediments domi-
nated by seagrass contribution (> of <0.05 for both).
This relation suggests that much of the C,,, burial is
concentrated within the fringe mangrove sites in these
lagoons and thus C burial is enhanced in mangrove
sediments. This is also highlighted by the higher rates of
Corg burial in Celestun and Terminos lagoons compared
with Chelem, where mangrove contributions to sedi-
mentary OM are low at present, possibly as a result of
human induced circulation changes (port construction)
and other anthropogenic impacts. This may also suggest
that mangrove sediments have less efficient nutrient
regeneration than seagrass sediments (due to recalcitrant
mangrove C,,,) and thus seagrasses in these sites may be
the source of nutrient export to the coast. Overall for
these lagoons, average C,,, burial is 53 g C m Zyr .
The C,,, burial rates reported in this study are lower
than the average value reported for all mangrove
ecosystems (100 g C m 2 yr '), although it is consistent
with values for fringe mangroves in areas of low river
discharge (see Fig. 5 in (Twilley et al., 1992)).

The observed decrease in rates of C,,, burial, con-
current with a reduction in mangrove contributions to
sedimentary OM in all three lagoons during the recent
past, may suggest either that climatic fluctuations or
anthropogenic perturbations negatively impact the man-
grove ecosystem and reduce C,, burial. Such a trend
is indeed more significant in Chelem and Terminos
Lagoons than in the less impacted Celestun Lagoon,
possibly highlighting the importance of anthropogenic
disturbance to the health of these ecosystems. The reduc-
tion in C,,e burial flux and contribution of mangroves to
total C,,, in fringe sediments relative to periods prior to
about 1950 may however be driven by natural climatic
variability, the affects of which are increased in areas
under anthropogenic influence. Longer, higher resolu-
tion cores from these and other coastal lagoons are
needed to clarify if the variability expressed in the core
at station 9 in Chelem represents a regional trend. Given
the observed correlation for at least part of the record
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between a deep-sea foraminiferal record and Chelem
station 9 OM source, more and longer records from
these lagoons may elucidate the climate-related variabil-
ity which effects vegetation distribution and sedimentary
processes in these lagoons. The temporal variability in
Corg burial observed in these cores illustrates the need
for further understanding of how these systems respond
to natural change before the specific influence of anthro-
pogenic impacts hypothesized here can be assessed.
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