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Abstract: The extent and function of coastal mangrove ecosystems are likely to be influenced by future
changes in sea level. Multiple proxies of past mangrove ecosystems preserved in a 780 cm long peat core
(TCC2) taken from Twin Cays, Belize, record palacoecological changes since ~8000 cal. yr BP. The proxies
included pollen and the stable-isotope (C, N and O) compositions of mangrove leaf fragments. Rhizophora
mangle (red mangrove) has been dominant at this site on Twin Cays for over ~8000 years. Variations in 8'°C
and 8N suggest past changes in stand structure between dwarf, transition and tall R. mangle through the
Holocene. Marked changes in the 8'*0 (up to ~4%o) of mangrove leaf fragments throughout TCC2 most likely
record variations in the proportion of seawater versus precipitation taken up by past mangroves, reflecting the
degree of inundation of the site with seawater resulting from changes in the rate of Holocene sea-level rise.
Notably, a decline in peat accumulation rate at ~7200 cal. yr BP correlates with a decrease in the rate of rise in
A sea level. This was not accompanied by a marked change in the pollen assemblages. However, changes in

HOLOCENE assemblage composition began to occur ~6300 cal. yr BP, with an increase in Myrsine-type and Avicennia ger-
RESEARCH minans (black mangrove) pollen. An increase in the 8'*0 between 6100 and 5300 cal. yr BP, which correlates
PAPER with other records from Central America, indicates a significant increase in the rate of rise in sea level.
Key words: Palacoecology, mangroves, Holocene, stable isotopes, pollen, oxygen, carbon, nitrogen, Belize.
[ntroducﬁon such as flooding associated with tsunamis (Kathiresan and

Mangrove ecosystems perform significant roles in global car-
bon cycling (Chmura et al., 2003; Dittmar et al., 2006) and in
protecting tropical and subtropical coastlines from distur-
bances such as tsunamis (Kathiresan and Rajendran, 2005;
Danielsen et al., 2005). The extent and function of mangrove
ecosystems present along tropical coastlines are likely to be
significantly influenced by fluctuations in sea level (Blasco,
1984; Woodroffe, 1995b; Ellison and Farnsworth, 1997,
Swarzbach, 1999). These can be short-term (episodic) changes,
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Rajendran, 2005; Danielsen et al., 2005) and hurricanes, or
longer-term changes associated with fluctuations in sea level
resulting from global environmental changes, such as arctic
warming (Arctic Monitoring and Assessment Programme
(AMAP) et al., 2004). Although episodic changes can be stud-
ied by examining recent past events (eg, Danielsen ef al., 2005;
Maa et al., 2006; Piou et al., 2006) and by conducting labora-
tory or manipulative field-based experiments (eg, Ellison and
Farnsworth, 1997), it is more difficult to examine mangrove
responses to more gradual or longer-term changes in sea level.
This challenge is compounded by potential spatial variability
(eg, local habitat versus regional ecosystem).
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Documented changes in sea level of the Caribbean region during
the Holocene (Blanchon and Shaw, 1995; Toscano and Macintyre,
2003; Gischler and Hudson, 2004; Blanchon, 2005; Gischler, 2006)
show that the rate of rise in sea level was greatest prior to ~7000 cal-
endar years before present (cal. yr BP) and then diminished after
this time. ‘Stepped’ increases in the rate of rise in sea level may also
have occurred during the Holocene (Blanchon and Shaw, 1995;
Blanchon, 2005). Some records from Central and South America
have been interpreted as evidence of falling sea level during this
period (Jacob and Hallmark, 1996; Wooller et al., 2004a; Angulo
et al., 2006). However, a comprehensive review of evidence from
the Brazilian coast shows that although the rate of rise in sea level
during the Holocene may have slowed at times, it is unlikely that sea
level substantially dropped (Angulo et al., 2006).

Studies of Holocene palaeoenvironments of Belize and other
parts of Central America have largely focused on mainland sites
(Leyden, 1987; Alcalaherrera et al., 1994; Hodell et al., 1995;
Jacob and Hallmark, 1996; Whitmore et al., 1996; Curtis et al.,
1998). Findings from these studies have been related to Mayan
population dynamics (eg, Jacob and Hallmark, 1996; Islebe ef al.,
1996; Curtis et al., 1998) and changes in sea level (eg,
Alcalaherrera et al., 1994; Hodell et al., 1995; Jacob and
Hallmark, 1996). In some instances, sea-level variability has indi-
rectly complicated limnological interpretations at mainland sites
by influencing the levels of phreatic aquifers (eg, Alcalaherrera
et al., 1994; Hodell et al., 1995; Jacob and Hallmark, 1996). For
instance, the relative rise in Holocene sea level seems to have been
the main control on mainland lagoonal stratigraphy in lowland
northern Belize (Alcalaherrera ef al., 1994). Despite the relevance
of coastal ecosystems to the Mayan civilization in Belize
(McKillop, 2002, 2005), few studies of mangrove palacoecology
(eg, McKee and Faulkner, 2000a; Wooller et al., 2004a) have been
conducted along the coasts of Belize.

We discuss pollen and stable isotope (C, N and O) data from a
780 cm peat core (TCC2) from Twin Cays in the light of evidence
from a previous Twin Cays core (TCC1) (Wooller et al., 2004a),
Holocene changes in sea level (Blanchon and Shaw, 1995;
Toscano and Macintyre, 2003; Gischler and Hudson, 2004;
Blanchon, 2005; Gischler, 2006) and Central American palacoen-
vironmental changes. Pollen and stable carbon and nitrogen iso-
tope analyses of mangrove peat cores are useful to track past
changes in mangrove floral composition (Behling and da Costa,
2001; Behling et al., 2001; Wooller et al., 2004a), stand structure
and nutrient limitation (Wooller et al., 2003b, 2004a). In addition
to these analyses, we investigate the analyses of two novel prox-
ies: stable-oxygen-isotope composition of mangrove leaf frag-
ments and relative peat hardness (penetrometer analyses).

The 80 of organic matter in plant leaves is primarily influ-
enced by the 8'80 of the water available to a plant, in addition to
some physiological mechanisms (eg, evapotranspiration) and
environmental conditions (eg, humidity and temperature) (Sauer
et al., 2001; McCarroll and Loader, 2004). A number of studies
have been devoted to understanding the relationship between the
880 of source water in mangrove habitats and the §'*0 of man-
groves (Sternberg and Swart, 1987; Lin and Sternberg, 1993,
1994; Verheyden et al., 2004). These studies have included inves-
tigations of the relationship between the §'*0O of source water and
the 8'%0 of stem water, in addition to the relationship between
source water and organically bound oxygen (ie, cellulose) in man-
grove species (eg, Avicennia germinans and Rhizophora mangle).
Mangroves in southern Florida growing in close proximity to
ocean water had stem water with a 8§'30 that reflected that of the
ocean water, while those less frequently inundated with ocean
water had relatively lower §'®0 values indicating that they were
using proportionally more rainwater (Sternberg and Swart, 1987).
Ishshalomgordon et al., (1992) subsequently grew groups of

mangroves that were supplied with water with the same §'%0 value
and a range of different salinities. They found no significant dif-
ference in the §'80 of leaves from trees grown at different salini-
ties; the 8'%0 of the leaf organic matter reflected the 80 of the
source water. They concluded that the §'*0O values of cellulose in
R. mangle leaves are a faithful recorder of the §'%0 changes in
water associated with sea water intrusion and therefore rates of
change in sea level. Since mangroves seem to depend on water in
the surface layers of the substrates in which they grow as their pri-
mary water source, and there is no fractionation in oxygen iso-
topes during water uptake by mangrove roots (Lin and Sternberg,
1994), it seems plausible that the 5'30 of mangrove subfossils (ie,
leaf fragments and tree rings) could be an effective indicator of the
380 of past surface waters, as previously suggested by
Ishshalomgordon et al. (1992) and Sternberg and Swart (1987).

Although the difference in §'*0 between ocean water and pre-
cipitation in the tropics is not as large as it is at high latitudes
(Bowen et al., 2005), rainfall in the tropics tends to have more-
negative 80 values (<0%o) relative to standard mean ocean water
(0%0) (Benway and Mix, 2004; Bowen et al., 2005; Curtis et al.,
1998). These isotopic differences can be reflected in the §'*0 of
mangroves depending on the relative proportions of ocean water
versus rainfall (Ishshalomgordon ez al., 1992). There are also no
reasons to suspect significant changes in the past water source and
history of water-vapour transport in Central America during the
early Holocene relative to today (Curtis et al., 1998).

Although mangroves can exist in saline environments, they can
also exist in fresh water as facultative halophytes (Sternberg and
Swart, 1987). We acknowledge that interpreting §'*0 analyses of
plant organic matter can be challenging when considered in isola-
tion (McCarroll and Loader, 2004), so we conducted these analy-
ses within a multiproxy approach (McCarroll and Loader, 2004).
An initial examination of the past §'*0 of mangrove leaf fragments
is thus presented in the light of the other palacoecological proxies.
In this context, we also present a measure of the relative hardness
and softness of the peat, acquired with a penetrometer. Mangrove
peat can present a notoriously subtle stratigraphy, with very little
variation in colour and minor variation in texture. The penetrom-
eter data is a means of measuring peat hardness that might allow
future correlation between independent cores from the region.

Study site

Twin Cays is composed of two islands, the west and east island,
located ~12 km from the mainland of Belize, at 16°50'N, 88°06"W
(Feller, 2002; McKee et al., 2002; Wooller et al., 2004a) (Figure
1). The two islands combined measure approximately 1.4 km long
and 1.1 km wide (Woodroffe, 1995a) with an area of ~92 ha (Koltes
et al., 1998). There are currently three species of mangrove trees pres-
ent on Twin Cays: Rhizophora mangle L. (red mangrove), Avicennia
germinans [L.] Stearn. (black mangrove) and Laguncularia racemosa
[L.] Gaertn. f. (white mangrove) (Koltes et al., 1998; McKee et al.,
2002). R. mangle is the dominant species on the island today (Koltes
et al., 1998; Feller, 2002; Wooller et al., 2004a). This plant is pres-
ent in a variety of heights ranging from dwarf (<1.5 m high) to tall
(>1.5 m high) growth forms (Feller, 1995; Woodroffe, 1995a;
Koltes et al., 1998; McKee et al., 2002; Lovelock et al., 2006). The
dwarf and tall forms are the same species, but the dwarf form is
primarily phosphorus-limited and the tall form is primarily nitro-
gen-limited (Feller, 1995; Woodroffe, 1995a; Cameron and
Palmer, 1995; Koltes et al., 1998; McKee et al., 2002; Lovelock
et al., 2006). Trees of intermediate height (~2—4 m tall) are limited
by both nitrogen and phosphorus (Feller, 1995; McKee et al.,
2002). This distribution in growth forms is apparent on many
coastal islands in Belize (Woodroffe, 1995a).
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Figure 1 Location of core TCC2 (and TCC1) from Twin Cays, Belize
(large-scale map adapted from Smithsonian Caribbean Coral Reef
Ecosystems map)

Dwarf R. mangle are generally found near the island’s interior, in
ponds and basins partially closed off from tidal input (Woodroffe,
1995a). The tall form (usually 5-6 m tall on Twin Cays) generally
surrounds the edge of the island and the banks of the channel sepa-
rating the two islands, growing in areas more frequently inundated
with seawater (Garcia and Holtermann, 1998; Koltes et al., 1998;
McKee et al., 2002; Lovelock et al., 2006). Tall and dwarf growth
forms of R. mangle have indistinguishable pollen but can possess
different stable carbon and nitrogen isotopic sigantures (8'*C and
8"N, respectively) (Wooller et al., 2003b, 2004a). Although decom-
position of R. mangle leaves alters the original isotopic signatures,
leaves from tall R. mangle trees generally exhibit §"°C values less
than —27%o, while §"°C of dwarf trees ranges from —24%o to —26%o.
The 8N values of tall trees generally range from —2.8%o to +3.2%o,
whereas dwarf trees are characterized by 8N values of <—3%o
(Wooller et al., 2003b). These isotopic signatures are altered very
little through the process of leaf senescence (Wooller et al., 2003b).

A. germinans are usually found inland of tall R. mangle and in
regions less frequently inundated with seawater (Wooller et al.,
2003b). Of the species found on Twin Cays, 4. germinans is tol-
erant of high salt concentrations and survives in areas ranging
from 38-65 parts per thousand (ppt) (Woodrofte, 1995a; Garcia
and Holtermann, 1998; McKee and Faulkner, 2000b; Sobrado and
Ewe, 2006). In addition to these four tree species, herbs, grasses
and ferns are also present (Woodroffe, 1995a). Unvegetated flats,
which are dry or shallow at low tide, characterize some areas in
the interior of Twin Cays, and many are surrounded by dwarf R.
mangle (Koltes et al., 1998; Woodroffe, 1995a).

A peat core, TCC2, was taken from an area in the interior of the
west island of Twin Cays, where standing water and dwarf

R. mangle were present (Figure 1). A previous core, TCC1, has a
basal age of ~8300 cal. yr BP and shows significant palacoeco-
logical changes, including a period dominated by Myrsine sp.
pollen (Wooller et al., 2004a). By developing a palacoenviron-
mental reconstruction for Twin Cays, we aim to provide an
improved assessment of local habitat variability in mangrove
ecosystems during the Holocene.

Methods

Field work

A 780 cm core (TCC2) of continuous peat was taken from the
west island of Twin Cays, Belize (Figure 1) following the proto-
col described by Wooller et al. (2004a) using a Russian peat corer.
Most of TCC2 (0-715 cm) is composed of mangrove peat, which
contains R. mangle leaf fragments, roots and organic material. The
bottom 65 cm (715-780 cm) is a grey mud lacking macrofossils.
The cores are currently stored (~4°C) at the Water and
Environmental Research Center (WERC) at the University of
Alaska Fairbanks.

Radiocarbon dating, peat accumulation and
penetrometer analysis

R. mangle leaf fragments were picked from TCC2 in order to
obtain seven accelerator mass spectrometry (AMS) radiocarbon
dates. Once separated from the mangrove peat, the leaf fragments
were washed with deionized water. Leaf fragments were sparse at
45 cm depth, so 1 cm? of bulk peat was dated instead. The samples
were freeze dried and stored in glass vials. The glass vials had pre-
viously been heated to 300°C in a muffle furnace to remove any
organic contaminants. A sample from the outer layer of wood from
a large (~75 cm diameter) stump of a dead A. germinans that was
present at the coring site was also sent for AMS dating. The sam-
ples were sent to the National Ocean Sciences Accelerator Mass
Spectrometry Facility at Woods Hole Oceanographic Institution in
Massachusetts for “C AMS dating. Radiocarbon dates were con-
verted to cal. yr BP using Calib 5.0.2. (Stuiver et al., 1998)
(http://calib.qub.ac.uk/calib/, last accessed 13 September 2007).
Peat accumulation rates (cm/yr) were calculated for each of the
core sections between radiocarbon dates, assuming constant accu-
mulation between dated horizons.

The relative hardness of the TCC2 peat was assessed with a
hand-held penetrometer (ELE International pocket penetrometer
29-3729 with adapter foot). The penetrometer was fitted with the
2 c¢m diameter flat foot, which is used for relatively soft material
such as peat. While the peat core was held in its plastic core liner,
the penetrometer was pushed into the peat at 3 cm intervals until
the core surface was level with the top of the penetrometer foot.
The reading of the gauge was then recorded. Two measurements
were taken side by side at each depth, and the mean of the two
measurements was calculated. A five point, weighted, running
mean was calculated from these data.

Pollen analyses
Palynological processing and identification methods for TCC2
replicate methods for TCC1 (Wooller ef al., 2004a). Approximately
1 cm® (~1 g to 2 g) samples were taken at 10 ¢cm intervals between
0 cm and 780 cm. A tablet of exotic Lycopodium spores was added
to each sample prior to acetolysis in order to determine the pollen
concentration (grains/cm®). Clay-sized particles were removed from
the basal silt samples (710-780 cm) with a 7-10 um Nitex cloth
sieve. The samples were mounted in glycerin jelly.

Whenever possible, a minimum of 300 grains were counted and
identified for each sample. However, this was not always possible
owing to low pollen concentrations. In such cases, a minimum of
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