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Aquatic plants are critical components of estuarine ecosystems supporting
biodiversity and a range of ecosystem services such as sediment stabilisation and
denitrification. However, estuarine plants, similar to their freshwater counterparts, are
in decline and under threat. The examination of remains of aquatic plants in sediment
records can document the fate of the plants themselves, along with numerous natural
and anthropogenic changes in estuaries, including those associated with relative sea
level change, pollution and habitat degradation. In comparison with other proxies, the
use of macrofossils in estuaries is in its relative infancy. However, many approaches
to the examination of plant macrofossils can be utilised from the freshwater domain
where a number of advances have been made, particularly in the past decade.
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“It was a good tree by the sea-loch, with many cones and much sunshine”

Robert Jenkins (1980), The Cone Gatherers.

1. Introduction

1J. Tibby (corresponding author)
2C.D. Sayer
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Estuarine ecosystems are transitional between freshwater and fully marine water
bodies. They encompass a variety of often inter-connected environments: salt-tolerant
forest, saltmarshes and open water, varying in terms of tidal activity and salinity, and
include river mouths, fjords, coastal lagoons and coastal lakes. This continuum of
habitats hosts a variety of aquatic plants ranging from large trees which require only
limited contact with water at a specific stage in their life style (e.g. Casuarina and
Melaleuca species in Oceania; Adam 2012) through mangroves (particularly in the
tropics and sub-tropics) and saltmarsh plants (temperate zone and high latitudes) to
submerged angiosperms, and macro and microalgae with an obligate requirement for
water. This review focuses on coastal plants that leave macro-remains in sediments:
plant remains that can be seen with the naked eye, in contrast to pollen and
microspores, but which usually require microscope identification (sensu Birks 2001).
Thus, this chapter excludes microalgae, which are covered elsewhere (Taffs et al. and
Ellegaard et al., this volume). Furthermore, due the nature of preservation of plant
remains, which is generally best under anoxic conditions close to the site of
production, this chapter is largely focused on plants which are either submerged in, or
occur at the margins of, coastal water bodies.

Aquatic plants play a fundamental role in estuaries and coastal lakes. The
structure they afford provides refugia, feeding and ambushing habitat for a myriad of
life-forms from bacteria to birds and fishes. Furthermore, seagrass meadows (and
associated epiphytes) and saltmarshes are major sources of primary productivity
(Borowitzka et al. 2006; Mitsch and Gosselink, 2007) and, as well as mediating
species interactions, form a key component of estuarine food webs. Organic matter
derived from seagrasses strongly influences denitrification, a critical process in
reducing the effects of coastal eutrophication (Eyre et al. 2013). The roots and
rhizomes of aquatic plants bind sediment, preventing its re-suspension into the water
column, influencing sediment transport and water turbidity. Thus, estuarine vegetation
is fundamentally important to the overall structure and function of estuaries, with
strong correlations between the abundance and diversity of plants and ecosystem
health (Orth et al. 2006; Montefalcone 2009). As an example, although there are
limited studies, of the 115 marine species that live in seagrasses assessed using the
International Union for the Conservation of Nature (IUCN) Red List criteria (IUCN,
2010), 31 (27%) are in threatened categories (Short et al. 2011). These include
invertebrates, fishes, sea turtles, and iconic marine mammals such as manatee and
dugong (Short et al. 2011).

Many estuarine plants and plant-dominated habitats are in steep decline,
rendering them of considerable importance from a nature conservation perspective.
Short et al. (2011) show that 24% of seagrass species (15 of 72 species) are threatened
or near threatened using IUCN criteria. Saltmarshes and their characteristic plants are
in decline on a global scale, due to a combination of factors, not least urbanisation,
hydrological manipulation, conversion for aquaculture, eutrophication and the
negative influences of invasive species (Bromberg Gedan et al. 2009). In addition,
mangrove swamps are rapidly disappearing due to widespread deforestation and
climate change (Alongi 2008). Several species of charophytes (Chlorophyta:
Characeae) are confined to a small number of coastal lakes and lagoons where they
are becoming increasingly rare and, in some cases, threatened with extinction
(Blindow, 2000; Martin et al. 2002). In turn, charophyte beds are often of crucial
importance to invertebrates and fishes in coastal waters (Torn et al. 2010), so the
knock-on effects of losing them are substantial. Clearly estuarine aquatic plants are
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highly sensitive to human impacts and, as such, can be seen to act as ‘bellwethers’ for
environmental change (Short et al. 2011).

Massive and continuing reductions in the coverage of estuarine aquatic plants
have been documented across the globe (Waycott et al. 2009; Bromberg Gedan 2009).
However, much of this research has been undertaken in the 21 century, with the vast
majority in the last 50 years and largely focussed on regions with “developed”
economies (Waycott et al. 2009). As such, in the absence of palaeoecological records,
human understanding of fundamental environmental change in estuaries is ‘blind’ to
numerous significant alterations that occurred before monitoring commenced or in the
many parts of the world where monitoring is limited, or indeed non-existent (e.g.
Birks et al. 2001b; Waycott et al. 2009). Major threats to estuarine plants include sea-
level rise, increased temperature, hydrological change, sedimentation and nutrient-
enrichment mediated through excess algal growth on the plants themselves or in the
water column (see Orth et al. 2006 and references therein). Many of these threats arise
because estuarine plants often have a greater requirement for light than their terrestrial
counterparts (Orth et al. 2006). Importantly, as well as reconstructing past plant
communities, palaeoenvironmental studies are able to infer changes in these stressors
through dating changes in sedimentation rates and habitat structure (Andersen, this
volume); and via inferences about changing water quality (Weckstrom et al., this
volume).

This chapter outlines research that has used plant macro-remains to infer
environmental change in estuaries, with a particular focus on the reconstruction of
sea-level change and human impacts. Plant macrofossils, or ‘macro-remains’, consist
of reproductive structures such as seeds, fruits, turions and spores, and various
vegetative fragments including leaves (frequently leaf tips), spines and roots. In
freshwater lakes, where macrofossil analysis is well established, macrofossil analysis
has been widely used to reconstruct aquatic vegetation histories and, in turn, to
determine long-term lake ecosystem responses to eutrophication (Davidson et al.
2005; Madgwick et al. 2011), lake-level fluctuations linked to climate variation
(Diggerfeldt, 1986; Dieffenbacher-Krall and Nurse, 2005), shallowing (Bradshaw et
al. 2005) and changing plant biogeography (Bennike et al. 2001). A reasonable body
of plant-based, palaeoecological research has also been undertaken in estuarine
settings, including coastal lakes, lagoons, saltmarshes and river mouths. The case
studies discussed below are organised thematically, rather than by habitat type, and
are divided into relative sea-level change, human impacts, informing nature
conservation, methodological considerations and the future of the discipline. This
chapter does not provide an exhaustive literature review, but rather highlights studies
which illustrate the potential of macrofossil analysis and, in turn, some of the
challenges and future possibilities associated with the technique. This review focuses
on Holocene estuarine systems as they provide the most relevant context for
understanding the current status of estuarine aquatic plants.

2. Relative Sea-level Change

The changing abundance of estuarine aquatic plants has long been used to document
past changes in relative sea-level (Behre 1986). Furthermore, the obligate requirement
of many aquatic plants for water provides a useful contrast to (some) faunal indicators
(such as oysters and barnacles) which, due to the effect of tide, wave and wind splash,
frequently live well above mean sea-level (Baker and Haworth 2000).
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The possibility of using single species indicators of sea-level change is
highlighted by a study of the Spencer Gulf and Gulf St. Vincent, large inverse
estuaries in South Australia. Belperio et al. (2002) used the presence of the seagrass
Posidonia australis, which grows at depths of between 0.25-10 m below sea-level, as
one of a range of (minimum) sea-level indicators. This extensive study, which
encompassed more than 200 individual samples selected from over 500 cores,
highlights the value of plant presence data for reconstructing relative sea-level
changes. Belperio et al. (2002) demonstrated that the local sea-level high stand
occurred 6400 calibrated years before present (cal. yr BP), with a steady decline from
this time.

As part of a series of Holocene-scale paleogeography studies, Bennike et al.
(2004) used plant macrofossils to determine relative shore level changes from cores
collected in the Great Belt (Denmark). The Great Belt is part of a series of straits that
connect the Kattegat with the Baltic Sea. The late-glacial and Holocene shore-level
history of this region is governed by complex interactions between eustatic sea-level
rise, isostatic rebound as a result of crustal ‘unloading’ following the melting and
calving of the Fennoscandian ice sheet and damming by ice barriers in south-central
Sweden. During the Younger Dryas Chronozone (YDC) shallow freshwater
environments were inferred in the Great Belt from a plant assemblage including

Menyanthes trifoliata, Sparganium minimum, Potamogeton natans, P.
praelongus, P. filiformis and Zannichellia palustris. The presence of P. natans, P.
praelongus and Z. palustris was argued to indicate that mean temperatures in the
warmest month during the YDC were not below 10°C. Later, in the early Holocene (c.
10,100 cal. yr BP), lake shore deposits were identified through the presence of
abundant remains of fringing Phragmites australis. Following this, an increasingly
large lake was inferred from charophyte remains (oospores) and, to a lesser extent,
seeds and fruits from Najas minor, N. marina, N. flexilis and Z. palustris up to
approximately 8,800 cal. yr BP. The presence of N. minor, which presently occurs at
a latitude no higher than northern Germany, was taken to suggest that summer
temperatures were warmer in the early Holocene than at present. Freshwater plants
were not present in sediments deposited after 8800 cal. yr BP signalling the time
when brackish-water environments were established because the eustatic sea-level
rise likely surpassed local glacio-isostatic rebound. Notably, marine environments
after 8100 cal. yr BP were inferred from the aquatic fauna (with little evidence
provided by plants), highlighting the value of multiple indicators in studies of this
type.

A number of studies have used macrofossils (often in conjunction with pollen,
foraminifera, ostracods and diatoms) to infer shifts between freshwater and saltmarsh
environments and, hence, changing sea-levels. For example, Clark and Patterson
(1985) undertook a detailed study of tidal influences at two sites (Fresh Marsh Pond
and Deep Pond) over the last 1000 years on Long Island, New York State, USA. They
concluded that, with good dating control, pollen and macrofossil records can readily
record short-term changes in sea-level and associated plant communities. Similarly,
Freund et al. (2004) used remains of a number of aquatic plants, in combination with
pollen, diatoms and foraminifera, to identify estuarine environments of varying
elevations (e.g. lagoons, “low” and ‘“high” salt marsh) in refining estimates of late
Holocene sea-level variation on the German North Sea coast. This study permitted the
development of a precise relative sea-level curve in which lowering of approximately
40 cm was postulated during the Little Ice Age (Freund et al. 2004).
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Donnelly and Bertness (2001) used plant macrofossils in New England (USA)
saltmarshes to document recent changes in sea-level. The cordgrass Spartina
alterniflora inhabits the frequently flooded lower elevations of New England
saltmarshes, relative to high marsh species such as Spartina patens (marsh hay).
Donnelly and Bertness (2001) showed that an unprecedented shift to cordgrass-
dominance (in a 2500 year history of the region) from the mid-19" century was very
strongly matched to the magnitude and rate of sea-level rise recorded from regional
tide gauge records. With predicted future sea-level rises due to climate change,
Donnelly and Bertness (2001) predict a drowning of cordgrass-dominated
communities during the next century resulting in extensive saltmarsh losses.

Macrofossils have been used to document the isolation of lakes from the sea
after the last deglaciation. Numerous low elevation lakes in formerly glaciated regions
have been isolated from the sea because the isostatic rebound has surpassed sea-level
rise. Distinct peaks of aquatic plants such as charophytes, Potamogeton spp.,
Myriophyllum spp. and Callitriche spp. can be seen in sediments deposited just after
lakes were isolated (Bennike 1995; Bennike et al. 2011; Sparrenbom et al. 2013).
Such basins go through a brackish-water phase during isolation with the duration of
this phase dependent on the rate of sea-level rise.

3. Human Impact, with a Focus on Changes in Salinity

Estuaries have long been severely affected by human activities, because they are
located at the downstream end of river catchments and because they are focal points
for human settlement (Agardy et al. 2005). Several studies have used macrofossils to
identify human impacts on estuarine ecosystems (e.g. Brush and Davis 1984;
Sritrairat et al. 2012). The most comprehensive plant macrofossil study in coastal
systems was undertaken as part of the CASSARINA project that investigated rates
and causes of ecological change in several North African lakes (Flower 2001; Birks et
al. 2001a). In this study, plant macrofossil histories were constructed for nine North
African lakes, seven of which (three in Egypt, two in Tunisia and two in Morocco)
were influenced by their connection to the ocean.

In the Moroccan lake, Sidi Bou Raba, the plant macrofossil history suggested
a shift from a clear water lake (supporting charophytes, Potamogeton spp., Najas
armata and Ruppia spp.) before the 1860s to a turbid and increasingly shallow system
thereafter, with recent (post-1985) colonisation of saline exposed muds by Salicornia
europaea. In another Moroccan site, Merga Zerga, increases of salinity and nutrient
inputs were inferred. The Merga Zerga record was short, dating to c. 1950, but still
showed recent declines of Ruppia spp., charophyte beds, along with Potamogeton
spp. and the seagrass Zostera spp. (in the mid-1980s; Birks et al. 2001b).

Lake Ichkeul, a World Heritage site in Tunisia due to its significant avifauna
(TUCN 2010), (has undergone substantial ecological change (Birks et al. 2001b).
Interestingly, many critical aspects of the site’s hydrology are due to human
intervention. The construction of the Bizerte Ship Canal in 1895 increased the ingress
of sea-water and, as a consequence, Potamogeton and Ruppia communities were
established for the first time. The maximum expansion of these submerged plants was
dated to between c. 1950 and 1975. In the 1980s, diversion of inflowing rivers
resulted in increased salinity in the lake and a marked reduction of Potamogeton and
Ruppia stands. Tragically, the 1980 inclusion of Lake Ichkeul on the World Heritage
List largely coincided with a decline in ecosystem health from which it has never
recovered.
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Lakes in the Nile delta (Edku, Burullus, Manzala) have suffered from
freshening as a result of elevated irrigation discharges from the regulated Nile River.
Although this practice commenced in the early 20" century, it was dramatically
accentuated with the completion of the Aswan High Dam in 1964. In the highest
resolution CASSARINA macrofossil record, that from Edku Lake (Figure 1),
increases in freshwater submerged (Potamogeton pectinatus), free-floating (Lemna
minor) and emergent (Typha spp.) aquatic macrophytes occurred after 1965 (Birks et
al. 2001b). In Burrullus Lake, the most marked changes were increases in Typha and
Ruppia from the 1940s and more recent increases in P. pectinatus. In Manzala Lake, a
number of submerged taxa, including Ruppia, Chara, Potamogeton and
Ceratophyllum, became more abundant after c. 1945.

Mirroring the observations at Lake Ichkeul (Tunisia), Dick et al. (2011)
showed that key aspects of the ecology of The Coorong, a Ramsar-listed coastal
lagoon in South Australia, may be due to human intervention. In The Coorong,
salinity increases with distance from the ocean (to many times that of sea water).
Marked alterations to the ecosystem have been documented using plant and other
fossil remains (Figure 2). The salinity tolerant aquatic macrophyte Ruppia tuberosa
was, at least for the core site investigated, shown to be a post-European settlement
arrival and only expanded in or after the 1950s. This finding is significant since this
plant is used by globally significant populations of migratory birds that overwinter in
The Coorong from the Palearctic (Paton et al. 2009). Dick et al. (2011) suggested,
based on the salinity preferences of the aquatic plants themselves, but with
corroboration by diatom and foraminifera data, that increases in salinity as a result of
substantial upstream abstractions, resulted in the extirpation of Ruppia megacarpa
(which has a lower salinity tolerance than R. tuberosa) from the south lagoon of The
Coorong and a post-European settlement increase in Ruppia tuberosa. This
conclusion contrasts with Paton et al. (2009) who argued that water level was the key
driver of changes in food resources for birds. These differences in interpretation,
though they operate on different timescales (decades versus centuries), serve to
highlight “unknown unknowns” (sensu Rumsfeld 2002) in the palaeoenvironmental
record, where only a limited number of possible environmental stressors can be
reconstructed. In keeping with the observations of Birks et al. (2001b), Dick et al.
(2011) suggested that evaluation of the spatial extent of changes, through the analysis
of additional sediment records, may help to resolve some of these questions.

4. Informing Nature Conservation

The ability to reconstruct former estuarine plant communities and, in turn, past tidal
influences and environmental conditions, is especially valuable to the development of
conservation and restoration strategies in estuaries. In conjunction with other
sediment proxies, plant macro-remains can be used to infer the range of former
conditions (salinity, sea-level) and plant communities that existed prior to major
human influence. Equally, in some cases, plant macro-remains can be used to inform
on the conservation of rare coastal plants.

In a floodplain mire in the Norfolk Broads wetland, UK, Wells and Wheeler
(1999) successfully used macrofossils and foraminifera to identify a series of
vegetation changes over the last two millennia. From 2000-1600 cal. yr BP, an upper
saltmarsh system prevailed due to a period of marine transgression. This estuarine
phase was rapidly replaced after 1600 cal. yr BP by freshwater fen and swamp
communities that have persisted in various forms to the present-day. With recent
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climate change, and increasing threats to freshwater nature reserves (including the
Norfolk Broads system) from saline incursions and sea floods, information on the
former extent and nature of coastal environments is of considerable value to
conservation decision-making, especially with respect to “defend or retreat” debates.

The potential for using palaeoecological analyses to establish benchmarks to
assist the development of estuarine conservation and restoration strategies was
demonstrated by Desroches et al. (2013) for the St. Lawrence River estuary, Canada.
In this estuary there are around 2130 hectares of cordgrass-dominated (Spartina spp.)
saltmarsh, much of which has been affected by agricultural encroachment over the
last 150 years. According to local experts, it was argued that one remaining saltmarsh
patch (Pointe-aux-Epinettes) might act as a contemporary ecological benchmark to
help inform conservation activities. To test this hypothesis, an extensive (349 point)
survey of the extant vegetation was undertaken in the Pointe-aux-Epinettes saltmarsh,
in combination with macrofossil analysis of three spatially separated sediment cores.
The macrofossil analysis suggested considerable dynamism of plant communities
over recent centuries in all three cores, with short-term changes in dominance of many
plants (including Salicornia maritima, Spartina patens, Puccinellia cf. tenella,
Plantago maritima, Glaux maritima) related to small disturbances. Nevertheless, few
fundamental species replacements were evident during the last 160 years — a period of
major potential human-disturbance. Furthermore, current plant assembly in the
saltmarsh exhibited high overlap with recent assemblages in the cores (which
included a high proportion of native taxa) suggesting that the proposed benchmark
site was broadly representative of an undisturbed saltmarsh and, thus, suitable for
informing local conservation activities.

A further conservation application of macrofossil analysis in estuarine
ecosystems lies with determining the history of, and potential threats to, rare coastal
plants. For example, Birks (2002) documented the stepped extirpation of the floating
fern Azolla nilotica from Egyptian lakes, with the latest and final decline occurring in
the 1960s from Burullus Lake. This plant is now extinct in Egypt and its extinction
was thought to be linked to a freshening of wetlands and/or eutrophication due to
fertiliser enriched inflow (Birks 2002). In a study focused on the rare brackish water
charophyte, Lamprothamnium papulosum, in The Fleet Lagoon, south-west England,
Carvalho et al. (2000) used a combination of charophyte oospores and diatom
analyses to relate long-term changes in L. papulosum oospore abundance to long-term
changes in tidal influence and salinity inferred from diatoms (Figure 3). Redundancy
analysis showed that salinity (inferred from diatoms) explained 34% of the variation
in oospore numbers, with higher oospore numbers generally associated with fresh-
brackish conditions. The study suggested that L. papulosum performance was
improved when marine influence was reduced in the lagoon.

5. Methodological considerations and future prospects

While it is possible, due to changes in relative sea-level, for plant macrofossil studies
of estuaries to examine exposed sediments (e.g. Freund et al. 2004), the majority of
studies are conducted using sediment cores. Site selection and sediment coring
techniques are discussed elsewhere (Skilbeck et al., this volume), but considerations
pertinent to plant macrofossil analysis are discussed here. A key issue for macrofossil
studies, as for all palaeoecological inferences, is the extent to which fossils reliably
represent former plant communities. Much is known in this respect for freshwater
lakes, where a high proportion of submerged and floating-leaved aquatic macrophytes
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leave identifiable remains in cores. Furthermore, a number of studies in freshwater
environments have shown the deposition of plant macrofossils to be highly localised
(Birks 1973; Birks 2001; Clarke et al. 2014). It follows that, where aquatic vegetation
is patchy and representation of water body-scale changes and species diversity is
important, a multiple coring location approach is most appropriate (e.g. Madgwick et
al. 2011). Nevertheless, single cores can provide an excellent summary of the
dominant vegetation changes in small water bodies (Davidson et al. 2005; Sayer et al.
2010), indicating that strong temporal change often out-weighs issues of spatial
variability.

Given the dynamism of tidal environments, it might be expected that
macrofossil representation of coastal plants would be especially problematic and
difficult to predict, with non-local plant remains incorporated into sediment
assemblages due to long-distance water dispersal. Indeed, in one early study of river
banks in a Welsh estuary (Milton, 1939), the seed bank did not correspond well with
the surface vegetation. Equally, in a study of strand line deposits along the tidal River
Rhine and the North Sea coast of The Netherlands, Cappers (1993) found macrofossil
remains (diaspores and vegetative fragments) from a remarkable 351 taxa, many of
which were derived from distant source communities and, in some cases, different
geological periods: Carboniferous fossils were found. Thus, careful interpretation of
sub-fossil assemblages was recommended. By contrast, other research in coastal
marshes has shown a good relationship between seed assemblages and standing
vegetation. For example, in San Francisco Bay, California, Goman (2001) examined
53 sampling stations covering saline, brackish and freshwater plant communities and
found a strong association between both plant communities and macro-remains such
that different salinity environments could easily be distinguished by both (Figure 4).
In turn, this suggested that macrofossils might be usefully employed to reconstruct
palaeo-salinity and the changing geographical configuration of coastal habitats. It is
clear that plant-fossil relationships in estuarine environments may vary considerably
depending on hydrological context e.g. quiescent and weakly tidal lagoons vs.
strongly tidal rivers and marshes.

A key challenge for macrofossil studies lies in the interpretation of fossil
remains in terms of changing plant abundances and coverage. Due to the varying
production and preservation of macro-remains derived from different species, there is
always a tendency for both over and under-representation. For example, charophytes
can produce huge quantities of fossil oospores, even though actual plant abundances
may be low (Zhao et al. 2006; Clarke et al. 2014). Equally, Salicornia species in
saltmarshes can produce large numbers of remains relative to their actual
representation (Hopkins and Parker, 1984). Alternatively, for seagrasses, vegetative
reproduction typically dominates (Waycott et al. 2006) and, consequently, seeds may
be relatively rare (Inglis 1999). Given these issues, Goman (2001) quite rightly argued
that taphonomic studies ought to be routinely incorporated into palaeoenvironmental
investigations and, to varying degrees, this has been the case.

Birks (2014) discusses the representation and analysis of plant macrofossil
data, emphasising the need for appropriate scaling of taxa with greatly varying
abundance. One way of improving palaeo-interpretations and partially factoring out
some of the bias associated with species overrepresentation is to express fossil data on
abundance scales (as opposed to concentrations as is typical) that reflect the varying
production of different plant fossils. This approach was used by Odgaard and
Rasmussen (2001) for a set of seven shallow Danish lakes. In this study, frequencies
of plant remains from all core samples (n=190, 167 of which contained macrofossils)
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were standardised against the maximum abundance of each fossil. Concentrations of
fossils in all samples could then be transformed into a 4-level frequency scale
(abundant, common, rare, absent). Despite the ingenuity of this approach, which
partly accounts for the differential production/preservation of remains from different
plants, it has rarely been used to help interpret core sequences. Clearly, sufficient
regional data must exist for both coastal and freshwater plant macrofossils to make for
even more robust and useful abundance calibrations in the future (Birks 2014).

Enhanced ecological interpretations in coastal environments, especially in
lakes and lagoons, will likely emerge from an improved ability to identify oospores
from Characeae. Charophyte oospores are abundantly produced and, where the
ecology of species is well understood, they are excellent indicators (Garcia, 1994;
Garcia, 1999). However, the identification of oospores and gyrogonites (the calcified
coating of oospores) to species-level presents severe challenges to all but highly
specialised experts and available keys are notoriously incomplete and hard to use. To
better harness information about oospores from charophytes, it might be possible to
use genetic approaches, or possibly oospore germination (e.g. Rodrigo et al. 2010),
since oospores are known to be especially long-lived in “seedbanks” (Beltman and
Allegrini, 1997). The huge potential of oospore remains is clearly demonstrated by
Rodrigo et al. (2010) in a palaeolimological study of Albufera de Valéncia, a Spanish
coastal lagoon. Some ten charophyte species were successfully identified (from keys
and from comparisons with reference material) from oospores and used to track an
early period of freshening and a later (post-1900) phase of eutrophication which
eventually led to the extirpation of charophyte beds from the site. In a study of
Bombah Broadwater, a shallow coastal lake on the New South Wales coast, Australia,
Leyden et al. (2011) recorded seven charophyte taxa from oospores. In combination
with animal macrofossils, the charophyte record suggested that vegetation changes
after European arrival (c. 1850) led to increased catchment run-off, resulting in a
freshening of the site. In particular, increased abundances of the freshwater
charophytes Chara globularis, C. fibrosa and Nitella hyalina were used to identify
recent declines in salinity.

An additional challenge for macrofossil research in coastal environments, as in
freshwaters, stems from sample size limitations. To best represent some sparsely
produced plant remains, ideally large sediment volumes are needed. This need was
recognised long ago by Birks et al. (1976) who used a 15 cm diameter core in their
study of Lake Sallie. In open water regions (e.g. lagoons, coastal lakes, estuarine
bays) commonly used corers (e.g. Livingstone, Glew, Mackereth and other corers)
only collect relatively modest volumes (<30 cm?®) of sediment per 1 cm slice (Glew et
al. 2001). To this end, the recently developed wide-bore (14 cm internal diameter) Big
Ben piston corer (see Patmore et al. 2014), which allows ¢. 150 cm? of sediment to be
collected in a single 1 cm interval, might be usefully employed in estuarine settings.

6. Conclusions

Estuarine plants provide enormous benefit to humans and numerous other species.
However, despite adaptation to short-term environmental variability, estuarine
vegetation is highly vulnerable to a multitude of human-induced threats including
habitat change, sea-level rise, aquaculture, point and diffuse point pollution and river
regulation (Short et al. 2011). Palaeoenvironmental approaches can document the full
extent of changes which have already occurred in these systems. Additionally, they
can document past natural rates of change (e.g. due to species succession, estuarine
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infilling and climate variation) which can be contrasted to rates of anthropogenic

modification and help refine estimates of future change (e.g. climate-driven range
shifts). Where ecosystems have not been markedly degraded (e.g. Desroches et al.
2013), macrofossil analysis can help identify priority locations for nature reserves.

Many studies of plant remains in coastal waterbodies demonstrate that there
was fundamental, “early” post-industrial revolution change which would be invisible
in the absence of palaeolimnological studies and that, furthermore, many estuaries
have continued to be degraded in more recent times. Interestingly, for some
ecosystems with high conservation value (i.e. Lake Ichkeul, Tunisia and The
Coorong, South Australia) the environmental conditions leading to this status are, at
least partly, the result of human modification. However, at both these sites ongoing
human interference has resulted in continued ecological degradation.

The studies cited in this chapter have shown that it is possible to document
local extinctions of species through both natural (e.g. N. minor in the Danish Great
Belt) and human agency (e.g. Azolla nilotica in the Nile Delta lakes and R.
megacarpa in The Coorong, South Australia). Documented local plant extinction is
among the most important contribution that studies of plant macro remains have made
to understanding the history of estuaries and coastal lakes. Since the nature of plant
communities fundamentally affects ecosystem function (Dibble and Meyerson 2014),
and restoration programmes focus on re-establishing pre-impact plant communities
(Watson et al. 2011), plant macrofossil analysis can provide information critical to
ecosystem rehabilitation. In conclusion, while this chapter has focussed specifically
on studies of macroscopical plant remains, it is clear that studying such remains in
combination with other indicators (such as diatoms and animal remains) allow us to
better understand both waterbody changes and the drivers of those changes (e.g. such
as shifts in salinity, Birks et al. 2001b; Dick et al. 2011; Leyden et al. 2011).
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Figure captions

Fig. 1 Summary of plant and animal macrofossils from Edku Lake, Nile Delta, Egypt.
Ages were estimated from *¥’Cs and key events in the pollen and macrofossil records
(Appleby et al. 2001). Modified from Birks et al. (2001b).

Fig. 2 Summary of plant and animal macrofossils from Villa dei Yumpa in the
southern lagoon of The Coorong, South Australia, a currently hypersaline backbarrier
lagoon. “0” and “g” in parentheses refer, respectively, to oospores and gyrogonites.
Pinus is an introduced species in Australia and its presence indicates that sediments at
and above this level were deposited after European settlement (c. post-1850).
Radiocarbon ages are listed with their associated errors. Material that was dated
includes mollusc shells and Ruppia sp. fruits. Uncalibrated ages are shown due to
problems associated with determining a precise marine reservoir age (Dick et al.
2011).

Fig. 3 Charophyte oospores (per 12 cm® wet sediment) and diatom relative
abundances in different salinity categories from a sediment core from Fleet Lagoon,
Dorset, south-west England. Zones are derived from changes in the diatom
assemblage. The increased abundance of Lamprothamnium papulosum oospores is
associated with a freshening of the site (Carvalho et al. 2000).

Fig. 4 Discriminant function analysis scores for modern vegetation communities (a.)
and plant remains (b.) with different salinity regimes in San Francisco Bay, California
(Goman 2001). There is clear differentiation of both contemporary plants and fossil
remains in relation to the salinity regime, with a particularly marked separation
between fresh and saltwater sites.
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