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Abstract.

Applications of stable carbon and oxygen isotope analysis to
some aspects of coastal environmental change.
Edward J. Twiddy, University of Durham, December 1996.

Two projects were undertaken to assess the possibility of using the stable isotope
composition of plant cellulose in reconstructions of coastal environments. One was
specific to the common reed, Phragmites australis (Cav.) Trinius ex. Steudal, which is
often found as a macrofossil in coastal sediment sequences. Analysis of material from 3
contemporary communities at Roudsea Marsh, Cumbria, U.K., which are subject to
different frequencies of inundation by the tide, did not produce coherent or consistent
intra- or inter-community patterns in either §13C or §180. Local tide gauge records and
data on sediment characteristics, soilwater salinity and isotopic composition, and plant
habit all pointed towards significant chemical and physical differences between the three
communities analysed. However, the extent of intra-community and intra-plant variation in
both the isotopic ratios was such that it was impossible to assign particular values of §13C
or 5180 to particular communities. The possible reasons for this are discussed.

The second project focused on a species-poor saltmarsh in western Scotland at
Kentra Bay, Argyll. Here the contemporary marsh is backed by an extensive raised bog
(Kentra Moss), below which are late Holocene sub-fossil saltmarsh deposits. The project
compared 513C values from all the species present in 4 contemporary saltmarsh
communities in Kentra Bay with §13C values from bulk plant cellulose extracted from the
sub-fossil saltmarsh peats below Kentra Moss. Microfossil and stomatal density data were
also collected to assess the efficacy of this approach, but the sub-fossil data bore no
resemblance to the contemporary data. Possible reasons for this are discussed. It is
concluded that although neither project directly adds to our understanding of coastal

palaeoenvironments, both highlight other possible coastal applications of this technique.
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Chapter 1

Aims, Scope and Limitations.

1.1 Introduction and aims.

The dynamic nature of coastal environments has been a focus of scientific study
for many years, but the investigation of sea-level changes through the recent geological
past has only reached a position of academic maturity in the last couple of decades. The
establishment of a particular approach to field work and laboratory examination through
the 1970s and 1980s has produced a thriving sub-discipline within the study of Quaternary
environments. This approach concentrates on systematic data collection in the field and
detailed micropalaeontological examination of sedimentary units in the laboratory,
combined with radiocarbon dating of organic units found adjacent to inorganic units. The
vocabulary used is objective and in itself does not imply an actual change in relative sea-
level (for example, regressive/transgressive overlaps), and together this results in the
collection of a set of data points (sea-level index points) with particular ages, altitudes,
indicative meanings and grid references which form a picture of the tendencies of change
through time in a geographical region. This technique (reviewed by Shennan & Tooley
1987) has been successfully applied in high and low latitudes to areas where sediments
have accumulated to leave a stratigraphical history of the dynamism of coastal

environments.

However, there are still some particularly important aspects of coastal
environmental change which have not been adequately investigated. In particular, no
record of the frequency and intensity of coastal storms and flooding exists for the pre-
historic period, and the initial focus of this thesis was to attempt to find a novel method

for determining the incidence of coastal flooding.



The examinations of the litho- and bio-stratigraphy of coastal sediments around the
British coast, which have been so successful in the determination of changes in relative sea
level, have not yielded a complete reconstruction of these short term inundation events.
This may reflect the generally destructive nature of the waves during storm events
(Hardisty 1990) which result in the movement of sediment away from the coast (Morton
1981). This means that very little marine sediment is deposited on to land areas (Englefield
et al. 1990), making identification of these events in stratigraphic sequences of coastal
sediments very difficult. Examination at the University of Cambridge of the aerial
photographs taken immediately after the 1953 flood event along the coast of Lincolnshire
and Norfolk confirmed that erosion had taken place along most of the coastline covered
by these photographs. The only areas where marine sediments had covered the land were
immediately adjacent to the points where the sea had breached the coastal defences (see
also Barnes & King 1953 and Steers 1953). At these locations small fans of sediment had
formed. Unless the path of flood water into a coastal lowland is controlled by some

topographic feature, it is unlikely that a long series of such lithostratigraphic markers

would occur in the same area.

The entrance to many of the coastal topographic basins along the coast of Western
Scotland, which are the focus of investigation by members of the Environmental Research
Centre, University of Durham, is constrained by local bedrock relief. The Holocene
sedimentary record in these basins is being investigated using high-resolution (Imm slices)
microfossil analysis, mineral magnetic analysis and X-ray examination in order to

determine whether a record of flooding caused by storm events can be revealed from these

locations (Dr.Frances Green, pers. comm.).



However, in many of the areas which are most affected by coastal flooding the
sedimentary record is not contained within such tightly constrained topographic basins.
Consequently the opportunities to examine the deposits immediately behind the point
where inundation takes place are restricted, and their discovery may rely on serendipity
during coring. As a result it was decided to examine other aspects of coastal storms and
inundation by sea water onto low lying land which might leave a reliable mark in the

sedimentary record.

The most apparent difference between sea water and fresh water is the higher level
of dissolved mineral salts in sea water (Aston 1978). A storm which causes coastal
lowlands to be flooded introduces sea water containing this higher concentration of salts
to areas which are normally dominated by fresh water with much lower salinity levels. A
persistent record of this short term change in salinity across flooded coastal lowlands
could serve as the basis for establishing a chronology of past storms. However, mineral
salts are concentrated in sea water because of their inherent solubility, which means that
they are not necessarily reliable, persistent palaeosalinity indicators. One possible
exception which has been used as a palaeosalinity indicator is the level of boron in
sediments (Levinson & Ludwick 1966). This element is concentrated in sea water relative
to fresh water in the ratio 500:1, and its concentration has been used by some as the basis
for the classification of sedimentary strata which formed under marine conditions (Liss &
Pointon 1973). However, the use of this element as a palaeosalinity indicator was
criticised by Perry (1972). From the evidence in this paper it seems that boron
concentrations in sediments are subject to considerable variation according to changes in
the clay mineral composition of the sediment. Unless the clay mineral composition of the
sediment is constant it is not possible to compare measurements of boron concentration
with a view to establishing palaeosalinity. Since palaeosalinity is the proxy by which the

incidence of flooding would be established, it was decided to examine alternative aspects



of coastal storms which might produce a reliable environmental record of coastal
storminess.

The high salt concentration in sea water means that many plants are unable to
withstand inundation by the sea. However, certain plants rely on an input of mineral salts
from the sea for their survival. Periodic or aperiodic changes in storminess over several
decades or centuries might result in changes in the local distribution of these plant species,
and also those species which are salt-sensitive or halophobic. If changes in the range of a
plant species (or whole community) are to be used as the basis for reconstructions of past
storminess, the plant must rely solely on the sea for its continued existence in a particular
location. If the necessary nutrients to sustain it are available from another source, changes
in the abundance of this source may be the cause of changes in the range of the species.
An examination of the present ranges of different plant species around the British Isles
revealed that in some areas the distribution of the black rush (Schoenus nigricans L.) is
dependent on a significant marine influence (Sparling 1967). Although found elsewhere on
mineral soils, it is found on the organic-rich soils along the coasts of Western Ireland and
North West Scotland because of the considerable flux of mineral salts from sea spray to
these otherwise unsuitable soils . Changes in storminess might result in changes in the
distribution of this species due to fluctuations in the supply of the mineral salts it requires.
However, this species does not produce identifiable macrofossils and its pollen is
indistinguishable from that produced by other members of the Cyperaceae. Consequently it
does not leave any mark of its range in the sedimentary record which could be used as a

proxy indicator of variation in the wind-driven flux of sea salts.

During the investigation of the chemical differences between sea water and fresh
water, and the environmental systems which might record these differences on a time scale
relevant to the study of storms, another possible approach to this problem came into

focus. This was based on the different isotopic composition of sea water and fresh water



(Craig 1961a). The significant differences in the ratios of 180 to 160 and of 2H (D) to 'H
in sea water and fresh water suggested that it might be possible to use these differences to
identify fluctuations in the input of sea water and fresh water, such as during the

inundation of coastal lowlands during storm events.

This would only be possible if a record exists which might reflect such changes in
the isotopic composition of the water. Such a record would involve a system which used
the water around it and could be considered a black box recorder of the isotopic
composition of this water. A parallel between this study and the reconstruction of past
temperature and climate using the variations in the isotopic composition of cellulose in

tree rings (for example by Krishnamurthy & Epstein 1985) became apparent.

Isotope dendrochronology relies on being able to relate changes in the oxygen and
hydrogen isotope composition of cellulose from tree ring material of known age to the
isotopic composition of the water available to the trees at the time of growth. At inland
sites this relationship is primarily controlled by the temperature at which condensation
occurs in the clouds which »rovide water in the form of rain or snow to the trees
(Friedman ef al. 1964). However, at coastal sites this temperature-controlled relationship
might be disturbed on occasion by inundation of isotopically distinct sea water directly
from the sea during coastal flooding events. If cellulose from trees which are known to be
living at sites subject to flooding by sea water can be shown to vary in isotopic
composition during those years when the trees are known to be subject to flooding,
analysis of material from sub-fossil tree rings derived from trees known to have lived in
similar circumstances might provide a very accurate (annual) record of coastal storms in

pre-historic times.



A suitable contemporary site was found at Roudsea Wood, Cumbria where mixed
oak forest is subject to periodic inundation during high magnitude storm events, and the
ancient submerged forest material which was collected from sites along the western
seaboard of England and Wales by Heyworth (Heyworth 1978, 1986) was salvaged in the
hope that this material would form a starting point for the production of a chronology of
past storm events. However, a number of problems quickly became apparent. Firstly no
consistently reliable history of inundation in the recent (circa 50 year) past was available at
the contemporary site. Without this information it would not be possible to contrast
isotopic data from cellulose laid down in years when flooding was known to have taken

place with data from years when the trees were not inundated.

Secondly, the material collected by Heyworth had lost any labelling and much had

fallen into small pieces. However, some was still intact, and this was put into storage.

More importantly, a review of the literature on water uptake by trees and also the
relatively complicated routes which metabolites can follow before being laid down as
cellulose in tree rings, suggested that there might not be any record of storm events in tree
ring cellulose. Studies of water uptake by trees suggest that established deciduous trees
are able to change the depth at which they extract water (Megonigal & Day 1992), and in
particular to decrease their intake from near-surface water sources. This means that those
trees which would be the basis of a long term study of coastal flooding would, in effect,
ignore the isotopically different sea water because of its salt content, and take advantage
of other sources of water. In addition, those storms which occur during periods when the
trees are not photosynthesising (autumn and winter) would not be recorded because no

water is being taken up by the trees (Gibbs 1958).



The problems relating to the complexity of the metabolism of water and the
eventual production of cellulose in the cambium are concerned with the issues raised by
DeNiro & Cooper (1989). They point out that although all cellulose formed in the
cambium is derived from glucose metabolised in the leaf, there is a large number of
possible translocations and transformations of this primary metabolite before it is utilised
in the formation of cellulose. They suggest that some post-photosynthetic modification of
oxygen isotope ratios takes place, and that the relationship between the isotopic ratio of
the water available to the tree and the isotopic ratio of the cellulose produced by the tree
becomes more complicated with distance from the site of primary glucose metabolism.
Hence isotopic ratios in leaf material are more easily explained than in shoot or stem

material.

This suggested that an investigation of leaf or herb material from plants which are
known to be inundated by sea water might be more appropriate. Two particular types of
leaf or herb material are commonly found in cores recovered from coastal sediments. In
many cores which include lithostratigraphic transitions from inorganic to organic
sediments caused by changes in relative sea level, macrofossils of the common reed
(Phragmites australis (Cav.) Trinius ex. Steudal) occur close to this transition. The
occurrence of such macrofossils is used as one of a number of stratigraphic markers which
have been given an "indicative meaning" (Shennan 1986; see also Shennan & Tooley 1987
for a review of the development of this term) which relates these deposits to the
contemporaneous level of Mean High Water Spring Tides (MHWST) plus or minus a
degree of uncertainty derived from Shennan's analysis of the location of this species in
contemporary vegetation successions relative to present local MHWST. Analysis of
contemporary populations of this species which are subject to varying degrees of
inundation by sea water might show whether it is possible to determine the conditions

under which a plant has grown from the isotopic composition of these macrofossils. At



Figure 1.1
Location of field sites
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Roudsea Wood, Cumbria (Figurel.1; the same field site where the mixed oak forest is
subject to inundation) Phragmites australis grows under three different inundation and

salinity regimes and this was chosen as the location for the contemporary study of this

species.

Although not related to the initial aim to investigate the incidence of flooding by
coastal storms, the potential to relate particular horizons in sediment sequences to
particular positions in the tidal sequence is of importance to palaeo-tidal studies. The
analysis of palaeo-tidal range is another aspect of coastal environmental change that has
not been fully constrained and which would benefit from a novel source of empirical data.
The data from this project might also help to constrain the indicative meaning given to
particular Phragmites peats if the isotopic composition of the material from the

contemporary communities examined proves to be distinct.

The other type of sub-fossil leaf or herb material commonly found in cores of
coastal sedimentary sequences, and given an indicative meaning by Shennan (1986), is the
generally amorphous organic material found in buried saltmarsh peats. These deposits
represent the transition from dominantly marine to dominantly terrestrial conditions and
are therefore a natural focus for investigation. They are the product of all the plants which
existed at the time, although the contribution from each species may not be proportional
to its importance in the contemporaneous vegetation community. Consequently each
species in each of a series of adjacent saltmarsh communities must be analysed and a figure
for the isotopic composition of the material produced by the community as a whole
derived (cf. Brenninkmeijer ef al. 1982). From this contemporary analysis it may prove
possible to divide buried saltmarsh peats into those which were formed under particular

inundation regimes, and from this to relate particular sedimentary horizons to particular

contemporaneous tidal levels.



The location of this study was Kentra in West Scotland (Figure 1.1). This was
chosen because it offers the opportunity to analyse both contemporary spatial successions
and buried temporal successions which are within a short distance of each other in an area
where the Holocene sea level history has been relatively intensively studied.

During the review of previous cross-community studies of coastal vegetation
utilising isotopic analysis (for example Lin & Sternberg 1993), the potential of variations
in the carbon isotope ratio of plant material to indicate the extent to which a plant has
been restricted by environmental factors (for example salt stress) became apparent. The
theory underpinning this is discussed in Chapter 2, and following advice from researchers
working in this field (Sternberg 1993, pers. comm., Switsur 1993, pers. comm., Griffiths
1993, pers. comm.) it was decided to adopt the analysis of both carbon and oxygen
isotope ratios as the principal investigative method. Data from other sources which might
be related to the isotopic data were also collected, and the two projects which were

undertaken are described in Chapters 3 and 4 respectively.

1.2 Summary

The thesis aims to discover whether the stable isotope composition of cellulose
produced by plants from different zones in the intertidal succession is significantly and
consistently different. Field sites which are close analogues of situations which might be

found in buried sub-fossil form were chosen to address this problem.

The two projects which were undertaken aim to establish the potential of two
different types of sub-fossil deposit to elucidate sea-level histories. One project
concentrates on a single species, Phragmites australis, macrofossils of which are often

found across the transition from organic to inorganic units (and vice versa) in coastal
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sedimentary sequences (although preservation of Phragmites leaves is not constant under
different salinity conditions, Tanaka 1991). The project aims to determine whether the
oxygen isotope ratio in the plant cellulose reflects the isotopic composition of the water
available to the plants in three distinct communities. The carbon isotope ratio of the same
material was also analysed to determine the effects of increasing soil salinity and incidence

of tidal inundation on carbon uptake and assimilation in the three populations studied.

The second project aims to determine whether the carbon isotope values of all the
plants found in adjacent saltmarsh zones combine to give significantly different and
consistent values. The hope was to be able to relate bulk sub-fossil cellulose from buried
saltmarsh deposits back to particular zones on the basis of this analysis of contemporary
material. By analysing a contemporary marsh and sediments which have already been used

to establish patterns of pollen and diatom assemblages, the efficacy of this technique can

be established.

The relationship between stress (salinity and inundation) and carbon assimilation
and water uptake in these projects may not be straightforward, but is likely to be far less
complicated than in the study of isotope dendrochronology from which these projects
were derived. Although these projects are not related to the initial aim of investigating the
incidence of coastal storms and related flooding events, both of them aim to provide novel
information on the relationship between particular horizons in coastal sedimentary
sequences and the conditions under which they were deposited which will be useful in

studies of coastal environmental change.
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Chapter 2.
Stable isotopes and the theory of isotopic discrimination

during cellulose synthesis.

2.1 Stable isotopes and thermodynamic fractionation.

Many elements occur as more than one stable isotope, which although chemically
identical, are differentiated by the number of neutrons in the atom. These atoms are not
subject to decay, and the proportion of each isotope in the global biogeochemical system
is fixed. However, the different weight of each isotope means that they are often subjected
to fractionation, especially during thermodynamic processes. Consequently, whilst the
global proportions remain constant, the proportions of one form to another in various
sinks or temporary pools varies according to the processes involved in the formation of

these sinks and pools.

Elements which occur as more than one isotope include H, C, N, O, B and S. In
each case the majority of the element is made up of a lighter isotope (1H, 12C, 14N,
160...), and the heavier isotope (2H /D, 13C, 15N, 180...) accounts for only a small
proportion of the total. Changes in the proportion of the heavy isotope of carbon and
oxygen (13C and 180) in plant cellulose have been analysed in this study. These two
forms occur in the proportions shown in Table 2.1, which gives an indication of the total
mean abundance of the minor isotope. Table 2.1 also gives a measure ("delta" [6]) of the
deviation of the ratio of the minor to major isotope in a sample away from that in the
standard for that element. § is calculated as

[(ratio in sample / ratio in standard) - 1] . 1000
and hence negative values show discrimination against the heavier forms of the element.

The product of dividing the two ratios is multiplied by 1000 because the proportional
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change involved in most processes is so small, and therefore values of & show differences
"per mil" (%o). The actual extent of the changes of carbon isotopes (813C) and oxygen
isotopes (5180) commonly observed in natural systems is also given. In the case of 13C,
the range from -40 to 0%o covers C3 plants (towards the lower end of the scale) through
plants adopting CAM (mid-range values) to C4 plants (values close to 0). This reflects the
extent to which 13C is discriminated against in these different metabolic pathways. The
range of 5180 values reflects the extent to which enrichment of 180 takes place during
photosynthesis (top end of the scale), and also the level of discrimination against the

heavier isotopes during evaporative processes (lower end of the scale).

Table 2.1 The proportion of 13C and 180 in nature and typical ranges of § values.

Heavy isotope . 13¢C 130
Mean fractional abundance. 0.0111 0.00204

1 § as a fractional change of isotopic composition. 1.1x10-5 2x10-6
Usually observed ranges of 0 values in nature. -40to 0 -30to 30
Observed range as fractional change of isotopic 4.4x10-4 1.2x10-4
composition.

Source: Handley & Raven 1992.

Some of the elements which occur as two or more isotopes are found in a variety
of biogeochemical cycles, and this has facilitated the investigation of the magnitude of
certain processes through the investigation of isotopic ratios (Preston 1992). The
theoretical and empirical basis for this use of stable isotopes is the seminal work of Urey
(1947, 1948) which was initially applied by workers such as Dansgaard (1953). Craig

(1953, 1957, 1961a, 1961b) was instrumental in the standardisation of techniques as well
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as studies of the natural abundance of stable isotopes. Although there are now suggestions
that the original standards which he established (the Pee Dee Belemnite (PDB) for carbon
isotope ratios, and Standard Mean Ocean Water (SMOW) for oxygen isotope ratios)
should be set aside (Coplen 1995), they are still the prevalent standards by which § is

calculated in isotope natural abundance studies.

Since this early work there has been an expansion of the topics analysed using
stable isotopes as tracers of process. These include the study of inorganic systems such as
the formation of polar ice (Morgan 1982) and analysis of material from ice cores (for
example by Johnsen et al. 1972). These have revealed patterns of climatic change on a
variety of timescales based on conversions to ambient conditions through adaptations of
the Rayleigh distillation formulae (Friedman et al. 1964). Other applications of O and H
isotope ratios which use similar thermodynamic principles include the study of
groundwaters (Rozanski 1985), tracking precipitation events (Lawrence & White 1984,
Lawrence et al. 1982) and water bodies (Grebmeier ef al. 1990). A related study is the re-
creation of the oxygen isotope composition of ancient seawater from the isotopic
composition of ancient oceanic crust (Holmden & Muehlenbachs 1993) and biogenic silica

(Labeyrie 1974, Matheney & Knauth 1989).

All of these studies demand an understanding of the processes involved and the
extent to which isotopes of different weights will be differentially transported and fixed in
a variety of chemical phases. In the case of studies of O and H isotopes, the controlling
influences on the isotopic composition of the source water involved are the kinetic
processes acting on the water body concerned. These are principally evaporation and
condensation (although see Freyer & Tans 1987 to see importance of biological controls
on 180 in COy), which result in differentiation against heavier forms and for lighter forms

respectively as a function of different vapour pressures (Friedman et al. 1964). The result
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is that freshwater is isotopically lighter than seawater (Craig 1961a), and that precipitation
falling at high altitude (and hence low temperatures) is isotopically lighter than that falling
closer to the source. This enables different sinks of water to be identified and the
conditions under which they formed to be established. Many studies which utilise this
principle include the investigation of organic systems or particular species which use the
element under investigation. One notable early work which analysed stable oxygen
isotopes in an organic system was by Shackleton (1969), who used biogenic calcite from
planktonic foraminifera tests to reconstruct trends in ocean water isotopic composition.
Although this was relatively successful, it was shown later that there is not a simple
relationship between the isotopic composition of the tests and that of the
contemporaneous seawater (Shackleton et a/. 1973). The importance of this conclusion is
also apparent in later studies of analogous freshwater biogenic carbonates by, for example,

Lecolle (1985( and Magaritz ef al. (1981).

However, the two projects in this study are concerned with the isotopic
fractionation that is recorded in the cellulose (CgH10O5),, formed by plants. The two
isotopic ratios used (Table 2.1) are from elements that are derived by plants from different
sources (COpand H,0), and the processes which lead to differential uptake and
metabolism are both kinetic and thermodynamic. Whilst this makes for a more complicated
picture than studies of single source and process systems, a body of theory and empirical
data has grown up to explain and quantify the processes which lead to isotopic

fractionation of C and O by plants.
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2.2 Stable isotopes and plants.

Plants utilise a number of elements - for example H, C, N and O - which occur as
more than one isotope. The study of the isotopic ratios of these elements in plants can be
used to trace processes as they vary between plants, and changes in the isotopic
composition of the source of these elements (for example Bariac ef al. 1991, Benedict ef
al. 1980, Ehleringer et al. 1986, Ehleringer & Cooper 1986, Heaton 1987, Kapos et al.
1993, Martin & Sutherland 1990, McPherson ef al. 1993, Merwe & Medina 1989, Nordt
et al. 1994, Petterson & McDonald 1992, Raven 1992, Rico-Gray & Sternberg 1991,

Rundel et al. 1989, Schonwitz ef al. 1986).

Since these elements come from a number of different sources and phases, it is
possible to analyse a number of different processes by examining the isotopic ratio of
elements taken up and assimilated by plants. This has been the basis of a great deal of
work, and the models which have been produced to explain the isotopic discrimination

found in these studies are the basis of the two projects in this thesis.

Carbon and oxygen are derived from distinct sources (Stiles & Cocking 1967) and
pass along different pathways before being metabolised (Tyree & Ewers 1991). Therefore,
the theories of carbon isotope and oxygen isotope discrimination and fractionation are

discussed separately.
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2.3 Carbon isotope uptake and discrimination by plants.

In the seventeenth century Van Helmont showed that the primary source of
nutrients for plants is in the air, by growing a willow in a known weight of soil (Edwards
& Walker 1983). Over a five year period the soil lost 2 ounces whilst the willow gained
164 pounds. Van Helmont ascribed this discrepancy to the utilisation of the water he had

fed the tree, leaving it to later workers to show that atmospheric CO3 is the C source for

plants.

The isotopic composition of atmospheric CO> is not constant, varying naturally
according to the trends in global biological productivity over glacial - interglacial (Coplen
et al. 1994, Leavitt & Danzer 1992, Meyers & Horie 1993, White ef al. 1994) and also
annual timescales (Farquhar & Lloyd 1993; see also Farquhar ef al. 1993). More recently,
the ratio of 13C to 12C in the atmosphere has been (and continues to be) altered by the
release of CO5 from the burning of fossil fuels which have a §13C value which differs
from that of the contemporary atmosphere (Penuelas & Azcon-Bieoto 1992). However,
although these changes need to be taken into account when comparing material of
different ages and different sites (and especially different altitudes, Korner ef al. 1988,
1991), both of these projects are based on analyses of plants growing at the same time and
within a few tens of metres of each other. Consequently the isotopic composition of the
atmospheric CO» available to them can be considered constant, and any variations in 513¢

can be ascribed to processes related to C uptake and assimilation (O'Leary 1981, O'Leary

et al. 1992).

The processes which lead to isotopic discrimination during the uptake and
assimilation of C from atmospheric CO> can be divided into those which occur at the leaf

- atmosphere boundary and those which occur inside the leaf as C is moved to the sites of
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carboxylation (Keeley & Sandquist 1992, Lloyd e al. 1992). Since all the higher plants in
this study utilise the C3, Ribulose-1,5-bisphosphate (Rubisco) pathway (Smith & Epstein
1971, Griffiths 1992, Long ef al. 1975, Peisker & Henderson 1992, Schuster & Manson
1990, Slocombe ef al. 1993) the same model can be used to describe the processes
involved (Machler et al. 1990, Rintamaki & Aro 1985). All of the processes associated
with photosynthesis which involve fractionation of carbon isotopes have been studied and
quantified by a number of workers, and the details of these processes are given in Table

2.2,

Table 2.2 Carbon isotope fractionations associated with photosynthesis.

Process Fractionation (%)
Solubility of Cdz in water. 1.1
Hydration of CO7_ -9.0
CO», diffusion in air. 4.4
CO,, diffusion in aqueous solution. 0.7
Spontaneous hydration of CO5 6.9
Carbonic anhydrase-catalysed hydration of COp 1.1
Carboxylation of PEP. 2.0
Carboxylation of Rubisco. 29.0

Source: O'Leary 1993; value of fractionation is positive for processes that cause depletion
of 13C, and negative for those that lead to enrichment relative to the starting state. PEP =
phosphoenolpyruvate carboxylase (dominant in C4 species and accounting for ~10% of C

fixation in C3 species).
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Some of the fractionations in Table 2.2 are thermodynamic, others are kinetic.
Thermodynamic fractionations are the product of differences in equilibrium constants for
isotopic species, whilst rate constant differences result in kinetic fractionations. These
processes cause fractionations of different magnitudes, thermodynamic fractionations

generally being smaller than kinetic fractionations (O'Leary 1993).

The thermodynamic fractionations which are important to these projects include
the diffusion of CO3 in air and diffusion of CO7 dissolved in aqueous solution. COp
entering the plant via its pores (stomata) is subject to a fractionation of 4.4%o against
13C0», whilst in solution the transfer of mass is eased by the presence of water which

results in a significantly smaller discrimination of 0.7%e.

For C3 plants the fractionation associated with carboxylation is close to that of
Rubisco (29%o against 13C), but Farquhar & Richards (1985) pointed out that a certain
(small) proportion of C is fixed via PEP and they concluded that the total fractionation
during carboxylation is closer to 27%o against 13C (an early summary is given by
Troughton 1979). To this is added the fractionation of CO; during dissolution, giving a 28
- 30%o fractionation compared to gaseous CO», the range reflecting the changing relative
importance of PEP. Although this introduces a certain degree of variation, it is not as
significant as the shifts in CAM species, Groenhof et al. 1990). Since Rubisco does not
use HCO3~ the effects of hydration on isotopic composition are not relevant to this study

(Collatz et al. 1990).

Since air has a §13C value of 8% (Keeling et al. 1979), it is possible to calculate
the potential and actual influence of these various fractionations on the isotopic
composition of plant material synthesised under different conditions. The most obvious

conclusion is that C4 species, using PEP carboxylase, will show smaller differences
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between the isotopic composition of source CO7 and plant material. The value of 813C in
C4 species has also been shown to be less susceptible to variations with species and
environment than in C3 species. Consequently remains of C4 plants are a far better source
of information on past changes in atmospheric CO5 isotopic composition than material
from C3 plants (Marino & McElroy 1991). On the other hand the §13C value of C3
species does respond to environmental stimuli. This is because of the influence of

environmental conditions on the water balance and gas transfer of the plant (Mortley et al.

1994, Woodrow et al. 1990).

The impact of environment on plant physiology in C3 species can be qualitatively
reduced to the principle that a stressed plant closes its stomata to avoid dehydration if the
flux of water from the plant exceeds that entering the plant and / or cell turgor is
threatened by an excess of mineral salts (Bernstein & Hayward 1958). O'Leary (1993,
pp.24-25) considers two extremes:

"First, if the stomata are nearly closed, the overall CO5 uptake rate is limited by
the initial diffusion process and the internal COy concentration is low. In these
circumstances, the carboxylation process takes up virtually all carbon available, and the
carboxylation isotope fractionation is not expressed. The isotope fractionation is small,
approaching 4.4%o at very small apertures. Thus, 813C for a C3 plant should approach —
12%0 (-8 — 4.4)."

"On the other hand, if the stomata are relatively open, the internal COy
concentration approaches the external CO5 concentration, and there is a facile transfer of
CO, between the external and internal pools. In this case the diffusional fractionation is
not expressed (diffusion approaches equilibrium) and the observed fractionation
approaches the carboxylation fractionation. Leaf 813C would approach ~38%o

(-8 - 30)."
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"Real plants, of course, show behaviour intermediate between these two extremes.
The internal CO7 concentration is perhaps half the external concentration, and the isotope
fractionation is larger than the diffusional fractionation but smaller than the carboxylation

fractionation. As stomatal aperture changes, the fractionation and the internal CO»

concentration will change correspondingly.”

Farquhar et al. 1982 produced a series of models to describe this relationship

between isotopic discrimination and CO2 partial pressure, which in its simplest form is
A=a+(b-a).(pi/pa) (1)

where A = discrimination in leaves of C3 plants.
a = fractionation occurring due to diffusion in air (4.4%o) .

b = net fractionation caused by carboxylation (mainly discrimination by Rubisco,

circa 30%o).
pa = ambient partial pressure of CO».

p; = intercellular partial pressure of CO».

Berry (1989) adopts Farquhar & Richards' (1984) term "A" to refer to isotope

discrimination from a source to a product. This is defined as
A=(RgRp)-1 @
where Rg and R, are the molar abundance ratios of 13C and 12C in the source and the

product carbon respectively. Although this links very easily to equation (1), d is retained in

these analyses since values can be quickly converted from  to A in contemporary samples
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but, more importantly, d is the established unit used in palaeoenvironmental studies since

the value of Ry is not always known.

The important factor in determining the extent of isotopic discrimination is
therefore the relationship between pj and p,. This is a function of stomatal conductance,
and appears to lead to a direct relationship between stomatal conductance and
discrimination. According to (1), at pj / p4 = 0 discrimination = 4.4%o, and at p; / p, = 1.0

discrimination = 30%o.

However the fit between the expected results and observed levels of discrimination
for different values of pj / p, is not perfect, and it is not correct to assume that there is a
simple stomatal control on discrimination. This would imply that the plant remains wholly
operational under all conditions of stomatal conductance; Farquhar et al. (1989)
summarise this by saying:

" it is a little dangerous to take the argument further and say that when p; and A
are small, stomata are necessarily limiting photosynthesis. That conclusion would only

follow if the relationship between assimilation rate, A, and p; remained linear beyond the

operational point."

Nevertheless, a significant relationship between p;j / p, and discrimination ( A or § )
does exist, and since p; / p, is a function - to a certain extent - of stomatal conductance,
this suggests that any influence on stomatal aperture will have an effect on 3. Since
stomata respond to environmental stimuli to maintain the water balance of a plant,
anything which potentially upsets this balance will lead to a change in stomatal

conductance and hence 6 (see also Gross et al. 1991).
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In a coastal context the primary sources of stress which cause stomatal aperture to
be reduced are salinity and inundation (Bowman & Strain 1988a, b). Both of these
influences are generally at their greatest towards the seaward end of the intertidal
vegetation succession, although Sternberg (1994 pers. comm.) has recorded higher levels
of soilwater salinity in mangrove communities in the Florida Keys which are at higher
altitude and less frequently inundated than others as a result of high evapotranspiration
and low levels of freshwater input at these points. Some species are adapted to these
conditions (halophytes) and have mechanisms for excluding or exuding excess salt
(Cheeseman 1988, Clough & Sim 1989, Flanagan & Jeffries 1989, Flowers et al. 1990,
Fitzgerald 1992, Guy & Wample 1983, Megonigal & Day 1992, Munns 1993, Pearcy &
Ustin 1984, Salim 1989, Winter 1979, Yeo 1983, Youngman & Heckthorn 1992) and
withstanding the impact of tidal inundation (Clarke & Hannon 1970, Cooper 1982,
DeLaune ef al. i987, 1990, Hwang & Morris 1994, Knight ez al. 1994, Marcum &
Murdoch 1992, Pezeshki & DeLaune 1988, Pezeshki ef al. 1987a, b, 1988, 1989, 1990,
Rozema & Blom 1977, Treichel & Bauer 1974) . However, others are less able to cope
without their metabolism being affected (Flowers ef al. 1991, Galves et al. 1993, Glenn et
al. 1992, Hester & Mendelsohn 1989, Karim et al. 1993, Lin & Lin 1992, Liao & Lin
1994, Meinzer et al. 1994, Singh 1991, Ziska ez al. 1989, 1990, Zrenner & Stiff 1991).
This commonly results in a change in stomatal aperture, leading Farquhar ef al. (1989
p.520) to point out that, in non-halophytes:

" stomatal closure is typically associated with increased salinity. Thus it should not
be surprising to note that in these species A decreased with increasing salinity, indicating a
decrease in pj with increasing stress. What is perhaps more intriguing is that halophytic

species also exhibit a similar pattern whether in field or laboratory conditions."

Herein lies the basis of the application of stable carbon isotope analysis to plants in

coastal environments (Parker 1964; see also Berry 1989, Brugnoli & Bjorkman 1992).
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The two projects undertaken in this study are not the first attempt to analyse the §13C
value of material from coastal plants under different stress regimes in coastal successions
(DeLaune 1986, DeLaune & Lindau 1987, Chmura 1988, Chmura & Aharon 1995).
However, they do attempt to identify the efficacy of this approach for

palaeoenvironmental reconstruction by setting out to answer specific questions about the

stable isotope composition of plants in the two field sites.

Since stomatal conductance has been isolated as an important influence on the
§13C value of plant leaf material (Farquhar & Sharkey 1982; see also Ishibashi &
Terashima 1995, Jones 1985, Knapp 1993, Kubiske & Abrams 1993, Meinzer et al. 1993,
Montieth 1995, Wong et al. 1979, Woodward & Smith 1994), it is important to determine

the controlling mechanisms on stomatal aperture, size and density.

2.3.1 Factors influencing stomatal conductance.

The net conductance of CO5 into the chloroplast of a leaf is the product of both
leaf physiognomy and physiology. Viewing the stomata as simply gates allowing gaseous
transfer, these limitations can be divided into those which are a function of the number of

gates per leaf area (stomatal density), the size of the gates (stomatal size) and how open

the gates are (stomatal aperture).

Stomatal density and size are determined as the leaf is produced (Longstreth &
Nobel 1979, Penuelas & Matamala 1990), and changes in plant water stress may influence
the production of stomata (Pearson 1995 pers. comm.). They can be measured by
examination under a microscope and can therefore be compared to §13C values from the
same plant. This has been done in the past, and links were found in these which suggests a

relationship between stomatal density and 513C (Beerling et al. 1993, Poole ef al. 1995,
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Woodward & Bazazz 1988). Whether this is a causal relationship remains open to
question, since it takes no account of physiological variations which impact on §13C and

cannot be measured after the plant has died (see Jones & Sutherland 1991).

The physiological controls on stomatal conductance are principally related to those
which affect stomatal aperture (for example Aphalo & Jarvis 1993). Recent works points
to the réle of abscisic acid (ABA) in controlling stomatal aperture (Castonguay et al.
1993, Kicheva et al. 1994, Perera et al. 1994). Although there is some debate about the
timing and mechanism by which ABA is produced (Jackson & Hall 1983, Khalil & Grace
1993, MacRobbie 1992, Nagy & Galiba 1995, Tardieu & Davies 1992, 1993, Tardieu et
al. 1992, 1993), in saline environments (such as at the coast) it seems to be related to the
root sensory system reacting to a lack of water or excess soilwater salinity (Everard et al.
1994, Mansfield & DeSilva 1994, Mansfield ez al. 1990, Quick ez al. 1992, Seeman &
Critchley 1985). The production of ABA results in the closure of stomata (Trejo ef al.
1993), although there is debate about the actual mechanism involved and the possible réle
of other compounds. There is also further research needed to fully explain the opening of

stomata as guard cells relax (Dewar 1995, Lee et al. 1994, Rengel 1992, Ruiz &
Mansfield 1994).

By closing the stomata, leaf water is retained, and cell turgor and osmotic balance
is maintained (Baron 1967). This not only impacts on plant water use (which potentially
influences 5180 values, see Chapter 2.4), but has a significant impact on the uptake and
assimilation of C (Welker 1993). By closing the stomata, the plant is limiting the flux of
gaseous atmospheric CO,. The CO1 that is trapped in the stomatal cavity is now the only
source of C available to the plant and if the assimilation rate (A) is maintained, and the
production of Rubisco is not altered, then this CO7 will be fully utilised. - This situation

then approaches the extreme position mentioned in Chapter 2.3 in terms of C isotope
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discrimination, where there is limited discrimination against 13C compared to conditions

when the stomata are fully open.

In reality these conditions are unlikely, and the stomatal aperture may not fully
close (van Kraalingen 1990, Schulze et al. 1975) and the assimilation rate is likely to
change . However, the impact of ABA production and the resulting decrease in stomatal
aperture is to increase the efficiency of water use (), and to decrease the discrimination
against 13C, resulting in less negative 513C values in plant cellulose. Consequently this
causes variation in §13C in plants from the same species growing under different

environmental conditions.

By studying stomatal density as well as 813C in both projects it may be possible to
qualitatively determine the importance of physiology and physiognomy on carbon isotope
discrimination in the plants analysed (Malone et al. 1993). However, there will always be a
question mark about the importance of ABA or related physiological mechanisms (for
example Ramapogal & Carr 1991, Rasulov 1993) simply because no direct measurements

of these variables is made in these projects.
2.4 Oxygen isotope fractionation during cellulose formation.

The kinetic fractionation of oxygen isotopes during evaporation and condensation
outlined in Chapter 2.1, and the resulting gradient in 5180 of water between fully marine,
brackish and freshwater, results in isotopically distinct source waters mixing in coastal
environments. This could be a source of information for palaeoenvironmental
reconstructions if these differences in the isotopic composition of water are faithfully
recorded in the 180 value of the cellulose of plants living across an intertidal vegetation

succession, drawing water from distinct sources.
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However, unlike carbon isotope analysis where the sole (in most cases) source of
C is atmospheric CO», there are three potential sources of O which can be utilised in the
formation of plant carbohydrates such as cellulose (Bauer 1977). These sources are H>O,
CO, and O3 and although early work assumed, and found, a link between local 8180 of
soilwater (which was often then linked to the 8180 of precipitation and then, using the
Rayleigh distillation formulae, back to temperature) it was not until later that this

relationship was formally established.

This was done by varying the isotopic composition of atmospheric CO5 and Oy
whilst maintaining constant values of 180 in source water. By examining the §180 of
plant cellulose produced under these varying atmospheric conditions, it was possible to
show that the direct impacts on the 8180 of cellulose of very different 180 values in
atmospheric CO5 and O are negligible. This means that the variations in natural 5180
recorded in plant cellulose can indeed be linked to variations in source water (Cooper &

DeNiro 1989a, Ehleringer & Dawson 1992, Sternberg 1989a, b, Sternberg et al. 1986).

Although this work established the link between oxygen isotope ratios in cellulose
and 8180 values of source water, and accounted for other possible sources of O in
(CeH1005)p, it did not provide a clear understanding of the mechanism by which
fractionation takes place or the extent to which it occurs. Two contrasting models were
suggested at different times to explain the relationship between water and cellulose. One
(Epstein et al. 1977) proposes that isotopic equilibration between CO7 and oxygen takes
place before incorporation into the Calvin cycle and that

"since water is in excess, oxygen isotope ratios of carbon dioxide entering the
Calvin cycle will essentially be determined by the isotope ratio of the water."

(Sternberg 1989a, p.136)
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This was model criticised by the work of Deniro and co-workers (Deniro &
Epstein 1979, Sternberg & Deniro 1983) who proposed (and found evidence) that a link
exists between oxygen isotope ratios in plant cellulose and the carbonyl hydration
reaction. A number of lines of evidence support this model,

"Firstly, the oxygen incorporated from water in the carboxylation process is lost
during the subsequent reduction step...Secondly, it was shown that isotope effects
between water and cellulose are similar in autotrophic and complete heterotrophic
metabolism (1.e. no CO» uptake)... Thirdly, the isotope effect associated with COy
equilibrium with water is highly sensitive to temperature, while no temperature effect was
observed in the isotope effect between water and cellulose..."

(Yakir 1992, p.1010)

Having established a mechanism to explain the isotopic discrimination between
8180 of source water and cellulose, the same group of workers found that the equilibrium
isotope effect was 27%o by using acetone as a model system. The single carbonyl oxygen
present was found to reach equilibrium with water in a relatively short period of time and
with a magnitude of 27%o (Sternberg & DeNiro 1983). This matches the value later found
by Yakir & DeNiro (1990) who studied aquatic plants where possible changes in isotopic
composition due to evaporation are nil (Wetzel 1988). Their results showed that an ideal
situation in the laboratory was mirrored in an ideal situation in the field where the plant
analysed could be considered a closed system and source water 8180 was fixed (see also

Cooper et al. 1991, Sternberg et al. 1985).

However, terrestrial plants lose water as it passes through the plant due to
evaporation (DeNiro & Cooper 1990), and this flux involves isotopic discrimination for
the same reasons that affect any evaporative process. The result is that water becomes

isotopically heavier as it passes up a plant (and up a canopy, Sternberg et al. 1989), and
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consequently there is potentially a problem of intra-plant 5180 variation in cellulose due
to variations in leaf and stem water §180. However, Yakir (1992 p.1011) quotes
unpublished data from experiments by Yakir, Marino & DeNiro showing that in maize
plants, where tissue water varied by ~15%o in different parts of the plant, the 8180 values
of the cellulose in the same places varied by 1.6%. (see also Yakir ez al. 1994). This

suggests that the §180 value of cellulose reflects some form of average 8180 value of

plant water.

The variations in cellulose 8180 noted by DeNiro & Cooper (1989) suggest that
studies which utilise stem or root cellulose may have to take post-photosynthetic
modification of 180 values more seriously than studies examining leaf material. This
appears to be related to the number of transformations to or from starch and sucrose that
the original glucose undergoes before being laid down as cellulose. Since the use of 5180
in this study is restricted to the leaves of Phragmites it is possible to consider the isotopic

composition of leaf water as the control on the cellulose 5180 values (Yakir ez al. 1991).

The increasing interest in 8180 as a physiological and ecological tool (for example
Yakir et al. 1990a, b) has enabled isotope-based studies of palacoenvironments to utilise
this tool with a great deal more certainty about the possibilities and restrictions implicit in

5180 analysis.

2.5 A summary of developments in the analysis of the stable isotope composition of

sub-fossil plant material in palaeoenvironmental reconstructions.

It is only relatively recently that the importance of p; on 813C values has been
appreciated and isotope-based palaeoenvironmental reconstructions have taken a detailed

look at the controls on 813C in the plant material being analysed (Duponey et al. 1993,
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Yakir ef al. 1994). Initial efforts were concentrated in the field of isotope
dendrochronology, which has the potential to produce temporally accurate data because of
the production of annual tree rings. Although 813C was used as a measure of plant
productivity (which has been linked to a variety of climatic conditions), often in alliance
with ring width measurements (Epstein & Yapp 1976, 1977, Epstein ef al. 1976, Pearman
et al. 1976), the thrust of the original work was on 6180 and 52H (8D), because of the
relationship between ambient temperature and the isotopic composition of rainfall (Burk &
Stuiver 1981, Gray & Thompson 1976, 1977, 1978, Libby & Pandolfi 1977a, b, 1978,
Libby et al. 1976, Perry 1977, Wigley et al. 1978, Wilson 1978, Wilson & Grinsted 1977,

Yapp & Epstein 1977, 1982a, b, Ziegler et al. 1976).

Two important conclusions came out of this early work. The first was that only
certain fractions of bulk plant material were shown to be suitable for analysis (Wilson &
Grinsted 1977), which lead to the adoption of cellulose as the primary compound used for
environmental reconstructions. Cellulose was adopted because it accounts for c. 40% of
the total dry weight of plant material (although this proportion varies with species and
between trees, shrubs and herbs), it is relatively easily extracted, and is fairly robust. The
last point is significant because the initial work assumed that, once the cellulose molecule
was formed, each atom in the chain was fixed. However, it was found that the O-H bonds
were relatively easily broken, which means that only carbon-bound H can be guaranteed to
be in-situ (DeNiro 1981). Since it is necessary to nitrate the cellulose sample before using
it for analysis of 8D and the cryogenic separation of H is more complicated than C or O,
this technique is often not used in either contemporary or palaeoenvironmental studies.
The great advantage of studying 8D is that H in cellulose is solely derived from HyO
(Kramer 1964, Gray & Song 1984, Krishnamurthy & Epstein 1985, Schiegl 1972, Schiegl
& Vogel 1970, White et al. 1985; see Geel & Middledorp 1988 for an assessment of the

use of 8D and problems encountered when analysing bulk plant cellulose), although there
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is some debate about the possibility of discrimination against D during water uptake (see

for example Yakir & Yechieli 1995).

Since the early work by Schiegl (1974), the environmental and physiological
controls on 813C in tree rings has been assessed in greater depth (Francey & Farquhar
1982, Francey et al. 1985, Freyer & Belacy 1983, Livingston & Spittlehouse 1993,
Luckman & Kearney 1986, Martin ef al. 1988, Ramesh ef al. 1985, Stuiver & Braziunas
1987). The level of sampling resolution has also increased (Leavitt & Long 1984), and
intra-annual analysis of the stable isotope composition of oak tree rings has been
undertaken (Switsur ez al. 1994). The data from these analyses show significant
differences between cellulose laid down at different times of the growing season in each of
8D, 813C and 5180. The different sources of C utilised by trees during the growing
season - for example stored carbohydrate and contemporary atmospheric CO5 - and the
difficulty of splitting the contribution of one from another and accounting for the effect of
isotopic pooling, is an excellent example of the problems involved in identifying the
environmental stimuli responsible for these patterns. The original idea that isotopic values
recorded in tree rings might elucidate changes in temperature and atmospheric CO» partial
pressure in simple variations of 8D, §13C and 5180 has been shown to be unfounded.
There is undoubtedly an environmentally-driven signal within the isotopic composition of
tree ring cellulose (Edwards ef al. 1985, Leavitt & Kalim 1992, Luckman & Gray 1990),

but there is not a straightforward relationship between environment and any of the &

values.

In addition, DeNiro & Cooper (1989) showed that the isotopic composition of
cellulose produced in the root or shoot of a plant is not identical to that of the glucose
produced during photosynthesis in the leaf. The greater the number of transformations and

translocations of secondary metabolites, the more difficult it is to relate the final cellulose
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isotopic composition to the conditions in the leaf. However, by focusing on the §13C and
5180 values of annually-produced leaf material (as in this study and also, for example,
Welker ef gl. 1993) the problems of analysing tree-ring cellulose without a complete
understanding of the extent of post-photosynthetic modification of the isotopic
composition of cellulose produced in the cambium is avoided (see also Kelly & Woodward

1995).

It is important not to attempt to simplify the relationship between isotope
discrimination and environment (see Chapter 2.6 below), but the theoretical basis for
adopting an isotope-based approach in this study does exist. This has been shown by the
work of Chmura (Chmura 1988, Chmura & Aharon 1995) and a number of analyses of §
13C from a variety of plant species in coastal environments have also provided evidence to
support this relationship between stress and carbon isotope discrimination (for example
Guy et al. 1989). Coupled to the evidence from mangrove communities in Florida that
isotopically distinct water is being used in different communities across intertidal
vegetation successions, this adds fuel to the argument that this approach may well provide

an additional tool for the reconstruction of coastal environments.
2.6 Complicating factors which might influence 513C and 6180 values.

2.6.1 The preservation of cellulose.

Unlike the problems of ionic translocation encountered during Long's (1991) study
of Phragmites caused by post-depositional alteration of plant material (Tukey 1970),
cellulose is assumed to be relatively stable and resilient through time. The widely-
appreciated importance of using only carbon-bound hydrogen in 8D analyses is the major

exception to this assumption (for example Feng et al. 1993). However, there are a number
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of studies which have shown that question the assumption that cellulose is unaltered
through time. DeNiro & Hastorf (1985) showed that both §13C and 815N can undergo a
measure of. post-depositional alteration, and Macko ef al. (1994) and Meyers (1994) have
also found evidence for modification of 813C (see also Aller 1994, Chmura & Aharon
1995). This is obviously of critical importance to this and similar studies. However, the
nature of this degradation is not fully understood - or widely accepted to be an important
factor - and may be the result of a number of physical, chemical and biological processes
in a range of combinations. It is difficult to link this degradation to measurable quantities

such as physical resilience to pressure (Lucas ef al. 1995).

The apparent changes in isotopic composition over time may be a function of the
differential preservation of different parts of the plants analysed. If there is considerable
intra-plant varia'tion in isotopic composition and some parts of the plant are mote
susceptible to degradation because, for example, they have less lignin than other parts of
the plant, the average isotopic composition of the remaining cellulose might change. This
highlights the advantage of being able to examine particular parts of particular species
when utilising this technique in palaeoenvironmental studies. This is the case in the study

of Phragmites australis, but not in the study of the bulk organic matter in the saltmarsh

peats at Kentra.

It is also possible that post-depositional alteration of §13C values can be explained
by differential preservation of the six carbon atoms that make up a cellulose molecule.
Since the carbon atoms in different positions in the molecule pass along different pathways
before being metabolised, there is a degree of intra-molecular fractionation within
cellulose molecules. This has been studied in other plant compounds, notably starch, by
Schmidt (1995) who has found significant (c. 4%o) differences in the extent of

discrimination involved in these pathways (see also Kennicutt ef al. 1992). If the cellulose
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molecule is not preserved in a pristine form, it could be that these intra-molecular
differences will cause as-yet unaccounted for variations between contemporary and sub-

fossil 8 values from cellulose.

This is leading a number of workers (Sternberg 1995 pers. comm., Switsur 1995
pers. comm.) towards attempts at isolating particular parts of the cellulose molecule which
are known to be derived through certain pathways. Although this may prove difficult it
might be a route to realising some of the initial hopes about direct links between & values

and environment.

2.6.2 Seasonality of isotopic values.

The work of Switsur et al. (1994) shows that there are significant and consistent
differences in the isotopic composition of cellulose formed at different times of the year.
Given the seasonal patterns of water use in trees (Gibbs 1958), and the utilisation of
carbohydrate for early growth in year # which was produced and stored during year # -1
(Pearson 1993, pers. comm.), this is not wholly surprising. Similar patterns have been
found in analyses of herbaceous (Smedley et al. 1991) and aquatic vegetation (Robe &
Griffiths 1992). Not only does this have an impact on the isotopic composition of the
atmosphere (Keeling & Shertz 1992), but the plant cellulose also records this same

pattern.

2.6.3 Variations in d values that are not the product of environmentally-driven

factors.

A number of papers have been published that include data on 813C from plant

material which shows significant intra-community variation within a stand of a particular
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species (for example Long et al. 1993). The range of 513C values found in these studies is
not the result of environmental variation since all the plants occur in the same community.
Zhang et al. (1993) have found a relationship between C isotope discrimination and
genetic differentiation within Pseudotsuga mencziesii L. plants from the same stand. This
genotypic link was also found by Siddiqui ef al. (1994) who examined species of
Terminalia. Since there is a considerable amount of evidence which points to genotypic
differentiation within species found in different saltmarsh zones, including Phragmites (see

Chapter 3.1), this may be of considerable importance.

The extent of this inter-plant differentiation is highlighted by Kohorn et al. 1994
who found a 5.1%o range in 813C in Simmondsia chinensis L. from an apparently
homogeneous habitat. The within-plant values of §13C were consistent and 813C was
correlated with the size of leaves on each plant. However, there was no relationship
between plant size, leaf mass, foliage density or any measures of plant water status or
instantaneous measures of water-use efficiency or gas exchange and the §13C values,
These data throw a big question at the models suggested above which try to explain
discrimination. Kohorn et al. (1994 p.1817) state that they:

" attribute this wide variability in isotopic composition in the field at least in part to
genotypic diversity within the population....Sampling technique for stable carbon isotope

analysis in field studies of natural populations should consider the implications of potential

genetic variability."

Fortunately the methodology adopted in these projects was designed to test the
extent of inter- and intra-plant variations as well as inter-community variations in §13C
values. In particular, the Armeria maritima L. (Mill) from Kentra and the Phragmites
leaves from Roudsea were analysed for variations between seasons, between plants and, in

the case of Phragmites, within plants. In addition A. maritima was analysed both on an



individual plant basis and by pooling material from a number of plants. By adopting this
approach it has been possible to answer the questions about intra- and inter-plant
variability that this recent paper shows (see also Roy & Mooney 1982), and in particular
Kohorn et al''s (op.cit.) concluding remarks (p.1821) that:

"When stable carbon isotope ratios are used in ecological studies, a common
methodology has been to sample leaves from several individuals and to pool foliar material
prior to analysis. The range in isotopic composition that we have observed reveals that this
methodology may generate misrepresentative results due to the sampling bias resulting
from intra-populational variation. Some idea of the extent of within-plant and within-
population variability should be included in experimental design. The morphologically

"typical" individual may not necessarily represent the population.”

However, this does not actually overcome the possible problems which genotypic
variation may cause but simply measures the extent of it. It may be very difficult to assess
the importance of genotypic variation on 8§13C (and possibly 8180), but if specimens of
the same species from different sites and ages are to be used as the basis of environmental

reconstructions (for example in isotope dendrochronology), this factor will have to be

considered at some stage.
2.6.4 Selective soilwater utilisation and the implications for 5180 values.

The basis for the use of oxygen isotopes in this study is that there is a significant
difference in 81830 (and D) between seawater and freshwater. In coastal and estuarine
environments there is a strong gradient of §180 and 8D values between wholly freshwater
and wholly marine extremes which corresponds to levels of salinity between ~0 parts per
thousand and ~35 parts per thousand. In saltmarsh communities there is a mixing of water

from a number of sources - isotopically heavy, saline, marine-derived water from tidal
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inundation, and isotopically light freshwater that falls directly on the marsh, flows onto,
across or through the marsh from the hinterland communities or from fluvial inputs into
estuarine sites (Swart et al. 1989). Each of these sources will feed water which is
isotopically distinct into saltmarsh communities in varying extents at different times of the
day (diurnal tide), month (tidal cycle) and year (seasonal climate variations; Feitzel et al.

1988). The result is a complicated flux of isotopically and chemically heterogeneous

water.

However, there is a growing body of evidence of selectivity of water uptake by
coastal plants, fuelled by the work on the isotopic relations of stem water in mangrove and
hammock communities in Florida by Sternberg and co-workers (Sternberg ez al. 1991,
Ish-Shalom et al. 1992; see also Dawson & Ehleringer 1991 and Flanagan ef al. 1992).
There is a suggestion that certain species utilise water that does not isotopically reflect
that which is immediately around them by extending their root systems landwards of the
point of aerial growth to avoid highly saline waters. Given that the method of lateral
extension by Phragmites relies on rhizomes from a core population (see Chapter 3.1), it
may be that the 5180 values of the leaves from shoots of Phragmites do not reflect the &
180 composition of the soilwater around them if they are being fed along these rhizomes

with water taken up from other sources.

The extent of selectivity of water utilisation has been highlighted in a recent paper
by Yakir & Yechieli (1995), who studied the plants colonising the hyper-saline shorelines
being exposed as the level of the Dead Sea falls. The plants found here are growing in
soils with 9% salt by weight, and there are two very distinct sources of water available to
them. One is the very saline lake water, and the other comes from occasional flood water

from the Jordan River which reaches the Dead Sea. These are isotopically distinct, and

37



Yakir & Yechieli have traced 8D and §180 values in root, stem and leaf water back to the
two water sources. They concluded that:

"There was a clear discrepancy between the plant water and the soilwater dug out
from among the roots (even if a possible deuterium effect during uptake is considered). In
fact the flood water, to which all the lines lead, seems to be the likely source of water for
the plants found at the study site. These results clearly indicate that the highly saline
soilwater dug out along the main root systems was not used by the plants; to our
knowledge, they provide the first evidence for the absence of a simple relationship
between the salinity at any part of the root zone and the water actually used by the plants."

(Yakir & Yechieli 1995, p.804)

This suggests that plants at their physiological limit may utilise water selectively.
This has considerable implications for the relationship between environmental 5180 and

5180 in cellulose, especially in coastal environments where many species are limited by

the influence of inundation and soil salinity.

In order to determine whether this is occuring in the case of the Phragmites plants
at Roudsea it would be necessary to sample the stem and leaf water before, during and
after inundation by sea water. Samples of the sea water and water from all depths in the
rhizosphere would also be necessary for comparisons with water extracted from the plaat.
Such sampling should continue over the course of a full tidal cycle and include periods of

high rainfall to compare the isotopic composition of the water utilised by the plants.

It would also be necessary to determine whether water is being fed to the shoots

and leaves along the rhizome network from an area subject to a different inundation
regime by investigating the architecture of the rhizomes and analysing the direction of flow

and isotopic composition of any water found. This was not possible due to limitations on
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the number of isotopic analyses available and the restrictions placed on excavations by the
classification of the site as part of a National Nature Reserve. A controlled simulation of
the effect of changes in tidal inudation and rainfall using transplanted material and water of
known isotopic composition and salinity might indicate whether Phragmites plants do

selectively utilise different sources of water.

Yakir & Yechieli also mention the possibility of a "deuterium effect". This was first
suggested by Lin & Sternberg (1993) who studied mangrove species in the Florida Keys.
They found an apparent discrimination against deuterium during the uptake of water by
analysing source water and stem water composition. This has not been investigated in
other species, and although it is not an influence on 813C or §180 values it may have

implications for studies of this nature, and consequently is discussed separately below.

2.7 The deuterium effect.

Whilst there is no evidence for isotopic discrimination during uptake of water
against oxygen isotopes, there is some evidence that discrimination against deuterium does
take place (Lin & Sternberg 1993, cf. Cooper & DeNiro 1989b). This has only been found
in certain species and under certain environmental conditions, and is not accepted as the
product of direct discrimination by some workers in the field (Allison ef al. 1985).
However, the evidence for this process is from coastal environments and although it is not
particularly significant in terms of magnitude relative to variations in natural abundance of
deuterium in different source waters (Leaney ef al. 1985), it does raise a further question
about the use of hydrogen isotopes for palaeoenvironmental studies in coastal situations.
The extent of this possible discrimination is not known and neither is the variation between

species or across a variety of environmental gradients (White 1993). There are also a host
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of metabolic and post-metabolic problems associated with 8§D values which led Yakir
(1992 p.1006) to say that:

"In our attempts to understand the variations in the natural abundance of stable
isotopes in plants, the hydrogen isotope composition (D / H or 2H / 1H) presents the

greatest challenge."

2.8 Summary.

Early work which utilised C and O isotope analyses in environmental
reconstruction reduced the role of the plant to a sample black box recorder. Oxygen (and
hydrogen) isotope ratios were believed to be directly related to the isotopic composition
of contemporary local precipitation, and variations in carbon isotope ratios were thought
to reflect trends in temperature and ambient CO> partial pressure. Criticism of this
approach in the late 1970s and through the 1980s which has involved experimental testing
of the magnitude and direction of isotopic discrimination during uptake and metabolism of
C and O into a single plant fraction (cellulose) has produced a more incisive body of
theory which takes into account the importance of plant physiology in determining the

extent of isotopic fractionation.

Although this has made the reconstruction of palaeoenvironments through
variations in isotope ratios more complicated, a significant number of new applications for
isotopic analysis - especially in comparative plant ecology - have arisen. In studies of
environmental reconstruction using oxygen isotope variations in cellulose the magnitude
of isotopic discrimination between plant water 8180 and cellulose 5130 has been

established as 27%o by Sternberg and co-workers.
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Carbon isotope variations in cellulose are thought to be due to changes in the
relationship between p; and p, (internal and ambient CO4 partial pressure respectively).
This may be caused by species-specific physiological variations, by changes in p,, or
changes in pj as a result of the response of stomatal conductance to stress. Since all the
comparative analyses of contemporary §13C values of plants from different habitats in
these projects are intra-specific and time of sampling is fixed (thereby keeping pa
constant), changes in 813C are assumed to be the result of variations in p;. This is

controlled by two factors, stomatal conductance and assimilation rate.

Stomatal conductance must be considered on a per leaf, areal basis. Consequently
the controls on this factor are leaf size, stomatal density, stomatal size and the extent of
stomatal opening and closure during the life of the leaf (see Yakir & Israeli 1995 for an
assessment of the importance of irradiance on stomatal conductance). Only the
physiognomy of leaf macrofossils can be measured, and consequently the role of stomatal
opening and closure in determining §13C is never satisfactorily assessed in
palaeoenvironmental reconstructions. This is important because not only is the production
of ABA resulting from water stress and excess salinity a principal control on stomatal

opening and closure, but it also has an impact on assimilation rate (A).

An additional complicating factor is the possibility of genotypic variation
impacting on plant physiognomy and physiology to the extent that 5180 and 513C values

are genetically rather than environmentally controlled.

However, as the theory stands, there is still good reason to believe that both §13C
and 8180 values of cellulose from plants of the same species inhabiting different coastal
environments will be significantly different. Work elsewhere has shown that the oxygen

isotope composition of water utilised by coastal vegetation does vary along tidal
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inundation gradients. Hence the basis for 5180 analysis seems firm so long as the plants

from different zones are taking up and utilising consistently different water through-out
their life.

In terms of §13C, the premise must be that A is constant and that the impact of
inundation and salinity affects stomatal conductance (through density, size or opening or
closure) thereby altering p; and impacting on the extent of discrimination against 13C (but
see Leunig 1995). Analyses of a number of C3 plants, including halophytes, across salinity
gradients both in the field and in the laboratory support this proposition (Guy & Reid
1986a, b, Guy et al. 1980, 1986, 1989, Pulich ef al. 1985, Ross et al. 1994) and give
some hope to the aim of using 813C as a tool for environmental reconstructions. The

potential problems of different C3 species mixes in bulk plant cellulose through time will,

however, have to be confronted at some stage (cf. Sukamar et al. 1993).
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Chapter 3

A study of Phragmites australis (Cav.) Trinius ex. Steudal.

3.1. Background, aim and potential.

Phragmites australis ((Cav.) Trinius ex. Steudal; = P.communis and hereafter
Phragmites) is a rthizomateous perennial grass, the annual aerial shoots of which reach
heights of 3 metres in favourable environmental conditions (Haslam 1972, Grime et al.
1988). It is a species which is found throughout the temperate and sub-tropical latitudes.
Phragmites often forms monodominant stands in the shallow margins of freshwater lakes
(Vaquer & Heurteaux 1988, Kamio 1989) but is also found at the landward edge of the
intertidal zone between true saltmarsh and fully terrestrial vegetation (Adam 1990,.Phillips
1987, Lee 1990b, Orson er al. 1987, Ranwell 1974). It is often the initial coloniser of
waterlogged sites (Smith and Morgan 1989) and Phragmites stands are recognised as a

component of one of the most productive ecosystems in terms of annual primary

productivity (Lee 1990a).

The significance of this species to studies of coastal environmental change is that
identifiable macrofossils (Ollendorf ez al. 1988) of it are often found in core material
recovered from coastal sedimentary sequences. Long's (1991) examination of the ionic
content of Phragmites macrofossils from different sedimentary facies attempted to utilise
these remains as a source of palaeoenvironmental information, but suffered from problems
of post-depositional ionic translocation (Tukey 1970). This project is aimed at determining
whether the stable carbon and oxygen isotope ratios of cellulose from Phragmites growing

in contrasting environments is both consistently and significantly different, and can
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therefore be used as a palaecoenvironmental indicator in studies of coastal environmental

change.

Choice of field site was governed by the need to find an undisturbed vegetation
succession that offered the opportunity to study Phragmites at its saline limit, as well as in
freshwater communities. Roudsea Wood National Nature Reserve in South Cumbria
(Gray 1971, Gray & Bunce 1971) offers just this (Figure 1.1, Map 3.1, Ordnance Survey
grid reference SD329817), with Phragmites occurring in a stunted form in a middle/upper
saltmarsh community and in a nearly monodominant fringe between saltmarsh and mixed
oak woodland that is subject to occasional flooding by exceptional tides. It is also found in
a similar position that, since the turn of the century, has been protected from coastal
inundation by an earth embankment. If the stable isotope ratios of the Phragmites from
these three communities show significant differences then it may be possible to identify

facies from these types of environments by analysing Phragmites macrofossil remains.

3.2 Possible complications and limitations.

The impact of different water qualities and depths on Phragmites has been studied
for some time (Haslam 1970b), and an interstitial water salinity limit of ¢.20 parts per
thousand has been established (Ranwell et al. 1964). More recently the actual mechanisms
of flood and salinity tolerance have been identified (Gries ef al. 1990, Matsushita & Matoh
1991, Ostendorp 1991, Hellings & Gallagher 1992, Matsushita & Matoh 1992). These
imply rhizome-controlled limitations on water uptake which may have serious implications
for the relationship between the isotopic composition of the water used by the plant and
the variable composition of the water in the rhizosphere as the influence of freshwater and
saltwater sources changes. The same processes which influence this project (because of

the implications for water uptake) may also explain some of the data in studies of ionic
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uptake by Phragmites (Glenn 1987, Long 1991). Of this work, the most significant is

probably that of Matsushita and Matoh (1992) on enzyme-controlled sodium uptake

limitation.

Whilst the uptake of water is primarily controlled by mechanisms within the
rhizome, the assimilation of carbon is principally controlled by the above-ground growth
of Phragmites. However, this is not constant through time or with age group (Haslam
1970a), and Brix (1990) points to the use of non-gaseous carbon by very young (less than
two year old) plants. Although he suggests that less than 5% of total carbon demand is
satisfied from sedimentary uptake, this is potentially very important given that it is
necessary to be able to assume that the ratio of 12C to 13C in the carbon source is a
constant at any particular time. If the utilization of carbon varies according to the age of
the plant and certain zones are characterized by plants of particular age group, this will

make analysis of data from different facies unsuitable for environmental reconstruction.

In some cases this above-ground growth is heavily influenced by a variety of
management techniques, which often have different ends in mind. The impact of
interference by man has been studied from a number of different aspects (Dithlogo et al.
1992, Cowie et al. 1992, Mook & Van der Toorn 19824, b), but at Roudsea the influences
are restricted to very low density seasonal grazing by sheep and the impact of the earthen
sea defence. The latter has undoubtedly altered the vegetation community of what was
previously upper saltmarsh, but it has effectively created an environment reminiscent of, if
not identical to, a coastline undergoing a regression of sea-level and a diminishing
influence by the tide. Although the construction of a bridge to carry the Carnforth to
Barrow-in-Furness railway in the mid 19th Century altered the mouth of the estuary and
the sediment flux from the Leven catchment has undoubtedly changed as a result of human

interference, these factors do not significantly detract from the value of the site as a useful
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analogue for this study. By examining the nature and salinity of the surface sediment
throughout the study period in each community it should be possible to determine the
degree of environmental variation within a growing season and assess the influence of

these factors on the above-ground growth of Phragmites.

However, Phragmites is more compex than many other plants in terms of gaseous
exchange (and hence CO2 assimilation and HyO and O losses) since it is not wholly
restricted to transfer via stomata. In particular, Brix (1989) has pointed to the réle of dead
culms in gas exchange, which is significant in this project since the dead culms are of
varying proportions, strengths and densities as a result of the different stresses inherent in
the three environments. A number of workers have also highlighted the significance of
varying light regimes on Phragmites (Brix 1988, Weisner 1988, Armstrong & Armstrong
1988, Armstrong & Armstrong 1990, Armstrong ef al. 1992). They point to the
significant variation in water uptake, through flow, use and loss which, combined with
effects on carbon assimilation, may be very important in this study because two of the

communities are on the woodland fringe and face west whilst one is in full sun on the open

saltmarsh.

Additional problems arise from the nature of plant growth, and especially the
rhizome system. Phragmites generally reproduces and colonises vegetatively (Phillips
1987, Haslam 1972), resulting in a dense and extensive network of rhizomes which may be
interlinked and are often clonal. This has certain advantages and disadvantages from the
point of view of this project. An advantage is that the plants within a particular community
are often closely related and hence might respond to physiological stress in the same way,

resulting in similar water uptake and carbon assimilation modes in adjacent plants.
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One disadvantage is that the rhizomes can extend laterally at a significant rate (up
to 2 metres per annum is recorded at Roudsea over the period 1969-1994, Adam 1976,
1994 pers. comm.), sending up aerial shoots as they go. This extension may be into areas
from which the plant is not extracting water during all the time that it is photosynthesising
because of, for example, excess soil water salinity. Rather, water is fed from a core area by
the rhizomes (Hara et al. 1993, Kuido & Ito 1992), potentially resulting in macrofossils
which are autochthonous but do not reflect the conditions under which they were
growing. When sampling the above-ground material it is not immediately possible to
determine the extent of the rhizome network, but sampling the rhizome itself is not useful
for palaeoenvironmental purposes since rhizomes from contemporary plants have been
found at depths of up to 2 metres below the ground surface (Haslam 1972). It is therefore
not always sound to relate a rhizome found at a particular depth to one particular surface
environment. Consequently, particular parts of equivalently positioned leaves were studied
so that comparisons could be made of material from the same plant (cf. Pizzolata 1993,
1994), between plants in the same zone and between zones as a whole. By adopting this
approach there is a risk that the oxygen isotope composition of the cellulose of the plants
at the saline limit may not reflect the composition of the soil water that characterises this
environment. However, the stunted nature of the plants in this community suggests that
the uptake of carbon is being restricted (see chapter 2, below, for theoretical explanation)

and this may be reflected in the isotopic ratio of the carbon in the cellulose.

From the point of view of the plant, a clonal community can be very successful if it
is suited to the particular environment at that time, but it may mean that a change of
environment has significant effects on the extent and health of the community. Retreats of
Phragmites have been noted as a result of environmental shifts by a number of researchers
(Boar et al. 1989, Cizkova-Koncalova ef al. 1992, Chatterton et al. 1985) and in the past

this was associated with limited ecological ranges amongst the population types of
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Phragmites, to the extent that sub-species were defined (Haslam 1970). However,
explanations based on phenotypic plasticity have been replaced with ones based on
genotypic plasticity as a result of investigations into polyploidy in Phragmites populations
(Gorenflot 1986, Zong et al. 1991). The implications for this study are significant since if
the three environments contain genetically different populations with, say, values of n=2 at
the freshwater extreme and n=4 or n=8 at the saltwater extreme (Gorenflot 1986, Zong et
al. 1991), variations in the assimilation of both oxygen and carbon may not be primarily
controlled by environmental factors (see also Wang et al. 1995). The result would be the
production of incomparable data sets from analysis of material taken from plants on the
three zones. Although the genetic structure of the communities analysed is not
investigated in this study, the fact that the community isolated from the tide was once the
exact equivalent of the marsh to wood fringe population, and that the two communities
once adjoined each other, offers some hope that they are genetically related. Similarly, an
examination of a study of Roudsea in 1969 revealed that the marsh has expanded laterally
and vertically since then, but that the absolute altitude of the seaward limit of the
Phragmites has not changed (Adam 1976, 1994 pers. comm., Gray 1994 pers. comm.; see
Chapter 3 for details). This suggests that there has not been an invasion of a more salt-
tolerant form since 1969 and that the expansion over the period 1969 to 1994 is from the

same population which today forms the marsh to wood ecotone.

All of these complications need to be considered, but by examining particular parts
of a number of plants from each of the three communities the potential of this technique
can be assessed. It is important to highlight that this is ultimately a project which is
looking for tools for palaesoenvironmental reconstruction, and not one trying to explain the
distribution of Phragmites or the particular controls on its photosynthetic and respiratory

systems. However, since these processes directly influence the variables being examined,
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an assessment of the potentially complicating factors of this species’ physiology (Coops et

al. 1994, Daniels 1991) is fundamental to the project.

3.3 Research design and strategy.

The research strategy was developed to answer certain key questions. These can

be summarised in point form.

i) At what altitude are the three communities, and how often are they flooded by

the tide?
ii) How saline is the soilwater in each community, does it vary during the growing
season and does salinity appear to be a factor limiting the expansion of Phragmites further

down the saltmarsh?

iii) Is there a significant difference in the habit (plant height, number and size of

leaves) of the three Phragmites communities?
iv) Does stomatal density vary significantly between the three communities?

v) Does the 6180 value of the soilwater in the rhizosphere differ between the three

communities?
vi) Is the isotopic composition of the cellulose from equivalent parts of plants from

each community consistent within each plant and within each community but also

significantly different between each community?
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Questions 1) to v) aim to set out the environmental differences and the variations in
plant physiognomy between the three communities. The key question remains whether
§13C and 8180 values from each zone are internally consistent (both intra-plant and intra-

community) but sufficiently different to be able to unequivocally demonstrate a link

between environment and isotopic ratio.
3.4 Methodologies adopted to answer these questions.
3.4.1 Measurement of altitude and relationship to tidal inundation.

The altitude of each community relative to Ordnance Datum (O.D.) Newlyn was
determined by levelling from a benchmark (indicated on Map 3.1). The seaward limit of
the Phragmites was also measured along the fringe of the lowest Phragmites community
at Roudsea. These data were compared to tidal records from the tide gauge at Heysham,
Lancashire (O.S.grid reference SD403602). Although this is 23km. away, it is within the
large embayment of Morecambe Bay and will give a measure of the annual frequency of
tidal inundation. Records from 1975 to 1994 were received from the Proudman Marine
Laboratory, and kindly made available by Dr.Y.Zong. A correction factor was applied to
account for the variation in the O.D. altitude of mean high water spring tide (MHWST)

and highest astronomical tide (HAT) between Heysham and Roudsea of plus 20cm (Zong
1993).

3.4.2 Measurement of soil sample characteristics.

The salinity of the soilwater in each community through the growing season was
measured by taking 5 randomly located surface soil samples from each of the three

communities and the area below the limit of Phragmiites on the saltmarsh on twelve
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occasions between early April and early October 1994. These samples were brought back
to the laboratory where they were dried to establish their moisture content (loss of mass
on drying, LOD%) and the proportion of organic matter in the sediment (loss of mass on
ignition, LOI%). Soil salinity was measured by establishing the amount of available
chloride in each sample and relating this to moisture content. The exact methodology used

in these analyses of the soil samples is outlined in Appendix 1.

3.4.3 Measurement of the habit of Phragmites in each community.

The above-ground growth of Phragmites in each community was measured from a
number of different aspects. The density of aerial shoots was established using a purpose-
built wooden 1mx1m quadrat which consists of three fixed sides and three detachable
metre-long dowels. This design enables the density of the very tall Phragmites shoots to
be measured without trying to force a fixed-sided quadrat over the top of the Phragmites
stand. Instead the quadran is slid around the base of the Phragmites shoots, and the
dowels are used to form the limit of the Imx1m square and then to subdivide this into four

50cmx50cm quadrats.

Using this quadrat, the density of living shoots was measured in early October of
1994 and the height of the tallest and shortest shoot in each 50cmx50cm subdivision was
also measured. At the same time fifteen shoots were cut off at their junction with the
rhizome system and the height, number of leaves and length of the second leaf down from
the infloresence at the top of each stem was measured. This leaf (hereafter "leaf 1") was
used as the basis for intra- and inter-community analyses of stomatal density and isotopic
ratios. It was chosen because it was present on all the shoots studied (many of the lower

leaves had fallen or were in a state of disrepair), and it is formed in the latter part of the
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growing season and consequently the input of stored carbohydrate from the rhizome is

likely to be minimal (Haslam 1972).

The standardisation of sampling for intra- and inter-community analyses was also
followed for intra-plant analyses. In this case the leaves 2, 4 and 6 positions below leaf 1

were chosen (hereafter leaves 3, 5 and 7 respectively).

3.4.4 The measurement of stomatal density.

A five centimetre strip from the basal portion of each leaf analysed was cut out and
used for the measurement of stomatal density. In each case the underside of the leaf was
analysed, and this was done for leaf 1 of all 15 shoots from each of the three communities
and for leaves 3, 5 and 7 from 5 randomly chosen shoots from each sample of 15. The
method used to prepare and count samples to measure stomatal density is given in
Appendix 2 (see also Beerling & Chaloner 1993b), and the basis of the count was ten
random views across each slide. By analysing the same part of equivalent leaves from each
community it was hoped to ascertain whether there might be a link between environment
and this aspect of physiognomy which has been linked to 813C values (Beerling &
Chaloner 1993b, see also Chapter 2).

3.4.5 Measurement of the 5180 value of soilwater from the rhizosphere in each

community.
These measurements were made possible by Dr. Tim Heaton at N.I.G.L.,

Keyworth, and were performed in order to establish whether the water available to the

three Phragmites communities was isotopically distinct. Only a limited number of analyses
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were possible (twelve), and so these were carried out on samples taken on the same day at

four set depths in soil cores from each community.

The samples were taken at Scm, 15cm, 25cm and 35¢m depth from a 7Smm wide
core. Living rhizomes were found at each depth in each community. The samples were
wrapped in plastic-sheeting to avoid any gain or loss of the water and stored in a
refrigerator prior to extraction of the water. Half of the sample was used to establish
LOI%, LOD% and salinity (see Chapter 3.4.1). From the other half the water was
extracted by placing each sample into a glass test tube fitted with a rubber seal. This and a
second similar, but empty, tube were fitted to a glass arm which had a valve and an
aperture which could be attached to a vacuum line. The valve was closed and the seals on

the tubes were fixed with sprung clamps before plunging the tube containing the soil

sample into a liquid nitrogen bath.

Once the sample had frozen it was removed from the bath, and the whole
apparatus was evacuated to <10-3 bar. The valve was then closed and the apparatus
removed from the vacuum line. The empty tube was placed in a liquid nitrogen bath and
the tube with the frozen sample was placed in a heating block at 110°C. As the sample
thawed and the water evaporated from the soil it condensed and froze in the cooled tube.

This process took 4-6 hours, after which the water was decanted into sure-seal vessels and

put into a refrigerator prior to analysis.

The isotopic analysis used a slowly rocking, covered manifold which was kept at a
constant temperature (27°C) by the circulation of warm air. The water samples were
decanted into glass vessels and two water standards were added to each run. The vessels
were evacuated and then filled with CO7 of known isotopic composition. The isotopic

composition of the CO9 and H>O samples equilibrated (Brenninkmeijer ez al. 1983), and
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once equilibrium was achieved the COy was fed to a gas isotope ratio mass-spectrometer.
This measured the ratio of CO; of masses 44, 45 and 46 from the sample manifold and
compared it to the ratios from a CO7 standard (Anon. 1989). Given the fixed temperature
in the manifold it was possible to determine the & 180 value of the water sample given the
extent of transformation of the original CO5 added to the vessels during isotopic

equilibration.

3.4.6 Measurement of the isotopic composition of Phragmites cellulose.

For the purposes of inter-plant and inter-community comparisons, cellulose from
leaf 1 was extracted for isotopic analysis. Intra-plant comparisons were made on the basis
of data from the cellulose of leaves 3, 5 and 7 in addition to leaf 1. In all cases the whole
leaf (less the Scm strip taken for stomatal density measurements) was processed and a sub-

sample of the homogenised cellulose used for the isotopic analyses.

The procedure for the isolation of cellulose is outlined in Appendix 3. This is the
method adopted in all analyses of §13C and §180 in plant cellulose and is as outlined in

Sternberg 1989a (see also Field 1993a, b, Robertson 1993).

Cellulose was prepared from leaf 1 of all 15 shoots sampled from each community,
and from leaves 3, 5 and 7 from the same 5 shoots that were chosen for analysis of intra-
plant stomatal density. However, limitations on laboratory time restricted the number of
analyses of both 813C and 5180, although a significant sub-sample was tested. Nine of the
fifteen shoots from each community were used for tests of inter-plant and inter-community
813C from cellulose of leaf 1, and two of the five shoots used in the intra-plant analysis of
stomatal density were chosen to examine intra-plant variations in §13C. This made 9x3

(nine different leaf 1's from 3 communities) and 3x2x3 (leaves 3, 5 and 7 from two



different shoots in each of the three communities) or a total of 45 analyses of §13C from

Phragmites cellulose.

The analysis of 6180 was aimed at establishing whether a link existed between the
8180 value of soilwater (Chapter 3.2.5) and cellulose 8180 (DeNiro & Epstein 1979,
DeNiro et al. 1988, 1990, Ehleringer & Dawson 1992). These analyses were performed
during a visit to the University of Miami and a further sub-sample of the original 15 leaf 1
cellulose preparations was made. In this case six samples, each of which had been part of
the nine taken for §13C analysis, were chosen for each community as the basis of an
analysis of inter-plant and inter-community consistency, with other samples available to
test intra-plant variations if these samples revealed data that might be of use for

palaecoenvironmental studies.

The processes of conversion of cellulose to CO5 for measurement of §13C and
8180 are quite different, and are given in Appendices 4 and 5 respectively. Thereafter the
analyses involve establishing the ratio of CO7 of weights 46, 45 and 44 and calculating the
deviation of the measured ratio from that of the PDB standard for §13C and SMOW for
8180 (Anon 1989).

During all of these analyses standards of known isotopic composition were run
alongside the samples. In Miami three standards were used. One was a graphite standard
(National Bureau of Standards #21), and the other two were carbonate standards from
Beta Analytic Inc. who share the mass spectrometer used. At the Isotope Geoscience
Laboratories in Keyworth a carbonate standard was used. The results from these analyses

are given in Table 3.1. All of the results from running these standards fall within 0.1%o of

the known value.
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Table 3.1 Isotopic standards used during the analyses of Phragmites isotopic

composition.

Laboratory Standard used Expected value Result Precision
Miami | NBS#21 (graphite) | §13C =-28.1% PDB | §13C =-28.08%0 PDB | 0.006%o
Miami | NBS#21 (graphite) | 813C =-28.1%0 PDB | §13C =-28.18%0 PDB | 0.004%o
Miami | NBS#21 (graphite) | 613C =-28.1%. PDB | §13C =-28.15%0 PDB | 0.003%
Miami | b3scd (carbonate) | 5180=22.15%0 SMOW | §180=22.13% SMOW | 0.02%o
Miami cstan (carbonate) | §180=29.1% SMOW | §180=29.1% SMOW | 0.02%o

Keyworth | mcs-13 (carbonate) | 813C=-0.7% PDB | 813C =-0.67% PDB | 0.03%0

Keyworth | mcs-13 (carbonate) | 813C=-0.7% PDB | §13C=-0.73% PDB | 0.03%o

Keyworth | mcs-13 (carbonate) | §13C=-0.7% PDB | 813C=-0.73%. PDB | 0.03%0
Keyworth | mcs-13 (carbonate) | 813C =-0.7% PDB | §13C =-0.68% PDB | 0.03%o
Keyworth | mcs-13 (carbonate) | 613C=-0.7% PDB | 813C=-0.69%0 PDB | 0.03%o
Keyworth | mcs-13 (carbonate) | 813C =-0.7% PDB | §13C =-0.66%0 PDB | 0.05%0
Keyworth | mcs-13 (carbonate) | 813C=-0.7% PDB | 813C =-0.74%0 PDB | 0.05%0
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3.5 Results of analyses on environment of growth and variations in plant

physiognomy.
3.5.1 Altitude and frequency of inundation.

The three Phragmites communities are distinguished by occurring at different
altitudes and being inundated by the tide at varying frequencies. The variations in
environmental factors such as inundation, salinity and soilwater §180 in each zone are a

function of altitude, and on this basis zones 1, 2 and 3 are defined (see Map 3.1).

Zone 1 is the community found in the middle to upper saltmarsh, adjacent to and

mixing with a typical Puccinellietum saltmarsh vegetation community (Adam 1978, 1981),

Zone 2 is the ecotone between saltmarsh and the mixed oak forest, similar to that

identified by Ranwell (1974), which is a mono-dominant Phragmitetum (Adam 1978,

1981) community.

The Phragmites in zone 3 was formerly the equivalent of zone 2, but is now
isolated from flooding by the tide by a seawall. Consequently the absolute altitude of the

seawall is the controlling factor in this particular zone, rather than the ground altitude of

the zone itself,
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Map 3.1. The location of Roudsea (inset) and the
position of the Phrgamites communities analysed.
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The altitude of zones 1 and 2 and of the lowest point of the seawall were
calculated relative to Ordnance Datum Newlyn from a local benchmark (levelling was
rounded with a closing error of less than 2cm). The altitude of the zones (mean + 1

standard deviation, n=10) and the seawall (minimum measured along its length) are;

Zone 1 4.76 (£0.03) metres OD
Zone 2 5.85 (£0.08) metres OD
Sea wall (minimum) 6.51 metres OD.

The mean altitude of zones 1 and 2 correspond (£10cm) to the altitude of local
mean high water spring tide (MHWST; = 4.7m OD) and highest astronomical tide (HAT;
= 5.8m OD) respectively (Zong 1993, 1994 pers. comm.). The altitude of the seawall
means that zone 3 is beyond the reach of all but exceptional tides which, combined with a
large freshwater input to the estuary and a strong on-shore wind, cause a storm surge
component to be added to the altitude reached by the high tide. No such events occurred
during the course of this study (Singleton 1994, pers. comm.). Consequently the water

inputs to zone 3 can be considered to be unaffected by the tide.

Two key points can be drawn from the altitude of zones 1 and 2. The first is that
there is an empirical link between the two zones and the regularity of tidal inundation
which may account for the differences in plant habit observed (Chapter 3.5.3). The second
is that if it is possible to distinguish Phragmites cellulose on the basis of §13C and 5180
values from these two zones, this would be a major help in reconstructing horizons in

sedimentary sequences which represent communities at or near these positions in coastal

vegetation successions.



In addition to levelling the communities analysed in this study, the seaward limit of
Phragmites was also levelled at a number of points. The altitude of each of these points
was (m OD) 4.71, 4.75,4.71,4.71, 4.68, 4.69 and 4.67, which yields an average (+1
standard deviation) of 4.70+0.03m. This is close to the mean figure for zone 1, and also to
the average altitude of the seaward limit of Phragmites as measured by Adam and Gray
(Adam 1976) in 1969 of 4.67m. This suggests that a similar relationship between tidal
inundation and Phragmites exists today as it did 25 years ago. However, the communities
have not stood still over this period. Repeats of surveys carried out in 1969 were made in
1994 along transects LS, L6 and L7 (Adam op. cit.). These repeats show that there has
been considerable lateral extension of the Phragmites communities of 25m, 30m, and 50m.
respectively. Further, the altitude of the points along these transects which marks the
present limit of Phragmites has increased by 49cm, S1cm and 20cm respectively compared

to the 1969 altitudes.

This aggradation appears to be the result of the shift of the channel of the River
Leven across the estuary to the west (Adam 1994 pers. comm., Singleton 1994 pers.
comm., DeLaune ef al. 1990, Warren & Niering 1993), and is of a very significant (cf.
Oenema & DeLaune 1988) order (up to a mean value of 19.8mm p.a. of vertical accretion

and 2m. p.a. of lateral extension of the Phragmites communities).

This evidence for lateral extension has two important consequences. Firstly, the
relationship between the altitude of the limit of Phragmites and the frequency of
inundation is the same in 1994 as in 1969. This suggests that there has not been a change
in the environmental tolerance of the Phragmites, which might suggest that the population
at the limit of growth today is related to that at the limit of growth in 1969. This suggests

that there has not been an invasion of Phragmites of different physio- or geno-typic
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structure (Gorentlot 1986), and that concerns of such variations impacting on isotopic

ratios are, in this case, probably groundless.

The second consequence relates to the mode of lateral extension adopted by
Phragmites (Haslam 1972, Kuido & Ito 1988). This is through rhizomes, which invade
from a core population. Not only does this mean that a newly-invaded area is potentially
being fed from a distant zone (which has implications for measurements of isotopic ratios
controlled by gaseous transfer and water uptake), but it also means that the age structure
of plants in recently-invaded areas may not reflect the variation inherent in a long-
established Phragmites stand (Hara et al. 1993). As pointed out in Chapter 3.2, age has
been shown to impact on the source of C used by Phragmites, and this variable is
unconstrained in this study. Only detailed examination of the rhizome network would
better constrain this variable. Such an examination would also help determine the depth

from which soilwater is utilised (Chapter 3.5.5).

In order to analyse the possible role that the rhizome architecture and age structure
of Phragmites communities has on the isotopic composition of leaf cellulose it would be
necessary to establish a controlled experiment utilising transplanted material from the three
different populations at Roudsea. By allowing the rhizome to grow in the same substrate
and to send up shoots over a period of two years during which both the §13C of the
atmosphere was held constant and fresh water of known §180 was fed to the plants, the
impact of age on the isotopic composition of the cellulose metabolised could be assessed,
and any differences in biomass production between transplants from the three populations
could be measured. Once lateral extension has taken place, the extent to which the plant is
able to selectively utilise water and feed water along the rhizome network could be
examined by watering one end of the rhizome network with sea water and the other with

freshwater. At the same time plants from the three populations without extensive rhizome
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networks that link the two growth environments should be grown under the same
conditions to determine the success of plants that cannot be fed with water from a non-
saline water source. Analysis of the isotopic composition of water in the stem and the
rhizome of the plants would determine the extent of selective water use and the
importance of water transfer along the rhizome network. A similar type of transplant
experiment has been carried out on Phragmites plants from genetically different
populations to determine the extent to which these different populations can withstand
varying salinity conditions (Zong ef al.1991), but no isotopic analyses were made, and the

possible impact of the age of the plants was not considered.

The raw data showing the number of inundations by altitude for the years 1975-
1994 inclusive is given in Appendix 6. Given that MHWST is predicted to be reached on
60 occasions during the year and HAT is a once-a-year event (Admiralty Tide Tables,
1995), the first notable point about these data is that MHWST at Heysham is reached on
100-156 occasions per annum over the period of the data. This indicates a significant
additional input to the tidal system along this coastline above that caused by astronomical
factors alone. This is likely to be a result of short-term variations in freshwater input to
Morecambe Bay from local catchments and the impact of strong on-shore winds

combining with highs in the tidal cycle to produce higher than predicted tide levels.

At the top end of the high tide spectrum, the altitude of HAT at Heysham is
reached between 0 and 9 times per annum between 1975 and 1994. The predicted
frequency of tides that reach this level is 1 per annum. In all bar 5 years this has been
exceeded, although in 1994 the observed matches the expected frequency. The reasons for
this excess of observed over expected HAT are the same as those which might explain the

unexpectedly high frequency of inundation at 4.5m OD.
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The important aspect of these data is that they demonstrate that at Heysham
MHWST was reached 132 times and HAT was only reached once in 1994, Translated to
Roudsea, and to this project in particular, it shows that the frequency of inundation in the
three zones is markedly different, with zone 1 being subject to flooding by an excess of
100 tides, zone 2 by very few tides, and zone 3 never flooded because of protection by

the sea defence.

3.5.2 The sediment analyses.

The results of the analyses of LOD%, LOI1% and soilwater salinity from zones 1,
2, and 3 plus zone O (the area of Puccinellietum immediately seaward of zone 1) are given

in Appendix 7.

A gap in the data run exists because the samples taken on 6/4/94 from zone 0
leaked during the journey from Roudsea to Durham and consequently they were

discarded.

The remaining samples reveal some interesting trends which enable the differences
between the three communities to be quantified. Firstly there is very little difference in the
characteristics of LOD%, LOI% or salinity between zone 0 and zone 1. With the
exception of the value of salinity on 22/4/94, LOI% on 22/6/94 and LOD% on 5/10/94,
the mean values (£1 standard deviation) overlap between these zones, and the exceptions
all fall within 2 standard deviations. Figures 3.1 and 3.2 clearly demonstrate the similarities
between zones 0 and 1 during the sampling period in terms of LOD% and LOI%
respectively. They also show the extent of the differences between the 4 zones sampled,

and especially those between zones 1, 2 and 3.
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Figure 3.1
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Figure 3.2
Roudsea sediment LOI (%)
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The value of salinity varies considerably through the year in zone 1, from a low of
3.16%o to a high of 20.84%o (compared to ¢.35%o in sea water, Aston 1978, Price ef al.
1990). It is notable that this variability is mirrored in zone 0 and that the peak value
recorded in zone O is less than that in zone 1, as can be seen in Figure 3.3. The
fluctuations in these data reflect the changing input of sea water to these zones over the
tidal cycle. Since there is no difference between the values for salinity in zones 0 and 1, it
seems that it is not salinity which is restricting Phragmites from invading this area. The
value of 20.84 parts per thousand salinity found as the peak in zone 1 is very close to the
value quoted by Haslam (1972) and Ranwell ez al. 1964 for the salinity limit of
Phragmites.

The salinity values in zone 2 are markedly lower and vary to a far lesser degree
than in zone 1, ranging from a high of 2.75%. to a low of 0.78%.. This reflects the
considerable difference in inundation frequency between the two zones. Salinity in zone 1
reflects the higher incidence of flooding at the position of MHWST, with decreases in
salinity caused by sampling at different times of the tidal cycle and by large inputs of
freshwater from precipitation and overland flow. Zone 2 is predicted to be reached only
once a year by the tide, and although there is a difference between the observed and
expected frequency of inundation at this altitude (Chapter 3.5.1), there is still at least one

order of magnitude between the number of inundations at these two altitudes per annum.

Given the consistently very low measurements of salinity in zone 3 (0.39 to
0.17%o), it is possible to draw a number of conclusions about these data in terms of
potential impacts on isotopic composition. The plants in the community in zone 1 are
subject to higher levels of inundation and soilwater salinity than in either zone 2 or zone 3
(Figure 3.3). The level of salinity varies considerab.ly through the growing season, which

may lead to variations in stomatal conductance. In addition, the data show the changing
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Figure 3.3
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importance of the different sources of water to the plants. Both these factors may have
implications for isotopic ratios. However, there are consistent differences in the moisture
content, organic C content and soilwater salinity in each zone, and consequently there are

good grounds to believe that §13C and / or 5180 will vary according to zone number.

3.5.3 Plant habit.

The raw data collected on 5/10/94 to assess the variations in plant habit are given
in Appendix 8 (density of living stems) and Appendix 9 (height of plant, number of leaves
and length of leaf 1). The density measurements show that zone 1 has fewer stems per
50cmx50cm sub-division than zone 2 and zone 3, but that the mean values plus or minus 1
standard deviation overlap. However, significant differences do exist in the number of
dead shoots still staﬁding. In zone 1 there are very few upright shoots from previous years
of growth compared to zones 2 and 3. This produces apparently denser stands in zones 2
and 3, but because it is not possible to assign an age to the dead shoots they were not

included in the survey.

The minimum and maximum heights of these stems also give an indication of the
variations in gross physiognomy between zone 1 and zones 2 and 3. These differences in
plant height are reinforced in Appendix 9, which shows the length of the 15 shoots
sampled in each community, the number of leaves and the length of leaf 1. These data are
included in Table 3.2, which summarises the environmental differences and variations in
physiognomy between the three communities, and the variations in plant height are
graphically shown in Figure 3.4. In both this figure and in Figure 3.5 which shows the
variation in the length of leaf 1 in the three zones, the plant numbers are used as symbols.

From this a very clear picture emerges of dense, tall Phragmites shoots with long leaves in
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Figure 3.5 Roudsea Phragmites; length of leaf by
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zones 2 and 3, and considerably shorter shoots and leaves in a less-dense community in

zone 1.
3.5.4 Stomatal density variations.

Appendix 10 contains the raw counts of stomatal density on the Scm strip on the
underside of leaf 1 from all 15 shoots sampled in each community. These raw data were
converted into values of stomata per mm2. This produces a mean value (+ 1 standard
deviation) on leaf 1 from all 15 shoots of 863£100 stomata per mm2 in zone 1, 886+93 in
zone 2 and 100691 in zone 3. The converted data are given in Figure 3.6 which shows

the intra- and inter-zone variation in stomatal density in the three zones. There are two

important conclusions to be drawn from these data.

Firstly the very large differences in plant height, leaf length and soilwater salinity
recorded between the communities in zones 1 and 2 are not mirrored in any difference in
stomatal density. This suggests that C uptake is not limited by stomatal density since the
obvious differences in plant biomass accumulation between these communities do not

appear to be a consequence of limitations on stomatal conductance by varying stomatal

density.

The second conclusion is that although there is an apparently large difference

between the mean values from zones 1 and 2 and that from zone 3, all three means
actually overlap when a single standard deviation either side of the mean is considered.

Hence it is not possible to simply assign any particular value of stomatal density to a

distinct community.
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The intra-plant stomatal density data and the length of the leaves analysed are
given in Appendix 11. The differences in the height and leaf length of the plants from the
three communities are apparent. No consistent trend exists between the position of the leaf
on the shoot (leaf number) and the length of the leaf either between or within the three

communities.

However, the raw data on intra-plant stomatal density variations do show a trend
which appears to hold with only a couple of exceptions. This is that the density of the
stomata on leaf 7 is significantly lower than that on leaf 1, and often that on leaves 3 and 5
also. This holds in all 5 plants studied from zone 1, where the average value (x 1 s.d.) of
stomatal density on leaf 1 is 94082 per mm2 and that on leaf 7 is 67575 per mm2. In
zone 2 the figures are 872+111 and 697498 respectively, and zone 3 the average of the 5
measurements fron‘; leaf 1 is 1030293 and from leaf 7 the mean is 786+138. Again the
mean values plus or minus 1 standard deviation from leaf 1 for each of the three zones
overlap, and similarly for leaf 7. However, in zones 1 and 3 there appears to be significant
intra-plant variation in stomatal density. Although this is not the case in zone 2, there are
some individual plants in this zone that show a striking difference in stomatal density

according to the position of the leaf on the shoot.

This has a number of implications. The first is that if stomatal density does have an
impact on stomatal conductance, and hence on p;, then there may be significant intra-plant
variations in §13C (and possibly §180), although no account has been taken of possible
changes in stomatal size in this analysis. Since it is impossible to establish the position that
a leaf occupied on a plant once it has dropped and entered the depositional record, it may
be that the variation inherent in each community is so large that any differences that may

exist between the communities are blurred or lose their distinctiveness altogether.
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The second implication is that there are obviously quite different processes
controlling this aspect of plant physiognomy during the growing season. The timing of the
appearance of each leaf was not measured at Roudsea so it is not possible to relate the
increase in stomatal density to a particular event. Similarly the lack of physiological
monitoring in this project means that it is impossible to draw links with biochemical and
metabolic shifts in the three communities. It is notable, however, that this variation is most
pronounced between leaf 1 and leaf 7 in plants from all three zones, which seems to
suggest that the controlling influence(s) occurred in all three communities. This points
either to a common physiological control (perhaps seasonal, Smedley et al. 1991) orto a
response to an environmental factor other than one measured by the techniques in this

project; there is no evidence to suggest a convergence of chemical conditions in the 3

zones at a particular point during the growing season.

3.5.5 Soilwater isotopic composition.

Four samples (S5cm, 15cm, 25cm and 35¢m depth) taken on the same day (5/10/94)
from each of the three communities were analysed for their water content, organic matter
content, salinity and soilwater oxygen isotope composition. Although the LOD% results
from the cores in zones 2 and 3 overlap (Figure 3.7), the other analyses of sediment
characteristics produce graphs which are consistently stratified by zone (Figures 3.8
(LOI%) and 3.9 (soilwater salinity in parts per thousand). The 5180 data fall remarkably
consistently into three groups according to zone number (Figure 3.10), and there are
significant differences between the values produced. In zone 1 the mean (£1 s.d.) of the 4
analyses is -3.8+0.2%e,, in zone 2 the figure is -5.5+0.1%o and the mean for zone 3 is -6.5+
0.1%o. The measurement error on each analysis is less than 0.1%o (Heaton 1995 pers.
comm.). The values of 5180 found by Sternberg et al. (1991) in their analyses of the stem

water taken from the same day from specimens of Conocarpus erectus L. living in
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Figure 3.8
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Figure 3.9
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"transitional woodland" and "scrub mangrove" on the Florida coastline at Sugar Loaf Key
were -0.8+0.5%o (n=4) and 0.9+0.2%0 (n=6) respectively. There is therefore a higher range
of mean values at Roudsea (2.7%o) compared with the sub-tropical site in the Florida Keys
(1.7%o). Since living rhizomes were found at each depth sampled, there is evidence to
suggest that the isotopic composition of the water being utilised by Phragmites in the
three zones at the time of sampling was significantly different. This might be reflected in
the 5180 value of the cellulose if the values from these analyses are representative of the

water being utilised by the plants during photosynthesis.

However, leaf water 8180 values may vary as the 8180 value of the soil water
utilised changes because of variations in the relative importance of fresh water and sea
water inputs to the three communities. Further, changes in the extent of 130 enrichment
caused by different levels of evaporation from leaf surfaces over time or between the three
communities might lead to leaf water 5180 values (and hence cellulose 8180 values)

which do not reflect the trend found in the §180 values of the soilwater samples analysed.

When the mean values for 8180 from the soil water samples collected at Roudsea
are combined with the mean values for 6D from the same samples (-24.3+1.0, -37.3%£1.0
and -45.8+0.5 from zones 1 to 3 respectively), they fall just below the Meteoric Water
Line of Craig (1961a). This suggests an element of mixing of water from a number of
sources, which is as expected in a coastal, estuarine site. The most important aspect of
these data is that the 5180 and 8D values conceptually agree, and that they become

significantly less negative (showing increasing input of marine-derived water) from zone 3

to zone 1.

The raw data from these analyses are given in the second summary table (Table

3.3) below, along with the data on LOD%, LOI% and salinity from the twelve samples. It

78



5180 (SMOW)

Figure 3.10
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is interesting to note how moisture content and organic C content drop quite quickly with
depth in zones 2 and 3 (Figures 3.7 and 3.8 respectively) - probably as a result of the
decomposition of organic matter - and also that there is not a direct relationship between

the isotopic composition and the salinity of the water samples.
3.5.6 Summary of these results.

Tables 3.2 and 3.3 summarise the differences between the three zones in the
analyses outlined above. Table 3.2 shows the inter-zone variations in all the variables
measured. In general terms, zone 1 is shown to be characterised by a relatively high
inundation frequency, low soil moisture and organic C content and variable levels of
salinity. The Phragmites in zone 1 is short, with small leaves, but the stomatal density of
leaf 1 from the 15 plants sampled is not significantly different from that in the other 2
zones. The intra-plant measurements of stomatal density show density falling significantly

between leaf 1 and leaf 7.

The data from the samples taken in zone 2 indicate much lower levels of salinity,
and higher moisture content and organic C content. The plants are very much taller, with
longer leaves, but stomatal density is indistinguishable from that in zone 1, and intra-plant
comparisons do not reveal a consistent difference between the mean value plus or minus 1

standard deviation of stomatal density from leaf 1 and leaf 7.
Zone 3 was not inundated in 1994, has an organic-rich soil with high moisture

content and low salinity. Plant habit is very similar to that in zone 2, but there is the same

degree of difference between stomatal density on leaf 1 and leaf 7 as is found in zone 1.
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Table 3.2 Variations in environment and Pliragmites physiognomy at Roudsea.

Variable (*. denotes value is meantls.d.) Zone 1 Zone 2 Zone 3
Altitude (metres Ordnance Datum) 4.76 5.85 6.51
Number of inundations (1994) 132 1 0

Loss on drying (%)* 48.744.6 73.643.2 79.742.6
Loss on ignition (%)* 11£1.1 30.3+3 76.5+7.2
Salinity (%o)" 103452  1.420.2 0.20.1
Density (per 0.25m2)* 13.545.9  18.4+4 19.9+5.4
Plant height (cm.)” 85.1427.44  225.3%28.74 213.7422.05
Number of leaves* 93+135  1120.65 13.5¢1.6
Length of leaf 1 (n=15)* 13.94295  33.134.15  34.5+4.73
Stomatal density on leaf 1 (n=15)* 863+100 886193 1006491
Length of leaf 1 (n=5)* 16.242.2 33.444 35+4.8
Length of leaf 3 (n=5)* 19.842.2 30.846.8 36.242.8
Length of leaf 5 (n=5)* 2243 35.645.7 37+1
Length of leaf 7 (n=5)" 2142.6 32.444.6 36.642.1
Stomatal density on leaf 1 (n=5)* 940+82 872+111 1030493
Stomatal density on leaf 3 (n=5)* 871+46 914+90 871493
Stomatal density on leaf 5 (n=5)* 859+58 900+37 873+70
Stomatal density on leaf 7 (n=5)" 675£75 697+98 786+138

Table 3.3 shows the differences down the 75mm wide core of the near-surface

sediments from each zone. The highlights of this data set are the distinct isotopic

composition of the soilwater from the 3 zones, the decrease in organic C content down-

core, and the higher levels of salinity below the surface found in zone 2. This last point
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shows that the link between isotopic composition and salinity of soilwater is not constant,
and also demonstrates that there can be quite different conditions down a single core
which might impact on the depth below the surface from which plants extract water.
Fortunately the isotopic composition of the soilwater appears to be consistent down the

core, suggesting that the basis of adopting 8180 as an analytical tool is well-founded.

Table 3.3 Variations in sediment quality, salinity and soilwater isotopic composition

in three cores from zones 1, 2 and 3, Roudsea.

Sample | LOD% LOI%  Chloride %o  Salinity % 5180 8D
(SMOW) (SMOW)
1-5cm | 34.56 7.71 7.337 13.255 3.7 -23
1-15cm | 38.91 10.41 7.261 13.117 3.8 24
1-25cm | 29.13 7.22 6.265 11.318 3.6 -25
1-35cm | 29.47 7.05 6.582 11.891 -4.0 -25
2-5cm | 73.3 28.15 4.016 7.255 53 38
2-15cm | 77.51 19.75 2.452 4.43 -5.4 -36
2-25cm | 51.98 15.65 2.471 4.464 -5.5 -38
2-35cm | 47.78 11.36 2.459 4.442 -5.6 -37
3-S5cm | 73.4 57.22 0.08 0.145 -6.4 -45
3-15cm | 59.06 33.51 0.166 0.3 6.5 -46
3-25cm | 63.69 31.53 0.091 0.164 -6.6 -46
3-35cm | 62.52 34.32 0.132 0.238 6.5 -46

"Sample" shows zone and depth; hence 1-Scm is at Scm depth in the core from zone 1.

The data summarised in these tables also suggest that if Phragmites follows the
pattern found in analyses of other species under different salinity and flooding regimes
(Chapter 2), there will be significant differences in the §13C of cellulose from the 3 zones.
However, the stomatal density data produce a more confusing image. There are significant
intra-plant differences in this aspect of plant physiognomy, but very little differences in the
values from the same leaf (leaf 1) from the plants in the 3 zones. Either there is not a

direct link between this factor and §13C, or there will be significant variations within each
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zone due to intra-plant differences, and very little difference between 513C values from

the 3 zones.

3.6 Results of the 513C and 5180 analyses of Phragmites cellulose.

Tables 3.4.1, 3.4.2 and 3.4.3 show the results of both §13C and §180 analyses on
Phragmites cellulose combined with data on plant habit and stomatal density from zones 1
to 3 respectively. The §13C were done at N.I.G.L., Keyworth, and the measurement error
over the three runs of the gas isotope mass-spectrometer varied between 0.06 and 0.12
per mil. All values are Craig-corrected relative to PDB, and the inter-plant data all come

from analysis of leaf 1. Three intra-laboratory standards with known 813C of -30%e gave

results of -29.91%s, -29.97%. and -30%. (see Table 3.1).

In zone 1 the range of 813C values from leaf 1 is from -25.95%o to ~24.05%o. In
zone 2 the corresponding minima and maxima are -26.26%o and -24.31%o and in zone 3
there is an even greater range from -26.34%o to -23.44%o. This shows that even in the
zone where the environmental factors such as salinity and the frequency of inundation
showed the lowest variation, values of 813 C vary by nearly 3%o. The range in zone 3 is so
large that it extends beyond the upper and lower limits of both zones 1 and 2, making any
attempts to fit particular §13C values to a particular zone absolutely groundless. This can
be clearly seen in Figure 3.11, where the 813C values for each plant analysed in the three
zones is plotted to show the extent of intra-zone variation. This highlights the extent to

which the values from zone 3 encompass the range of values in both zone 1 and zone 2.

The results of the inter-plant data from each community point towards one

conclusion in terms of palaeoenvironmental reconstruction. This is that the Phragmites
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§13C values from Roudsea do not record variations in growth conditions in a way that
would make it possible to determine the relationship between macrofossil remains and
contemporaneous salinity or inundation levels. Consequently, this approach seems to be
of no value in such studies. This is reinforced by the intra-plant data, which shows
variations within a single plant that are nearly as large as those between the same leaf

taken from different plants in the same community.

However, within this intra-plant data there are a couple of interesting trends. These
are shown in Figures 3.12 and 3.13 where intra-plant carbon isotope values are plotted
against the position of the leaf analysed. Figure 3.12 shows an approximately linear trend
of declining 813C with position down the plant from plant number 2 in zone 2. A similarly
quasi-linear trend in Figure 3.13 shows the results from plant number 2 in zone 3.
However, in this case the §13C values increase with position down the plant. There would
appear to be a relationship between leaf position in these plants and §13C, but in the other
plants examined for intra-plant variations no such pattern is revealed. The fact that the
trend observed in plant 2 from zone 2 is reversed in plant 2 from zone 3 also casts doubt
on assigning this pattern to a particular mechanism (for example seasonal variations in pa
or Phragmites metabolism (Ren & Zhang 1994, Wang et al. 1995)), and indeed these

patterns may be a random construct.
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Figure 3.12 Roudsea Phragmites intra-plant 813C (PDB)
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Figure 3.13 Roudsea Phragmites intra-plant 813C (pDB).
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Table 3.4.1 Plant habit and isotopic composition of Phragmites in zone 1, Roudsea.

Inter-plant Variations

Plant no. /| Height Number Leaf Stomatal 513¢C 8180
(cm) of leaves length density (%) (%0)
(cm) | (mm2)

1 71 7 16 970 -25.59 31.03
2 117 10 16 1024 2472 | --ee--
3 71 10 11 (] §:J NI R —
4 77 10 12 /10 J (S L —
5 109 11 14 882 -2538 | em-e--
6 58 9 9 770 | cemeeeee | eeeee-
7 123 10 16 1030 -24.57 | ------
8 94 11 16 876 | mmemmeee ] emmeea
9 124 11 19 858 -24.26 31.33
10 94 9 17 905 -24.05 32.02
11 68 9 12 841 | commeeee | e
12 63 8 16 810 -25.27 30.48
13 114 10 13 882 -25.07 30.88
14 39 7 11 702 -25.95 31.8
15 55 8 10 7A ¥ T [P (i —

Intra-plant Variations

Plant number 2

Number of leaf Length of leaf (cm.) | Stomatal density, §13¢ (PDB)
(top=0) mm-2
1 16 1024 -24.72
3 19 935 -25.62
5 21 934 -25.81
7 22 554 -25.78

Plant number 13

Number of leaf Length of leaf (cm.) [ Stomatal density, §13C (PDB)
(top=0) mm-2
1 13 882 -25.07
3 17 905 -25.78
5 21 896 -26.41
7 20 705 -26.24
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Table 3.4.2 Plant habit and isotopic composition of Phragmites in zone 2, Roudsea.

Inter-plant Variations

Plant no. | Height Number Leaf Stomatal sl3c 8180
(cm) of leaves length density (%) (%)
(cm) (mm-2)
1 243 11 36 972 | ceemeeee | eeee-
2 272 10 39 994 -24.31 31.21
3 238 12 36 980 -2527 | -----
4 234 11 35 965 | e | eee--
5 242 12 36 1002 | e | eeeee-
6 241 10 36 996 -25.56 30.06
7 175 11 26 815 -26.26 31.61
8 220 11 29 873 -25.1 33.44
9 187 11 30 3 A B e
10 181 10 29 783 -2508 | -e----
11 215 12 38 927 -24.73 | e-----
12 253 11 36 817 | e | -
13 240 11 32 753 -2547 | e-e---
14 243 11 31 769 | mmmmeemm | emeee-
15 195 11 27 775 -25.86 31.49
Intra-plant Variations
Plant number 2
Number of leaf Length of leaf Stomatal density, 813C (PDB)
(top=0) (cm.) mm-2
1 39 994 -24.31
3 40 975 -25.46
5 41 962 -25.96
7 35 646 -26.5
Plant number 13
Number of leaf Length of leaf Stomatal density, 813C (PDB)
(top=0) (cm.) mm-~
1 32 753 -25.47
3 24 801 -26.4
5 29 892 -26.0
7 25 585 -26.8
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Table 3.4.3 Plant habit and isotopic composition of Phragmites in zone 3, Roudsea.

Inter-plant Variations

Plant no. | Height Number Leaf Stomatal s13¢ 5180
(cm) of leaves length density (%o) (%o)
(cm) (mm‘z)
1 242 15 43 1180 -23.44 31.6
2 212 11 35 1084 2625 | -
3 177 10 38 170) < J I I —
4 216 13 33 1066 | -emmmemm | -me--
5 216 15 36 970 | cememmm | -
6 209 13 30 902 -25.98 30.39
7 203 14 31 878 -25.95 30.17
8 183 15 27 859 | mememeem | aeeee-
9 240 15 41 993 -23.91 31.66
10 239 13 35 966 | cmmmeeem | memeee
11 208 15 29 1040 249 | aeeee-
12 189 14 29 952 | emmeeeem | meeee-
13 220 15 34 1133 -24.28 33.43
14 251 13 36 1036 237 | -
15 201 12 40 957 -26.34 29.47
Intra-plant Variations
Plant number 2
Number of leaf Length of leaf Stomatal density, 513C (PDB)
(top=0) (cm.) mm-2
1 35 1084 -26.25
3 36 873 -25.9
5 38 789 -25.1
7 35 561 -24.8
Plant number 6
Number of leaf Length of leaf Stomatal density, 813C (PDB)
(top=0) (cm.) mm-2
1 30 902 -25.98
3 34 800 -25.8
5 37 812 -26.3
7 40 753 -25.4
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The 8180 analyses were done at the University of Miami under the supervision of
Dr. L. Sternberg. They are related to SMOW and the range of measurement error from
the 20 runs of the mass-spectrometer is 0.007 per mil to 0.058 per mil, with a mean (plus

or minus a standard deviation) of 0.023+0.012%e. (standards are given in Table 3.1).

The results of these analyses are very disappointing from a palaeoenvironmental
reconstruction perspective since they also show values that are indistinguishable by zone.
The range in zone 1 is from 30.48%o to 32.02%. which is swallowed by that from zone 2
(30.06%0 to 33.44%o) with zone 3 again having the widest range of values with a minimum
of 29.47%, and a maximum of 33.43%o. As with the 813C data shown in Figure 3.11,
Figure 3.14 shows the extent to which the 8180 values from the different zones overlap,
and once again points to the large range of values in the apparently stable (re. LOD%,

LOI%, salinity) zone 3.

Since there were strict time and money constraints in the visit to Miami, when the
inter-plant 8180 values appeared the intra-plant variation was not measured in the
knowledge that 180 was not going to produce a useful set of information for the

reconstruction of sea-level changes.

There is no relationship between the cellulose 5180 values and the soilwater §180
values from the sediment core. It is possible that this reflects different depths of water
utilisation by rhizomes, but this would only explain the variation in those communities
where there is an input from tidal inundation. There is no direct input of seawater into

zone 3 , but here the 5180 values vary more than in either of the other two zones.
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This suggests that the §180 in the cellulose is a function of some factor other than
the 8180 of available soilwater. It has been suggested that 180 may be linked to
variations in air humidity (Burk & Stuiver 1981) or light incidence in a canopy. High
humidity is linked with constant water uptake but low evaporation, and high light
incidence with high evaporation and consequently large demands on soilwater. However,
both of these factors would also influence gas exchange and stomatal conductance which,
in theory, would produce changes in C uptake and hence §13C. This should mean that
8180 and 513C from the same leaf show co-variance, but no such relationship exists
(Figure 3.15): in zone 1 the minimum 813C value of -25.95%o corresponds to 5180 value
of 31.8%o, with the maximum 813C value of -24.05%o corresponding to a 8180 value of
32.02%o . The §13C analyses falling between these minimum and maximum values have
5180 values of 30.48 to 31.33%o; this apparently random pattern casts doubt on the
application of contémporary theory of C and O isotopic discrimination as outlined in

Chapter 2 to analyses of Phragmites growing under conditions such as those at Roudsea.
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3.7 Discussion

There are a number of possible reasons why the §13C results from the Phragmites
communities analysed do not fit the predicted pattern of increasingly negative values with
increasing tidal inundation and salinity. Firstly, the plants in zone 1 are not subject to a
constantly saline environment, and may only be photosynthesising during particular
environmental conditions. The variable nature of the growth environment is clear from the
data on soilwater salinity presented in Figure 3.3. Although the salinity of the samples
taken from this zone was greater than 10 parts per thousand on 6 visits, on the other five
days when sampling took place the salinity of the soilwater in this zone was less than 7.5
parts per thousand. This reflects variations of the input of sea water due to changes in the
fortnightly tidal cycle and variations in the input of fresh water from precipitation. The
plants in zone 1 were shown to accumulate less biomass over the growing season
analysed, and this may be because they were only photosynthetically active when the
soilwater salinity around these plants was below a critical level. Controlled experiments

using transplanted material from the three communities would be necessary to establish

this critical level.

If this is the case, it might also explain the greater range of carbon isotope ratios in
the cellulose from plants in zone 3. These plants are not subject to either inundation by the
tide or soilwater salinity above circa 1 part per thousand. Therefore they can operate
under a wider range of humidity conditions. The relationship between humidity, stomatal
conductance and §13C values is outlined in Chapter 2, and in this case the higher range of
813C values in the leaf cellulose of plants from zone 3 may be the result of photosynthesis

occurring under a wider range of humidity conditions than is possible for plants in the

other two zones.



If a combination of environmental factors (salinity, inundation, humidity...) is
controlling the duration of the photosynthetically active period in zone 1, it may also
explain the. difference between the oxygen isotope composition of the soilwater samples
and the leaf cellulose analysed. The expected relationship between the isotopic
composition of soilwater and leaf cellulose is the function of two processes which lead to
enrichment of 180 over 160 in the cellulose relative to the soilwater. The first is the
evaporation of water from leaf surfaces and the second is the discrimination during
cellulose metabolism (see Chapter 2). The latter is known to result in a 27%o increase in
the 5180 of cellulose relative to leaf water. However, the 8180 of leaf water is a function
of both the isotopic composition of the soilwater utilised and the extent of enrichment in
180 relative to 160 caused by evaporation from the leaf surface. The plants in zone 1 are
subject to a wider range of environmental conditions than those in either zones 2 or 3, but
the oxygen isotope composition of the cellulose from the leaves of plants analysed from
this zone has the narrowest range of values. This suggests that the plants in zone 1 are
only taking up water and utilising this in the formation of cellulose under a narrow range
of conditions. If photosynthesis is only occurring when the plants are able to utilise fresh
water or when humidity levels are high, the restricted data available on the isotopic
composition of the soilwater available to the plants may not be sufficient to explain the

pattern of isotopic values found.

Similarly, if the plants in zone 3 are able to photosynthesize under a wide range of
humidity or evaporative conditions, it is possible to explain the wide range of oxygen
isotope compositions found in the leaf material analysed without there having been a wide
range of soilwater 8180 values in this zone. Although the leaves analysed did occur in
equivalent positions on the plants examined, this does not necessarily mean that the leaves
formed at the same time or under the same environmental conditions. Equally, the extent

of evaporation may have been equal when each of the leaves formed, and the variation be
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a product of changes in the isotopic composition of the soilwater due to variations in the

temperature at which the water originally fell as precipitation.

In order to establish the extent to which these possible causes can explain the
patterns found in the carbon and oxygen isotopic composition of the leaf cellulose of
Phragmites it would be necessary to carry out intensive experiments on transplanted

material under controlled light, moisture, salinity, nutrient and flooding conditions which

can be related to conditions in the field.

In addition to these environmentally-determined explanations, any genetic
variations which might be related to variations in salinity tolerance (cf. Zong et al. 1991)
should be investigated. The extent of variations in physiology such as the changes in the
proportion of net carboxylation by PEP carboxylase through the year as found by Ren &
Zhang (1994) would also have to be established. Since the model to explain the extent of
discrimination against 13C in C3 plants assumes that a constantly low proportion of
carboxylation utilises PEP rather than Rubisco, it may be that the variation in the

importance of the two carboxylation agents in Phragmites causes the intra- and inter-plant

variation found by these analyses.

3.8 Summary

The analyses of the sediment samples collected during the 1994 growing season
from Roudsea quantify the basic differences between the three Phragmites communities.
When combined with the inundation data from Heysham a clear picture emerges of the

different conditions under which the Phragmites plants are growing.
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This is most clearly apparent in the differences in plant height between zone 1 and
zones 2 and 3, and is reinforced by the pattern of average leaf length. However, stomatal
density variations are greater within each plant than between equivalent leaves on plants
from different zones. Although this suggests that §13C (if it is related to stomatal density)
will vary as much within the same plant as between plants in different communities, the
consistently different 5180 values of interstitial water in the three zones suggests that the
O isotope composition of the cellulose may prove very useful for palaeoenvironmental

reconstructions.

However, the isotopic analyses produced very large spreads of data in each zone.
The results of both §13C and 5180 from the three zones overlap, and it is necessary to
conclude that these data point to the isotopic composition of Phragmites macrofossils

being of little or no use in coastal palacoenvironmental reconstructions.

However, the data are interesting from a physiological point /of view. It is notable
that the range of both §13C and 5180 is higher in zone 3 than in zone 1. The
environmental data suggest that the plants in zone 1 are subject to more variable
conditions than in zone 3, but there is no reflection in the isotopic data of either the inputs
of saline water to the rhizosphere (cf. Meinzer ef al. 1994), or the impact of inundation
(which is perhaps more important in determining the success of Phragmites communities
(Phillips 1987, Ostendorp 1991, Orson et al. 1987, Gries et al. 1990, Coops et al. 1994;
cf. Guy & Wample 1983).

This may be the result of different age structure (Haslam 1972, Brix 1990),
rhizome network (Kuido & Ito 1988), metabolic variations (Chatterton ef al. 1989, Ren &
Zhang 1994, Matsushita & Matoh 1991, 1992, Hellings & Gallagher 1992), genetic
structure (Gorenflot 1986, Haslam 1970c, 1972, Gray et al. 1979, Siddiqui et al. 1994,
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Wang et al. 1995, Zong et al. 1991), or selective water uptake and gas exchange caused
by environmentally-determined variations in photorespiration (Yakir & Yechieli 1995,

Dawson & Ehleringer 1991, Flanagan ef al. 1992, Haslam 1970b).

Of these, the last scenario is a relatively attractive explanation. If the plants in zone
1 are only active under favourable conditions it might explain why the §13C data from
zone 1 is more closely grouped than that from zone 3 where the plants are operating over
a wider range of temperature, light and humidity conditions (Gross et al. 1991, Leuning
1995). The 8180 data are more difficult to explain unless there are considerable
variations in the isotopic composition of the water utilised by the plants in zone 3 through
time (Lawrence & White 1984, Lawrence ef al. 1982) and / or microhabitat variations (for
example aspect, local density of shoots (Yakir & Israeli 1995; see also Ehleringer &
Cooper 1988 re. microhabitat and §13C) which impact on the extent of evaporation from
leaf surfaces, resulting in different levels of 180 enrichment in leaf water (see also

Armstrong & Armstrong 1990, Armstrong et al. 1992).

Therefore, the difference between the expected pattern of both C and O isotope
compositions and that revealed by these analyses may be that there are opportunities for
the plants in zone 1 to photosynthesize under conditions when salinity is not a restriction
and the available soil water is not derived from sea water. Zone 1 is subject to inundation
by the tide, but the Phragmites plants do not extend down the saltmarsh beyond a point at
which fresh water is never available. It may be that the environmental limit of Phragmites
at Roudsea is not controlled by the frequency of tidal inundation but rather by how often
fresh water is available. This would explain the lower biomass accumulation and more
constricted range of both C and O isotope compositions in zone 1 than in zone 3 which
suggests that Phragmites is unsuitable as a source of isotopic data for coastal

environmental reconstruction.
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Chapter 4
A cross-community investigation of 313C values in the flora of a contemporary

saltmarsh, and their relationship to §13C values from sub-fossil saltmarsh peats.

4.1 Background, aim and potential.

The initiation of organic matter accumulation in a spatial succession from open
unvegetated tidal flats to fully terrestrial vegetation is in the lower parts of the saltmarsh
communities. This is associated with a stabilisation of the inorganic fraction, often by algae
(Adam 1990), and colonisation by higher plants which are able to withstand the high levels
of salinity (de Leeuw ef al. 1991, Price ef al. 1990) and the effect of flooding by the tide.
These specialist colonisers (Brereton 1971) are generally unable to cope with competition
(Austin 1990, Bazzaz 1990) from plants which can withstand lower levels of inundation
and salinity (Pennings & Calloway 1992), and consequently a marked zonation of
vegetation communities occurs at the coast. The breadth of each zone below the highest
limit of the tide is positively related to the absolute tidal range (Chapman 1939) and
negatively related to the local gradient. As the number of species able to cope with the
conditions increases and the input of inorganic matter decreases so the proportion of
organic material in the total sediment yield increases. Such a change is represented by an
increase in the proportion of peat within a facies change representing temporal shifts from

open tidal flats to fully terrestrial / freshwater vegetation communities.

This visible change in facies type is the first indication to a researcher of a temporal

environmental shift which might be related to changing sea-level. Subsequent

micropalaeontological examination of the sediment will reveal the nature of the
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environments represented by this change from inorganic to organic sedimentation.
Indicators such as pollen grains, diatom frustules and foraminiferal tests have been very

successfully used to elucidate the nature of such changes (for example, Shennan et al.

1995, Kosugi 1989, Scott & Medioli 1988).

This project aims to establish whether the contemporary carbon isotope ratios
from the plants which occupy 4 adjacent zones of a particular saltmarsh are such that there
might be an opportunity to use this technique to identify the equivalent communities in
sub-fossil buried units. In this project the approach is much more parochial than the study
of Phragmites (Chapter 3) since the range of conditions (floristic, tidal, sedimentary,
management) at any one saltmarsh are often quite different from those at another (Adam
1978, Long & Masson 1983, Pye 1992), and this consideration becomes even more
significant when studying palaeoenvironments. Consequently, the choice of field site is
influenced by the desire to hold as many factors as possible constant and to find a marsh

that is floristically poor so that the range of plants involved is low.

Kentra Bay National Nature Reserve in north west Scotland (Figure 1.1, Figure
4.1, O.S. grid reference NM646700) fulfils these and other considerations. The area is a
large glacial outwash fan with a very low gradient towards the present coast. The
contemporary vegetation succession is from tidal sand flats across a species-poor, zoned
saltmarsh and into a raised moss community. Due to the interplay between isostatic and
eustatic factors, the area has undergone coastal retreat over the last few thousand years.
An areally extensive raised moss covers the buried remains of saltmarsh communities that
have shifted seawards as the local isostatic rebound outpaced eustatic changes.
Consequently the area offers excellent opportunities to track movements of Holocene
relative sea-level in the region, and the moss has been crossed by a number of transects of

boreholes and detailed examination and dating of sub-fossil material has been done
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(Shennan ef al. 1995). The same group has also examined the contemporary spatial
patterns of vegetation communities, pollen grain and diatom assemblages across the sand
flat to raised moss succession (Innes ef al. 1993). Given the existence of this body of data,
Kentra offers a good opportunity to establish whether carbon isotope values are linked to
inundation and salinity regimes and if so whether they can shed any more light on

investigations of sub-fossil deposits than the techniques already in widespread use.

4.2 Limitations

The theory explaining the idea that carbon isotope ratios might be useful in this
study is described in Chapter 2, but there are some considerable limitations which are
immediately apparent and which might have an impact on data derived from the analyses.

These relate primarily to the concept of zonation and the factors which influence it.

The physiological limitations of the halophytic species inhabiting saltmarshes have
been tested (Cooper 1982, Bertness 1992, Huiskes ef al. 1985) and theoretical models
which predict the potential extent of various species have been established (Fahrig ef al
1993, Bertness & Ellison 1987). However, the most significant aspect of this work from
the point of view of this project is the suggestion that some form of ecotypic variation
exists between plants from the same species inhabiting different zones (for example
Rhebergen & Nelissen 1985), even to the extent that a genetically-based difference might
exist (Gray 1985, Gray 1987, Gray et al. 1979). The significance of this is that the
theoretical link between high levels of salinity and inundation and the consequent stomatal
and biochemical regulations on the uptake and assimilation of carbon, (which would exist
given identical plants operating under increasingly stressful conditions), might not hold if

in the field there is genetic differentiation between populations in different zones.
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This is also related to the actual process of succession (Roozen & Westhoff 1985),
which on saltmarshes is critically linked to the success of plant recruitment. This does not
necessarily .involve a simple roll-over of species from one zone to another as environments
change until species are removed as a result of either competitive or physical and chemical
factors (Gray 1992). This study relies on being able to transfer contemporary values of
carbon isotope ratios from a series of spatially adjacent vegetation zones to an
interpretation of temporally adjacent buried sub-fossil sedimentary units. Even if the
floristic composition of the zones has remained identical, this does not establish the

genetic integrity of the populations through time.

The project is further complicated by the heavy grazing pressure from sheep. This
undoubtedly has a considerable influence on plant physiology and physiognomy, which
means that links to bre-agricultural saltmarsh communities may be more difficult to draw.
Unfortunately there are no parts of the marsh which are free from grazing, but the benefits
of being able to work on a species-poor marsh, backed by a moss overlying extensive sub-

fossil saltmarsh remains that have already been investigated, outweigh this problem.

Another limitation is related to the fact that all the higher plants in the saltmarsh
zones being examined at Kentra utilise the C3, ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) metabolic pathway. Since each species may respond to
environmental stimuli differently, it may be that there is considerable overlap in the carbon
isotope ratios of metabolised cellulose from each zone, making it difficult to put a separate
figure to each type of community. However, a deterministic relationship between salinity
and carbon isotope ratio has been established in both laboratory and field experiments
(Farquhar ez al. 1982, Smith & Epstein 1970, Babikir& Kiirschner 1992, Chmura et al.
1987). The technique has also been tested by investigators in the U.S.A. (DeLaune 1986,

Chmura 1988, Chmura & Aharon 1995) as a tool for palaeoenvironmental reconstruction,
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but like work done elsewhere (Schultz & Calder 1976, Bird et al. 1993), a major
distinction existed in their field sites between zones dominated by C4 plants and those
dominated by C3 plants. The significant difference in carbon isotope ratios of cellulose
metabolised by plants from these two groups (see Chapter 2) enables identification of the
point at which a facies change from one community type to another occurs in sedimentary
sequences. This transition from C4-dominated to C3-dominated does not occur in British
saltmarshes (except in those marshes which have recently been invaded by Spartina x
townsendii), and consequently this very useful marker in buried sequences which has been

utilised in some palaeosalinity studies (for example Chmura 1995) will not be present.
Although this C4 / C3 shift has been very useful in these studies, there have been
problems apparently related to post-depositional alteration of carbon isotope ratios in sub-
fossil cellulose away from the value expected from analyses of contemporary material
(Canfield 1994, Chmura & Aharon 1995). Earlier archaeological studies showed a similar

problem (Deniro & Hastorf 1985), and this may well be an issue in this project.

4.3 Structure of research strategy.

As in Chapter 3, the structure of the research strategy can be reduced to a number

of key questions which need to be answered. These are summarised in point form.

1. What altitude is the contemporary marsh, how many floristic zones can be

identified, and what is their relationship to the tide?

2. How diverse is the species mix within the saltmarsh flora?
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3. Does the density of stomata vary significantly between plants of the same
species in the different communities, and are there any other variations in physiognomy

that might be related to carbon uptake and assimilation which can be measured?

4. How does carbon isotope discrimination vary between the different species

found in the same zone?

5. Do 813C values from the same species follow the predicted trend across the

saltmarsh?

6. Is there any variation in §13C values from the same species occurring in the
same zone but sampled at different times of the year? Is it necessary to analyse material
from each species throughout the year to establish the range of §13C values in cellulose

being contributed to the organic sediment fraction in each zone?

7. What is the impact of pooling material from a number of plants to produce a
mean figure for each species in each community? How much intra-species variation is

there in each community?

8. Do the §13C values from the contemporary analyses suggest that there might be

a useful signature in the buried sub-fossil material?
9. What evidence is there from established micropalaeontological techniques that

the buried sub-fossil material represents similar communities to those studied in the

contemporary analyses?
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10. Do the §13C values from the buried sub-fossil temporal succession reflect

those from the contemporary spatial succession? How does this vary between cores of

different ages?

11. When compared to the established micropalaeontological techniques used to
reconstruct coastal environments - pollen, diatoms, foramininferans - do the data from this

project support further use of §13C analyses to help elucidate coastal palaeoenvironmental

reconstructions?

Questions 1 and 2 aim to establish the basic nature of the saltmarsh at Kentra.
Question 3 relates to possible controls on §13C by variations in plant physiognomy, whilst
4 to 8 refer to possible complicating factors influencing the §13C values. These questions
aim to provide an understanding of the limitations on this approach as a result of

differences within and between species and communities.

Question 9 asks about the relationship between the contemporary environments
being examined and the sub-fossil material which has been proposed as representing an

ancient saltmarsh succession. The efficacy of this particular approach is finally established

by answering questions 10 and 11.

4.4 Methods adopted to answer these questions.

4.4.1 Establishing the number and altitude of vegetation communities at Kentra

Bay.

A survey of the vegetation communities at Kentra Bay was carried out by Innes et

al. (1993), and a previous study of the flora of Kentra Bay by the Nature Conservancy
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Council was supplied by Scottish Natural Heritage. For the purposes of this study a
separate survey line was chosen which runs parallel to that sampled by Innes et al. (1993)
at a distance at a distance of 10 metres to the east. Although a botanical survey was
carried out (with the assistance of Kevin Walker of the Institute of Terrestrial Ecology,
Monks Wood) across the entire transition from pioneer saltmarsh to the raised bog which
backs the marsh, it was decided to concentrate on the communities close to the transition
from intertidal flats to saltmarsh. This was done because the ultimate aim of the project is
to try to provide additional information for the reconstruction of coastal environments.
The techniques presently in use in such projects are able to make the distinction between
marine, intertidal and terrestrial environments, and therefore this approach was aimed at
establishing whether 813C values might help to distinguish particular zones within the
intertidal vegetation succession. Consequently, 3 zones across the intertidal sand flats

were analysed, and 4 across the lower part of the saltmarsh, and these seven form the basis

of this project.

The altitude of these zones relative to Ordnance Datum (Newlyn) was established
by levelling from the same benchmark used by Innes ef al. 1993. Levelling was repeated
on two occasions, once when the vegetation survey was done (30/10/93), and again on
8/7/94. The relationship of these communities to the tide was established from data
calculated by Innes ef al. 1993 who determined the altitude of local Mean High Water

Spring Tides (MHWST) and Highest Astronomical Tide (HAT) from the Admiralty Tide
Tables.

4.4.2 Establishing the diversity of the species mix within the saltmarsh flora.

A simple botanical survey was carried out on 30/10/93 with Mr. K. Walker (ITE

Monks Wood) to establish the number and relative abundance of species in each
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community. The species were classified as dominant (d), abundant (a), frequent (f),
occasional (o) or rare (r) following the approach adopted by Tansley (1939). This scale of
classification was adopted because it gives a measure of the relative importance of each
species in the contemporary flora (and hence the relative importance of each species in
terms of its contribution to the organic sediment fraction) without being prescriptive about
the actual extent or biomass production of each species. If an analysis of the §13C values
of the cellulose in the organic fraction of the sediments being deposited in each of the
contemporary saltmarsh zones at Kentra was to be undertaken, it would be necessary to
establish the contribution of each species much more accurately. However, due to the
limited number of analyses possible at . T.E. Merlewood, only contemporary plant

material and cellulose derived from sediment cores were examined in this study

This highliéhts the difficulty of calculating the relative importance through time of
each species' contribution to the bulk cellulose deposited in each environment. The extent
to which this varies with time and as sea level changes (Warren & Niering 1993), and to
which different plants contribute to this fraction in different ways may be of vital
importance, but it is very difficult to quantify variations in this factor. It was hoped that by
establishing the contemporary pattern of §13C values in each community it would be
possible to determine whether 813C values from sub-fossil material might hold a valuable
signature. The only measurement taken that relates to this particular aspect of the study is
the value of LOI% from the seven zones sampled. The technique for establishing L.0.1.%
as outlined in Appendix 1 was used for these measurements of total organic matter in the

surface sediments of Kentra Bay.
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4.4.3 Establishing the density of stomata and measuring other variations in

physiognomy that might be related to §13C values.

The method for preparing samples for establishing the density of stomata is given
in Appendix 2 (see also Beerling & Chaloner 1993a). This was applied to leaf samples
from those higher plant species which occurred in more than one of the communities
studied, with the exception of Puccinellia maritima Huds. (hereafter Puccinellia).
Although this was plant found to occur in several zones in the saltmarsh, by the time the

leaf material had been returned to Durham it had rolled into very tight cylinders, making it

impossible to take stomatal peels.

Whilst counting the impressions of stomata from peels taken of Armeria maritima
(L.) Mill. (hereafter Armeria) leaves a second quite distinct type of pore was noticed.
Rather than the typical stomata which are seen as elongated apertures bounded by two
guard cells, these "pores" are approximately circular and are divided into quarters. In each
quarter there is a small aperture, and after consultation (Pearson 1994 pers. comm.) it was
thought that these might be the salt glands of Armeria as discussed in Woodell & Dale
1993 (cf. Fitzgerald's 1992 work on salt glands in Avicennia marina (Forsk.) Vierh.). In
order to establish whether this was the case a leaf from a living Armeria plant was severed
and dipped in a weak solution of silver nitrate. The principle of this experiment was that
the silver nitrate will react with any sodium chloride, producing a dark stain on the surface
of the leaf where any concentration of NaCl exists. After circa 30 minutes of standing in

this solution the leaf was examined at 100X magnification and the "pores" had been

stained black.

Since the extrusion of salt is a very important part of the physiology of many

halophytes, it was decided to establish the density of salt glands on the leaves of Armeria
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that were being analysed for stomatal density. Since the salt glands are approximately the
same dimension as the stomata, exactly the same technique was used to prepare and count

samples to study this particular aspect of physiognomy.

4.4.4 Establishing the variations in 813C values of the contemporary saltmarsh

flora.

Plant material from each species in each zone for §13C analysis was sampled on
30/10/93. Samples of Armeria were also taken on 7/3/94 and 8/7/94 in order to examine
the extent of 513C variation in samples of the same species taken at different times of the
year. All plant material was refined and only the cellulose fraction was used for §13C

analysis. The method for extracting cellulose from whole plant material is outlined in

Appendix 3.

Two different approaches were taken to the analysis of the 813C value of this
cellulose. The vast majority of the material was sorted by species and community, and then
pooled. This produced a large amount of cellulose from each species in each community,
and from this six sub-samples were taken. These were analysed using an automated system
for the production, cryogenic separation and isotopic measurement of CO7 (Anon. 1989,
Siegenthaler & Eicher 1986). This facility allows for multiple replicates to be processed
much more quickly than the manual system of sample preparation, cryogenic separation
and analysis outlined in Appendix 4, but operates under essentially the same principles of
pyrolising the samples, splitting the CO- from the other gases and then feeding this to a
gas isotope ratio mass-spectrometer.

The rapid nature of these analyses allowed each of these subsamples from each
pool of cellulose to be analysed. This produced data on inter-species variation within each

community (Question 4) and intra-species variation between communities (Question 5).
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To test the extent of variation in §13C values from samples taken at different times of the
year (Question 6) the Armeria sampled on 30/10/93, 7/3/94 and 8/7/94 was analysed.
Armeria was also used to analyse the extent of intra-species variation of 13C in plants
from the same zone (Question 7). This was done by preparing cellulose from individual
plants and analysing it at the Department of Biology, University of Miami using the

manual technique described in Appendix 4.

Since the facility at ITE Merlewood had only recently begun to analyse samples for
813C there was some doubt about the accuracy of this automated technique.
Consequently cellulose standards from a single commercially-produced batch of known
isotopic composition (provided by Dr. V. R. Switsur, Godwin Laboratory, University of
Cambridge) were put into each batch of cellulose sent there. This provided data about the
consistency and accuracy of the analyses done at Merlewood. However, it should be
pointed out that when the application for 513C analyses was made the committee did
point out that the accuracy of the automated facility was likely to be lower than can be
achieved using the manual technique. This was one of the reasons why six repeats were

made of each pool of material.

The answer to Question 8 had to be positive before the project went ahead and
analysed any sub-fossil material. The principle by which this was determined was based on
the idea that the contemporary §13C values would bear some relationship to those in the
sub-fossil buried succession. Therefore, if there was any good reason to think that a
contemporary pattern existed which might be reflected in these buried sediments the

analyses were to be carried forward to the ancient material.
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4.4.5 Establishing that the buried sediment units below Kentra Moss represent

similar communities to those presently found in Kentra Bay.

One of the reasons for choosing Kentra as a field site was that members of the
Environmental Research Centre, University of Durham had already established that the
sediments below Kentra Moss hold a record of sea level change through the late
Holocene. These data were kindly made available as were the original cores on which the
paper by Shennan et al. (1995) is based. Although there are differences in the composition
and proportions in the microfossil assemblages between the contemporary analyses of
Innes et a/. (1993) and those from the sub-fossil core material reported in Shennan et al.
(1995), there is no doubt from these analyses that there are ancient saltmarsh sequences
buried below Kentra Moss (see Tables 4.3 and 4.4 for summary of microfossil data from
each core). The problem - which cannot be solved - is that it is possible that the species
composition, let alone relative abundance of those species, is not the same today as it was

when these sediments were deposited.

Without a complete understanding of the local pool of saltmarsh species, sediment
dynamics, tidal influence and fresh water inputs in the past it is not possible to assume that
the communities on Kentra Marsh today are representative of the communities buried
below Kentra Moss (see also discussion in Chapter 4.5.1). The extent of the difference
may be small and have no impact on the relationship between present carbon isotope
values and those from sub-fossil cellulose derived from equivalent contemporary and
ancient material. However, it is necessary to identify the extent of any differences which
might exist so that sub-fossil sequences can be investigated which are believed to be

derived from similar communities to those analysed from the contemporary saltmarsh.
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Fortunately, as Shennan et al. (1995) report, the sediment sequences chosen do
show a continuous succession from unvegetated intertidal flats through to fully terrestrial
peat. Since.this study is only interested in the material at the boundary between inorganic
and organic deposition, and this is an area where the range of plant species is often
restricted by the limiting factors of tide and salinity, it was hoped that the extent of change
through time in the species composition of similarly located communities has not been

great.

Along a similar vein are the problems which might be associated with the
possibility of intra-specific genetic differentiation during plant succession outlined by Gray
and others (Gray 1987, Gray et al. 1979). It is possible that such genetic changes may
have no impact on the relationship between the incidence of tidal flooding and the §13C
value of cellulose ﬁetabolised by plants of the same species. However, in order to
establish this it would be necessary to undertake a series of controlled experiments by
subjecting plants from both different and identical genetic populations to varying levels of
salinity and inundation. Such experiments were not undertaken, but would be necessary to
establish the extent to which it might be possible to compare data from one marsh with

that collected from plants of the same species under different tidal regimes.

Once the extent to which genetic variations can alter §13C values under controlled
conditions has been established, the importance of this factor in determining the
relationship between contemporary saltmarsh communities and material from sub-fossil
saltmarsh peats can be assessed. If there is no evidence that any genetic difference exists
between the plants in the different contemporary communities or that any change has
occurred between the contemporary population and the plants which contributed to the
sub-fossil cellulose being examined, then this factor can be ignored. Similarly, if any

genetic differences are found not to impact on the §13C values of the species involved
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then this factor will not need to be considered. However, until these possiblities are
examined, the evidence produced by Kohorn et al. (1994) that a S.1%eo inter-plant range in
the 813C values from specimens of Simmondsia chinensis L. growing in an homogeneous
habitat is attributable "at least in part to genetic diversity within the population" (ibid,

p.1817; see also Chapter 2.6.3) suggests that variations in 813C values may have nothing

to do with environmental variation.

4.4.6 Establishing the extent to which §13C from sub-fossil cellulose can elucidate

sea level histories.

Material was taken from two separate cores collected by members of the
Environmental Research Centre, University of Durham which are recorded in Shennan et
al. (1995). The regressive contact in these two cores (KM21C and KM39B) has been
dated and there is a considerable difference between these 14C dates (1480+40 BP [SRR
4724] and 3940+45 BP [SRR 4731] respectively, see Tables 4.3 and 4.4). The reason for
analysing two cores is not only that it will be a test of the consistency of any pattern in the

813C values, but it also gives an opportunity to investigate the possible impact of floristic

changes over time on §13C values from bulk cellulose.

To achieve this the sampling strategy adopted for taking cellulose samples from
the core concentrated on those areas close to lithostratigraphical and biostratigraphical
boundaries in the cores as reported by Shennan and co-workers (1995, see also Tables 4.4
and 4.5). Since there is a limited amount of organic matter towards the transition to
wholly inorganic sediments at the base of the cores (as recorded by the value for LOI%
given in the summary tables (Tables 4.3 and 4.4) below; see also Kosters ez al. 1987,
Phleger & Bradshaw 1966), the amount of cellulose which could be extracted did restrict

the number of repeat 513C analyses that could be made at certain levels. Where this was
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the case the sampling interval was decreased to produce a more intensive analysis of §13C
variation down the core.

Although these samples will provide the answer to Question 10, and there is a
large amount of contemporary and sub-fossil pollen and diatom evidence from both Kentra
Bay and the two cores analysed, no foraminiferan assemblage analysis had been
undertaken against which to compare §13C as a possible technique in studies of coastal
sediments (Question 11). In order to fill this gap a detailed analysis of the contemporary
foraminiferan fauna in the seven zones identified across the sand flats and salt marsh of
Kentra Bay was undertaken. This involved collecting surface sediment on 3 separate
occasions (30/10/93, 7/3/94 and 8/7/94) and comparing variations in population
composition over this period. The methodology adopted for the collection and preparation
of samples to establish the foraminiferan assemblages is given in Appendix 12. Core
material was analysed to establish the sub-fossil assemblages (Adams & Haynes 1965,
Boomer & Godwin 1993, Culver & Banner 1978), and the results of these and all the

other analyses are discussed below.

4.5 Results of these analyses.

4.5.1 The altitude and floristic composition of the zones identified and analysed at

Kentra Bay.

The seven contiguous zones identified at Kentra Bay were numbered KB1 - KB7,
KB1 being the lowest of the three zones on the sand flats. The position of these zones is
shown on Figure 4.1. KB4 - KB7 were determined on the basis of the botanical survey
carried out on 30/10/93, and KB1 - KB3 were sited at 50 metre intervals along the same

survey line so that the distance between KB3 and KB4 was 25 metres. The altitude of
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Figure 4.1. Location of sampling transect across Kentra Bay
and cores KM21 and KM39,
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each zone relative to Ordnance Datum (Newlyn) was established on two occasions, and

the results of these measurements are given in Appendix 13.

Surface sediment samples were taken on three occasions between October 1993
and July 1994 to establish the proportion of organic material in the sediment in each zone.
The results (given in Appendix 14) clearly show the increasingly organic nature of the
sediments in zones KB1 to KB7. These data not only provide a quantifiable estimate of the
importance of organically-derived material to the sediment yield in each zone, but may
also prove useful for comparisons with L.0.1.% data from the sub-fossil core material

analysed.

The data from Appendix 13 and Appendix 14 are summarised in Table 4.1 which
also shows the species composition of the vegetated zones at Kentra Bay. The lowest of
the vegetated zones (KB4) is a very narrow pioneer marsh zone containing sparse clumps
of Armeria, discrete plants of Puccinellia maritima Huds. (hereafter "Puccinellia") and,
amongst the clumps of Armeria, a brown alga. This alga occurs in a number of other
zones (below), but has proved difficult to identify with absolute certainty because it is
cropped heavily by grazing sheep in each zone. Specimens of the alga sent to Dr. B.
Whitton (Department of Biological Sciences, University of Durham) were forwarded to
the phycology unit in the British Museum (Natural History), and the consensus from there
was that it is a miniature of Pelvetia canaliculata Dcne & Thur., hereafter "Pelvetia"

(Fletcher 1987).

This has been recorded as a "turf fucoid" (Adam 1990) in a number of saltmarshes
in the west of Scotland (Polderman & Polderman-Hall 1980) and also in Wales (de
Oliveira & Fletcher 1980). It is of particular interest because algae assimilate C in a

completely different way to higher plants. Their use of dissolved HCO3™ as a source of C
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and the different metabolic pathways involved in carboxylation in algae results in §13C
values which are considerably less negative than those of higher plants (cf. Benedict et al.
1980). Algae have also been shown to demonstrate a relationship between §13C of
cellulose and inundation frequency (Swift & Raven 1989). The discovery that this alga is
present at Kentra adds to the hope that §13C values of bulk plant cellulose from the

sediments laid down under different inundation and salinity regimes will be distinct.

It is interesting to note that although the transect line adopted by Innes et al.
(1993) is only 10 metres to the west of the line used in this project, they recorded
bryophytes in the lower zones of the saltmarsh along their transect. No bryophytes were
found during this survey and it is possible that they misidentified the brown alga recorded

in this study.

Zone KBS is characterised by a more extensive vegetational cover than in KB4
(recorded by the increase in LOI%), and the introduction of Glaux maritima L. (hereafter
"Glaux") in to the flora. Pelvetia remains part of the assemblage and is in fact dominant in
this zone. However, in KB6 the proportion of Pelvetia in the flora decreases, and to the
Glaux, Puccinellia and omnipresent Armeria is added Plantago maritima L. (hereafter
"Plantago"). Plantago has been studied by Flanagan & Jeffries (1989) and shown to
respond to salinity in a manner which would produce the theoretically-predicted
relationship between 513C and zone position in a saltmarsh. It is also the focus of Jerling's
(1985) study on population dynamics in which he discusses the extent of environmental
control on plant distributions in Baltic saltmarshes, and Maathius and Prins' (1990) paper
comparing salt tolerant and salt sensitive Plantago spp. The variability in physiognomy,
physiology and phytosociology shown by Plantago maritima suggests that there may be
differences in assemblage composition over time which are not predictable. Both the work

of McManus & Alizai's (1987) on variations in marsh levels and Reed's (1991) work on
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marsh erosion show the plasticity of saltmarsh plants (see also Rhebergen & Nelissen 1985
on Festuca rubra L.). This suggests that the underlying principle that contemporary spatial
plant successions can be related to ancient buried temporal successions may be open to

question (see Chapter 4.4.5).

However, this succession is not atypical of marshes in north west Scotland (Adam
1978), although the diversity of species recorded is lower than in many other sites (Adam

1981), and consequently offers a representative analogue of the general form of saltmarsh

assemblages in this area.

The most important aspect about zone KBG6 is that it corresponds to a point just at
or below local MHWST according to the calculations of Innes ef al. (1993) (see Table
4.1). The significance of this is that Pelvetia is still part of the flora up to this point, but
disappears from the zones above. If Pelvetia is contributing to the bulk organic matter
yielded to the sediments in each of the zones in which it occurs, then its considerably less
negative §13C value may mean that it is possible to distinguish sediments laid down in
saltmarsh communities below local MHWST from those above MHWST. Puccinellia also
leaves the flora after KB6, and zone KB7 contains Armeria, Glaux, Plantago and Juncus
gerardii Loisel., hereafter "Juncus" (Rozema & Bloom 1977). This apparent shift away
from obligate halophytes demonstrates the decreasing influence of tidal inundation
(Brereton 1971, Fahrig ef al. 1993) and soil salinity (Bertness 1992, Price ef al. 1990) in

determining the flora of the upper marsh communities (Adam 1976, Bertness 1988, Long
& Masson 1983).

The relative importance of physical factors (Bertness & Ellison 1987), competition
(Austin 1990, Bazazz 1990) and chemical variation (Shumway & Bertness 1992, Singer &

Havill 1993) in saltmarsh successions (Pennings & Calloway 1992, Roozen & Westhoff
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1985) is an important aspect of saltmarsh ecology from the point of view of this, and
other, palaeoenvironmental reconstructions of coastal vegetation communities (see Gray
1992 for review). Not only does this have an impact on the nature of succession itself in
an area of retreating marine influence such as Kentra (cf. Healy 1991), but the possibility
that successions may be quite different if the pool of species in an area varies (Russell et
al. 1985) has a significant impact on the potential to draw conclusions about sub-fossil
temporal successions from contemporary spatial successions. Although microfossil
evidence should give some indication of the type of environment a particular sediment was
derived from, any analysis of bulk plant material must accept that it is highly unlikely that
exact analogues of ancient vegetation communities exist (Schiegl 1972, Van Smeerdijk
1989), especially in an area such as the United Kingdom where the influence of man on the

vegetation has been so significant.

The exact contribution of each species to the organic fraction of the sediment is
therefore very difficult to assess. However, the important aspect of this particular part of
the project is to outline the differences that exist in the contemporary succession, and to
acknowledge that these only act as a guideline when interpreting palaeoenvironmental
data. To this end the results of the botanical survey, the LOI% tests, the levelling and also

the relative position of local MHWST are summarised in Table 4.1 below.
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Table 4.1 Summary data by zone relating to the contemporary succession analysed

at Kentra Bay.

Variable KB1 KB2 KB3 KB4 KB5 KB6 KB7
Altitude 1.0Im 1.23m 1.29m 1.46m 1.57m 1.88m 2.30m
30/10/93 O.D. O.D. O.D. O.D. O.D. O.D. 0.D.
Altitude 0.98m 1.18m 1.32m 1.48m 1.63m 1.85m 2.25m
8/7/94 O.D. O.D. O.D. O.D. O.D. O.D. O.D.
L.OI1% 1.25 2.44 1.05 1.06 13.87 13.57 35.28
30/10/93
L.O1.% 0.47 0.64 0.52 1.82 8.84 23.99 35.03
7/3/94
L.O1% 1.41 1.34 1.20 3.10 13.32 17.61 41.75
8/7/94
Species Classified  dominant  abundant occassional after
present as: 'd' 'a’ '0' Tansley (1939)
Armeria a d a 0
Puccinellia a a d
Pelvetia 0 a 0
Glaux o 0 0
Plantago a d
Juncus a
Tide levels MHWNT MHWST
(m. 0.D)) 1.18m 2.25m
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The important conclusions to be drawn from these data are that there are very few
species in the four vegetated zones, that the proportion of vegetation cover increases from
KB4 to KB7 (see LOI% data) and that the limit of Pelvetia corresponds approximately to
the altitude of local MHWST. Although the LOI% figures from each zone do vary
between the three sampling dates, the changes probably reflect the variations in seasonal
biomass production in the seven zones. Most notably, the values in zones KB1 - KBS from
the sampling in early March are low. However, the sequence of figures from KB1 - KB7

on each date shows the increasing organic matter content of the surface sediment.

None of the C4 species, such as Spartina x townsendii (Long et al. 1975) which
are the basis of other palaeosalinity reconstructions using 813C in other parts of the world
are present in the marsh at Kentra. The relatively recent appearance of this species in
British saltmarshes may enable accurate reconstructions of saltmarsh communities from

the past 30 years using 313C, but this is not relevant to the timescales involved in this

project.

Acknowledging all the potential problems regarding succession and genetic
variations within and between communities (especially in the light of Gray's (1985) work
on heritable variation in Puccinellia and his 1979 paper with Parsell & Scott), these data
do, however, point towards Kentra being a suitable site for work on the efficacy of §13C
as a palaeoenvironmental technique. The work of Guy and co-workers (Guy & Reid
19864, b, Guy et al. 1980, 1986, 1989) and Haines (1976) also supports the theory that

the higher plants present should show some relationship between salinity and s13¢c.

122



4.5.2 The contemporary foraminiferan assemblages.

The raw counts from these analyses are given in Appendix 15. The count base
adopted was 300 tests or 10g of dried sediment, whichever was achieved sooner. Each
sample taken was counted twice under the microscope, removing any tests found on either
count, to establish the contemporary fauna. All the tests which were found still contained
the protoplast of the foraminiferan, and consequently these counts show the living fauna
(Scott & Medioli 1980). The only exception to this was 6 tests of Elphidium williamsonii
Haynes found in the sample from KBS taken on 7/3/94. These were badly corroded and of
approximately equal size, suggesting they may have been imported during on-shore

movement of sediment (Murray 1979).

The assembiages are shown from each of the three dates as raw counts and also in
percentage forms respectively in Figures 4.2.1 and 4.2.2 for 30/10/93, Figures 4.3.1 and
4.3.2 for 7/3/94, and Figures 4.4.1 and 4.4.2 for 8/7/94. (The abbreviation 'foram' is used
in the figures.) There are a number of conclusions to be drawn from these figures and the
data in Appendix 15. Firstly the number of foraminifera per 10 g. of sediment not only
varies by zone in each set of samples, but there are consistently fewer foraminifera in the
samples taken from all the zones on 8/7/94 than on the previous dates. However, before
drawing any conclusion about the seasonality of foraminifera (cf. Murray 1980), it should
be noted that they are not homogeneously dispersed across the surface of sand flats or

saltmarshes. Consequently this variation may be purely spatial rather than temporal.
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Figure 4.2.1

Kentra foram counts, 30/10/93.

KB1 KB2 KB3 KB4 KB5 KB6 KB7
Zone number

’r—«— Elphidium williamsonii —o— Trochammina inflata
| Trochammina macrescens —=— Milliamina fusca
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Figure 4.2.2

Kentra foram assemblages, 30/10/93.
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Although this variation is interesting, the more important aspect of these data is the
overall consistency of the proportions in the assemblages from each sampling date. With
the exception of zone KB1 on 7/3/94, where the number of foraminifera found was just 2
and one was the agglutinated foraminiferan 7rochammina macrescens Brady, the sand flat
proportional assemblages are dominated by Elphidium williamsonii Haynes. This is a
robust calcareous foraminiferan, typical of intertidal flats. The domination of this form
ends in KB4, which appears to be pivotal in the faunal succession on all three occasions.
At this point the agglutinated foraminifera typical of vegetated saltmarshes begin to make
up a significant part of the assemblage. The agglutinated forms found at Kentra are
Milliamina fusca Brady, Trochammina macrescens and Trochammina inflata Montagu,
and their presence (and that of Elphidium williamsonii) fits the contemporary zonations
found elsewhere in Britain. Haynesina germanica (= Protolophidium germanicum)
Ehrenberg, a smaller calcareous form than Elphidium williamsonii, occurs in very small

quantities in zone KB4 on 7/3/94 and 8/7/94, but its importance is minimal.

It is especially important to note the difference between the assemblages found in
the vegetated and non-vegetated zones along the transect line chosen at Kentra.
Calcareous forms dominate the sand flats, and agglutinated forms occur - often very
densely - on the saltmarsh. Zone KB4 appears to be the point at which these overlap and
the varied composition of the assemblage in this narrow zone may be an excellent marker
if the sub-fossil assemblages mirror the contemporary ones. Jennings ef al. 1995 came to a
similar conclusion in their comparison of contemporary foraminiferal assemblages and

vascular plant communities on the Chilean coast.

Another interesting, and useful, aspect of these data is that, just like the flora on
the saltmarsh, the foraminiferan fauna is species poor. This may mean that it is possible to

identify the environment represented by sub-fossil assemblages relatively accurately. The
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Figure 4.3.1

Kentra foram counts, 7/3/94.

KB1 KBZ KB3 KB4 KBS KB6 KB7
Zone number

—<— Elphidium williamsonii —— Trochammina inflata
—a— Trochammina macrescens —=— Milliamina fusca
-=- Haynesina germanica
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Percent of total

Figure 4.3.2

Kentra foram assemblages, 7/3/94.
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Figure 4.4.1

Kentra foram counts, 8/7/94.
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Percent of total

Figure 4.4.2

Kentra foram assemblages, 8/7/94.
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conclusion must therefore be that the contemporary foraminferan assemblages appear to
offer a very good tool for palaeoenvironmental reconstruction (Scott & Medioli 1980,

1988) if the sub-fossil record mirrors the contemporary pattern (cf. Kelley ef al. 1995).

However, although these are interesting data, and provide the first analysis of
contemporary faunal successions in western Scotland, they are only a part of the project

so that the efficacy of the §13C analyses can be tested against reconstructions based on

microfossil assemblages.
4.5.3 Variations in leaf physiognomy across the saltmarsh.

As mentioned in Chapter 4.4.3, only those species occurring in more than one zone
on the saltmarsh were analysed to establish the density of stomata on their leaves. In each
case a peel taken from the underside of the leaf was examined, and five randomly spaced
views were made of 10 leaves from different plants in each zone. Conversion of the raw
counts taken from Armeria, Glaux and Plantago to density per mm?2 is by the same
method as described in Chapter 3.5.4. The raw data are given in Appendix 16, and the
converted data in stomata mm-2 are plotted in Figure 4.5. Although only a small amount
of data is represented, this Figure does show how different species respond to the same
environmental changes in very different ways (cf. Beerling ef al. 1993). The density of
stomata on Armeria appears to fall from KB4 to KB7, whilst on Glaux there is no simple
trend in either direction. However, the density of stomata on the leaves of Plantago rises
from KB6 to KB7. Each of these species appears to be reacting quite differently to the
variations in inundation and salinity across the zones sampled. However, the data given in
Appendix 17 show that there is no statistical difference between the mean values shown in
Figure 4.5 for any of the species once one standard deviation either side of the mean is

considered. Therefore, although the variations in stomatal density may be
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real, it is not possible to assign a particular density to a particular zone for any of the three
species analysed. Consequently this particular aspect of plant physiognomy cannot be

considered useful for palacoenvironmental reconstruction, although it may have an impact
on the extent of discrimination against 13C by altering the gas exchange characteristics of

these species in the different zones at Kentra.

The other aspect of leaf physiognomy mentioned in Chapter 4.4.3 is the salt glands
on the leaves of Armeria. The count base is identical to that for establishing stomatal
density, but once again there is no straightforward link between the counts and the
position of the plants on the transect, as the data in Appendix 18 show. Converted to
density per mm?2 of leaf surface area, the mean of the 10 means from zones KB4 to KB7 is
19.9+10.9, 28.6+10.4, 22.2+6.4 and 21.5+3.6 respectively. There is no link between these
data and those for stomatal density on the same Armeria plants, and the extent of variation
in the zones with the highest and lowest average figures (KB4 and KBS respectively)
means that the values from KB6 and KB7 are swamped, and it appears that neither

stomatal density nor the density of salt glands on Armeria varies consistently according to

zone.

An important aside relating to the microscopic analysis of prepared slides for
establishing stomatal density is that the power of magnification - and consequently the
area of view - can alter the density of stomata counted. This was found by counting the
same slide using two different microscopes. In one case the size of the view was calculated
as 0.125664 mm2, and the other (used for all the data presented here) was 0.084496 mm2.
Counting samples of Armeria from KB7 using the same count base under the first
microscope an average of 97.1436.5 stomata per mm2 was established, but using the
microscope with the smaller field of view (higher magnification eyepieces) a density of

82.4+17 stomata per mm2 was observed. Although they are statistically identical, a similar
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pattern of lower densities at higher magnification was found on samples from KB6 (136.1
+29.1 and 99.4+18.6 stomata per mm2 respectively). The reasons for this difference seem
to be that at higher magnification a lot more of the stomata are only partially seen, and
there is therefore a degree of subjectivity about the actual number of stomata in each view.
To overcome this it should be stated whether the count includes only whole stomata (as in
this thesis) or partially visible stomata as well. Another reason may be that the stomata on
Armeria are not equally spaced over the area of the slide. This intra-leaf difference in

stomatal density is not restricted to Armeria, and was also noted on Plantago leaves.

4.5.4 The contemporary §13C values.

The possibility that the automated cryogenic separation facility at ITE Merlewood
might not be as accurate or consistent as careful manual separation was mentioned above.
Although it would not have been possible to perform the relatively large number of §13C
analyses in this project (155) without this facility, the variability inherent in this system can
be seen in the §13C values from the cellulose standards introduced to each batch of
samples. This standard was kindly provided by Dr. V. R. Switsur, Godwin Laboratory,
University of Cambridge, and is produced by Sigma. The §13C value of this cellulose is
known to be -23.4%o. The 813C values of this standard calculated as part of the three
batches of samples sent to the automated line at ITE Merlewood are

-23.6, -23.44, -23.37, -23.22, -23.19, -23.7, -23.22 and -23.55%o.

This yields a mean of -23.41£0.19%0. The mean value is therefore accurate, but the
standard deviation is relatively large for stable isotope analyses; for example the
813C analyses performed manually in Miami (below) have a typical standard deviation of
0.02%o. Consequently any differences in average §13C of less than 0.4% from plants of

the same species occurring in different zones at Kentra should not necessarily be
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considered to show a significant difference in carbon isotope composition. This is an
important consideration, and reinforces the use of multiple replicates from each batch of
cellulose produced. However, variation in the §13C values derived from the same batch of
cellulose should not necessarily be assigned to measurement error since intra-zone
variability in C uptake and assimilation may mean that there is natural variability within the
pooled cellulose. This will be tested by comparing §13C values from individual Armeria

plants with those from pooled material.

4.5.4.1 Results from Kentra Bay.

The results of the analyses of the contemporary C isotope composition of the flora
in zones KB4 to KB7 is given in Appendix 19, and shown in Figure 4.6. The first amd
most obvious conclusion to be drawn from these data is that the §13C values from the
alga are considerably less negative than those from the higher plants. In addition, the
pattern of the §13C values from Pelvetia follows the predicted pattern (observed in other
coastal algae by Surif and Raven 1990) of becoming increasingly negative as the influence

of the tide decreases.

The second conclusion to be drawn from these data is that a significant species
effect is apparent amongst the results from the higher plants. A range of nearly 4%o is
present between the mean values from the higher plants in zone KB6. This is very
significant for this project since it is combined with intra-specific patterns of §13C
variation between the zones which do not fit the simple predicted relationship of

increasing discrimination against 13C with decreasing inundation and salinity.

This may be a reflection of the relatively high direct fresh water input to these

communities from precipitation. The higher plants on the saltmarsh may be able to restrict
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photosynthesis to periods when local soilwater is low in marine-derived salts. If this is the
case, the extent of carbon isotope discrimination is not a product of the incidence of tidal
inundation.and therefore the 513C values of the higher plants will not fall in to an
increasingly negative pattern with decreasing marine influence. From this point of view it
would perhaps be more appropriate to analyse plants from a saltmarsh where precipitation

is lower, perhaps on the Norfolk or Lincolnshire coast.

If the 813C values of the cellulose from the sediment cores from Kentra Moss are
derived solely from higher plants as represented in zones KB4 to KB7, it will be
impossible to distinguish one zone from another using this technique. However, the
presence of the fucoid casts a different light on the data. If it made a contribution to the
bulk organic material deposited in each zone that it inhabited, and if this species has been
consistently present in the communities at Kentra, then the §13C values of the lower 2 or
3 sedimentary units containing organic material in the sequence below Kentra Moss should

be considerably less negative than those further up the organic sequence.

It is important to note that Figure 4.6 shows only the mean value of the six sub-
samples from each batch of cellulose. The extent of the variation within these samples is
clearly shown in Appendix 19, and, of the species analysed, the results from Armeria have
particularly high standard deviations about the mean (up to £0.73%o). To establish
whether this is a product of natural variability in the sample or analytical inconsistency,
samples of individual plants of Armeria were analysed in Miami using the manual
separation technique outlined in Appendix 4. Three plants from each zone were analysed
from material collected at two different dates, making a total of 24 analyses. All of the
data given in Appendix 19 and Figure 4.5 are from material collected on the same day

(30/10/93). In Miami, Armeria plants collected on this day and 8/7/94 were analysed. The
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results are given in Table 4.2. The average standard deviation from these results is

0.018%eo.

Table 4.2 §13C values from individual Armeria plants sampled on two separate

dates; seasonal comparisons and intra-zone variations.

Zone §13C values, 30/10/93 513C values, 8/7/94

KB4 -24.51, -24.00, -24.00 -24.35, -24.68, -24.78
KBS -25.65, -25.47, -25.40 -27.15, -26.94, -26.91
KB6 -24.56, -24.97, -25.02 -27.17, -26.88, -27.25
KB7 -25.66, -25.81, -25.53 -25.52,-25.71, -26.02

These data point to two conclusions. Firstly, Armeria can demonstrate
considerable intra-community variation in §13C (up to 0.51%o), although the extent of this
variation is generally in the range 0.2 to 0.3%o. Secondly, there is a considerable difference
between the §13C of the samples from KB5S and KB6 taken on 30/10/93 and 8/7/94. In
both cases the §13C values of 8/7/94 show significantly greater discrimination against
13C . Seasonal variation in 813C has been noted before (Smedley et al. 1991), and this
has serious implications for this project since it suggests that sampling on only one
occasion during the year does not produce a representative 813C value which can be used
as a guideline for the 813C of organic material being contributed to the organic fraction of

net sediment yield for each community.
Therefore, it is necessary to conclude that although some of the variability in the

data presented in Appendix 19 may be a result of the analytical method adopted (as

highlighted by the variation in the results from the standards), there is also some natural

138



intra-community variation in §13C values. Combined with the very different §13C values
from the species analysed, the apparent lack of a consistent link between §13C and
environment, and the seasonal variations in 813C recorded in Armeria, the probability that
cellulose produced by the higher plants in adjacent saltmarsh communities will have
discrete 813 C values appeared to be low. However, the hope that Pelvetia will be
increasing the bulk cellulose 513C values in the lower saltmarsh zones, and especially the
link between the limit of Pelvetia and MHWST in the contemporary saltmarsh, provided a

sufficient stimulus to analyse the core material from Kentra Moss.

4.5.5 The 613C values of bulk cellulose taken from the two cores on Kentra Moss.

The location of cores Kentra Moss 21 (KM21) and Kentra Moss 39 (KM39) are
given in Figure 4.1 .. The stratigraphy, microfossil, LOI% and 14C data from these cores as
recorded by Shennan et a/. (1995) is summarised in Table 4.4 and Table 4.5 respectively.
Also in these tables are the results of the §13C analyses of the cellulose extracted from the

bulk organic material through the cores.

The stratigraphy follows the methodology of Troels-Smith (1955) and clearly
shows the shift down the cores from organic-rich herbaceous peats (Th) into silts (Ag) and
sands (Ga). This is reflected in the LOI% data (some of which is missing from KM39),
which shows 95%+ organic material in the sediments at the top of the sequences analysed,

but only 2-3% at the base of the cores.

In both cases the pollen and diatom microfossil evidence is consistent with an
increasing marine influence down the cores, although the assemblages are not identical and
do not reflect the contemporary assemblages found across the saltmarsh at Kentra. In core

21, Plantago is the dominant saltmarsh species represented in the pollen assemblages,
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although Armeria is present in small quantities. These species are both present in the
contemporary marsh flora. Pollen from Juncus , and other members of the Juncaceae, does
not fossilize, and that from Puccinellia would be grouped with Gramineae, and therefore
neither would be distinguished in the assemblage. Similarly, the fucoid would not appear in
a pollen assemblage diagram. Therefore although it is difficult to draw any direct links
between the pollen data presented from this core and the contemporary saltmarsh
assemblage analysed, there is at least no evidence of "rogue" species present in the

microfossil record but not on the contemporary marsh.

The diatom assemblage in the two cores is typical of a shift from vegetated
saltmarsh to sand flat (Kosugi 1989), showing an increase in halophytes down the core.
However, there is no foraminiferan assemblage presented for either KM21 or KM39 to
compare with the contemporary assemblages recorded above. This is because no
foraminifera tests are preserved in the sediments in either of the two cores (Haslett 1994).
This is likely to be a result of post-depositional dissolution of the calcite (possibly caused
by oxidation of the sediments at some stage, Hemond & Chen 1990) which is the basis of
these tests, and this absence means that a potentially very useful indicator for testing the
efficacy of §13C - and also establishing the nature of the environment of deposition of the

sediments being investigated - is not available.

However, the pollen evidence in KM39 also supports the general picture of a
transition from a fully terrestrial assemblage, typified by Calluna vulgaris and Corylus
avellana to a saltmarsh flora of Plantago and Armeria . In the diatom assemblage, the
appearance of large numbers of Paralia sulcata below 256cm depth demonstrates the

increasingly marine-dominated nature of the lower sediment units.
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Table 4.3 Kentra Moss core 21 data; Troels-Smith stratigraphy, loss on ignition
(%), summary of microfossil evidence and radiocarbon dates (Shennan et al., 1995
and unpublished data) with stable carbon isotope values of sub-fossil cellulose.

depth(cm.) stratigraphy L.O.1 (%) microfossil evidence 14C dates 813C values
88 97.2 Consistently high Gramineae
89 with increasing Cyperaceae
90 97.3 & decreasing Calluna
91 Th32 vulgaris with depth.
92 Th(En)21 97.2
93 Shl
94 97.4 Plantago maritima
95 appearing at base of unit. -27.42, -27.31, -27.57
96 87.6
97
98 1370145 BP
99 49.3 Pollen count dominated by SRR 4723 -28.37, -28.30
100 384 Plantago maritima with
101 Calluna vulgaris at -28.59,-28.44
102 Th32 56.6 negligible levels and
103 Sh2 Cypecraceae falling with -28.65, -29.06
104 60.6 increasing depth.
105 Brackish diatoms -29.02, -28.51
106 dominating assemblage. 1480+40 BP -28.87, -28.92
107 P.maritima still dominant, SRR 4724
108 Ag2 with small amounts of -28.95, -28.84
109 Th°1 Armeria maritima.With -28.73, -29.06
110 Shl depth marine-brackish
111 species of diatoms are -27.98
112 25.6 increasingly important.
113 Very similar pollen -27.48
114 17.7 assemblage to unit above;
115 P.maritima peaking at 60% -27.76
116 11.7 total land pollen at 119cm.
117 Ag3 -27.61
118 Gal 8.0 Diploneis didyma replacing
119 Sh+ D.interrupta as dominant -27.99
120 6.7 diatom frustule. Increasing
121 proportion of halophytic -28.09
122 6.5 species in total with depth.
123 -27.76
124 3.2
125 -27.64
126 Ga3 4.5 Diatom assemblage made
127 Agl up of circa 40% -27.13, -26.90
128 Sh+ 34 halophytic ecotype forms.
129
130 2.9
131
132 Agd No microfossil evidence.
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Table 4.4 Kentra Moss core 39 data; Troels-Smith stratigraphy, loss on ignition
(%), summary of microfossil evidence and radiocarbon dates (Shennan et al., 1995
and unpublished data) with stable carbon isotope values of sub-fossil cellulose.

depth(cm.) stratigraphy L.O.L (%) microfossil evidence 14C dates 513C values
219 95.9
220 97.7
221 Gramineae, Calluna vulgaris
222 98.2 and Corylus avellana
223 dominate the pollen
224 98.5 assemblage, each comprising
225 >20% of total land pollen.
226 Th(Er)34 98.0 -27.95, -27.48, -27.87
227 -27.84, -28.33, -28.21
228 98.2
229 3435445 BP
230 97.9 SRR 4730
231
232 97.3
233
234 ? -28.07
235
236 ? Calluna vulgaris and
237 Corylus avellana fall away
238 ? with increasing depth. -29.47, -29.39, -29.23
239 Initially replaced by -29.12, -29.24, -29.19
240 ? Cyperaceae and then by
241 Sh3 Plantago maritima with
242 Agl ? some Aster-type. -28.07
243
244 ? Diatom assemblage
245 dominated (>80%) by
246 ? frustules of brackish -28.55, -28.04
247 water ecotypes.
248 ? 3940145 BP -26.91
249 SRR 4731
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depth(cm.) stratigraphy L.O.L (%) microlossil evidence 13¢C dates 513C values
250 ? P.maritima remains
251 dominant, with Armeria
252 As2 ? maritiina inceasing. -27.85, -27.93, -27.98
253 Ag2 Marine-brackish diatom
254 ? specics rising to 60% -26.02
255 of total valves at 258 cm.
256 21.9 Diploneis didyma, D.smithii
257 Ga3 and Paralia sulcata each
258 Agl 19.7 accounting for >20% of the -27.94, -27.83
259 diatom assemblage.
260 9.9
261
262 5.7 -27.81
263 Paralia sulcata peaking
264 9.6 at circa 40% of total valves
265 at 262 cm. 80% of diatom
266 Ga4 2.9 asscmblage is brackish- -27.73
267 marine, marine-brackish
268 3.1 or marine.
269
270 3.9
271

The age difference between the two cores is significant. The two cores were

deliberately chosen so that it would be possible to compare results from two different

ages. It could equally be argued that two cores of the same age should have been chosen

to establish the degree of consistency of this technique when atmospheric 813C is

constant. However, limitations on the number of §13C analyses available restricted this,

and such analyses are perhaps more appropriate if the technique shows any signs of being

able to be applied in this field. The same problem of limitations on the number of §13C

analyses that could be undertaken also meant that it was not possible to analyse the

organic material in the contemporary saltmarsh sediments. This would obviously have

been an ideal link between the §13C of the contemporary flora and the investigation of the

sub-fossil units.
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This decision is discussed because of the nature of the §13C data from the bulk
cellulose which was analysed. Each result is shown at the depth of the sample analysed
from the cores in Tables 4.3 and 4.4, and these data are shown in Figures 4.7 for KM21
and 4.8 for KM39. The error bar shown in Figures 4.7 and 4.8 is equal to the standard
deviation of the analyses on the cellulose standard (0.19%., Chapter 4.5.4). It is
immediately apparent that the 813C value of the bulk cellulose in both cases does not
reflect the values from the contemporary analyses. The 813C values in the cores are
generally more negative than those that would be expected from looking at the
contemporary data. This suggests that the contribution to the sediments analysed from the
fucoid found in the contemporary succession is either nil or negligible. It was hoped that
the 513C values from the sediments formed below contemporaneous MHWST would

reflect the relatively high 813C values of the fucoid, but this does not seem to occur.

Further, it is not possible to assign particular §13C values to particular types of
deposit. For example, in both cases the & 13C values at the top of the sequence analysed
are statistically identical to the values at the bottom of the sequence. The sediments
analysed in both cases are herbaceous and ericaceous peats with over 95% organic matter
content at the top of the sequence, and silts and sands with less than 10% organic matter
content at the base. These lithostratigraphic changes are mirrored by the biostratigraphic
changes from terrestrial to intertidal vegetation communities revealed by the microfossil
analyses of Shennan et al. (1995). This suggests that microfossil assemblages can reveal
more about the environment of deposition of coastal sediment sequences than carbon

isotope analyses.

However, there are some variations in the §13C values from the cores which are
statistically significant, most notably the c.2.5%o variation between 238cm and 248cm

depth in core 39B. The trend towards less negative values with depth through this unit is
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Figure 4.7
Kentra Moss core 21C mean 813C (PDB) and stratigraphy
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matched with a change in the pollen assemblage from fully terrestrial species to saltmarsh
species (Table 4.4). The lithostratigraphy does not record this change, but it is noted in the
microfossil assemblages. Such a change might be related to increasing marine influence if
the rise in §13C is a function of either increased water use efficiency (and hence less
discrimination against 13C) by the plants contributing to the organic matter, or a small
contribution of organic material from algae with a much higher 813C value. However, it
may also represent the change in the species composition of the communities contributing
to the organic matter content of the sediments analysed. It is not possible to distinguish

between these possible causes on the basis of the information available.

The only comparable change in the 813C values from core 21C takes place
between 108cm and 113cm depth. This increase in §13C is of lower magnitude (c.1.5%o)
and occurs more than 10cm below the equivalent change in the pollen assemblage which is
associated with the increase in 513C core 39B. Further, the lithostratigraphy is different in
the two cores at the point at which the 513C values become more negative (in core 21C
there is 50-75% silt, in core 39B this figure is only 25%). However, it may be that the
same process caused the increase in §13C in both cores, and that this process is not related

to either the proportion of inorganic material in the sediment or the pollen assemblage at

this depth.

If the same process is influencing the carbon isotope composition of the two cores
at the depths discussed above, it is not clear that the §13C values in both cores below
these changes are controlled by the same processes. The highest §13C values in both
sequences are found towards the bottom of the cores, but these values are nearly 1%o
different and are found in different lithostratigraphic units. Further, the drop in LOI% in
core 39B from ¢.20% to ¢.3% (the range of values from the contemporary zones

analysed) between 256 and 266 cm coincides with no statistical change in the §13C values,
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but in core 21C the same change in the organic matter content of the sediment (between

112cm - 126cm depth) is associated with a c.1%o increase in §13C.

It is possible that the variations in the 813C data are a function of some process
which is not idenifiable from the other litho- and bio-stratigraphic markers in these cores.
However, if the reason for these changes can not be determined, it is impossible to assign
a meaning to the changes seen in the cores. Alternative applications for the technique
adopted in this study are discussed in Chapter 5.2. Possible reasons why it does not seem
possible to consistently associate the changes in carbon isotope composition noted in these
cores with any of the other information derived from the cores, or from the §13C values

from the contemporary flora, are discussed below.

4.6 Discussion

There are a number of possible reasons for the apparent lack of consistent
information from the carbon isotope analyses of the bulk organic matter in the cores
investigated. Firstly the cellulose analysed from the cores may have been derived from
different species than were investigated in the contemporary analyses (see Brenninkmeijer
et al. 1982). The pollen assemblages from both cores do not contain evidence of any
species which are not present in the contemporary saltmarsh vegetation communities.
However, the pollen assemblage cannot be used to determine whether the fucoid was
present in either of the vegetation successions which contributed to the sediment in the
cores analysed. Further, the different distributional ranges of pollen from the various
species in the assemblages may mean that although pollen from a particular species (for
example Plantago) is present in an horizon of the sediment core, this species may not

necessarily have contributed to the organic sediment fraction at that same level.
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It is very difficult, from the data available, to determine the composition of the
vegetation communities which contributed to the core material analysed. Even if every
species present could be identified, it is not possible to determine the relative importance
of the contribution of each species to the bulk organic fraction of the sediment. Although
there is no evidence that species other than those found on the saltmarsh today were
present in the vegetation successions in either core, there is not sufficient evidence to
prove that every species which is present today was also present in the past. If this is the
case, and most notably if the relative importance of the fucoid in the communities below
contemporaneous MHWST was lower than it is today, it might explain the difference

between the contemporary and the sub-fossil data.

In addition, there is the possibilty that although plants of the same species which
are present in the contemporary vegetation succession contributed to the organic fraction
of the sediment recovered in the two cores, these plants were genetically distinct from
those examined in the contemporary flora. The extent to which genetic variation can
impact on carbon isotope ratios is discussed in Chapter 4.4.5. The circa 2%o difference
between the contemporary and the ancient cellulose in this study (assuming that the
ancient cellulose was produced by C3 plants) is less than half of the variation noted by

Kohorn et al. (1994) which they assign to genetic factors.

Another possibility is that there has been post-depositional modification of the
organic material which has altered the 513C record (Aller 1994, Canfield 1994, DeNiro &
Hastorf 1985, Macko ef al. 1994, Meyers 1994). There is some evidence for this in
coastal sequences, notably highlighted by the work of Chmura and others (Chmura 1988,
Chmura & Aharon 1995, Chmura ef al. 1987, Bird ef al. 1993, DeLaune 1986, Pulich et
al. 1985). The mechanism by which the 813C value of cellulose changes over time has yet

to be explained, but in situations where the sediments are buried under anaerobic
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conditions it is likely that any changes occur before burial when microbial action is high.
Changes in the carbon isotope composition of the cellulose may be a function of intra-
molecular variations in 813C values (as found by Schmidt and co-workers, see Chapter 2)
and the preferential denudation of particular parts of the cellulose molecule. Alternatively
the different nature of the locations in which cellulose is found in the different plant
species may make some cellulose more prone to degradation. For example, cellulose from
non-woody plants where no lignin is present may be more subject to decay, and cellulose

from algae may be the most vulnerable.

These suggestions require further analysis using cellulose from a range of plant
species and a variety of parts of the plants in order to establish the extent to which post-
depositional transformation of §13C values takes place. If it is found that certain parts of
the cellulose molecule are subject to decay or that cellulose from certain species or from
particular parts of the same plant is under-represented in sub-fossil deposits, studies which
utilise bulk organic matter from sediment sequences will have to become much more
focused on utilising particular identifiable remains. This might take the form of only
analysing material from identified macrofossils (see for example the approach adopted by
White et al. 1994) if the problem relates to species-specific differences in preservation, or
attempting to isolate particular parts of the cellulose molecule if intra-molecular variations
are the basis of differences between present and ancient §13C values. The rationale behind
examining particular parts of the molecule is that certain carbon atoms (notably carbon 1)
in the molecule are known to follow a particular route through the Calvin cycle (Pearson
1995, pers. comm.). If the isotopic composition of the atoms at this site in the molecule
can be determined in isolation, the extent of intra-molecular variations in preservation can

be nullified.



The §13C values from ancient cellulose and contemporary cellulose produced by
plants living under the same conditions will also vary because of the changes in the
proportion.and isotopic composition of CO» in the atmosphere caused by the burning of
fossil fuels over the last 150-200 years. Since circa 1750 to 1988 the CO; content of the
atmosphere increased from 280 umol mol-1 to 348 pmol mol-! and the isotopic
composition of the CO5 in the atmosphere changed from -6.4%o to -7.9%o (Penuelas &
Azcon-Bieto 1992). On the basis of an examination of contemporary and herbarium
material from 12 Mediterranean C3 species, these authors state:

"In conclusion, carbon isotope discrimination has decreased in the last few
decades. This implies that, according to models, stomatal conductance has declined and/or

assimilation rates have increased" (ibid, p.488).

Penuelas & Azcon-Bieto found that the average 813C from these plants changed
by c. 1.1%o over the period 1750-1988. Similar changes may have occurred in all
environments, but it is not possible to assign the data found in this study purely to changes
in either p, or the isotopic composition of the atmosphere. It may be that relative humidity
or the amount of water available to the plants has changed and that water use efficiency
has increased. This would also cause a decrease in the extent of carbon isotope
discrimination. Although it is not possible to determine the actual impact of these factors
on the plants analysed at Kentra, it is important to acknowledge the possibility that the
isotopic differences between the contemporary and the ancient cellulose examined in this

study may reflect natural or anthropogenic variations in climate or atmosphere over the

last few thousand years.

151



4.7 Summary

The §13C data from the contemporary saltmarsh presented in this chapter show
that the extent of intra- and inter-zone variability is such that differences in sub-fossil §13C
from buried saltmarsh successions are only likely if particular (non-C3) indicator species
are present. This variability suggests that the links between salinity and inundation and
those aspects of plant physiology which control carbon isotope discrimination (Pearcy &
Ustin 1984, Farquhar ef al. 1982, DeJong et al. 1982, Cooper 1982), which are
exemplified - albeit in a C4 plant by the work of Bowman & Strain (1988a, b) - are not the
controlling influence on 813C values at Kentra. This suggests that the mechanisms by
which plants at Kentra cope with the conditions on the saltmarsh are not necessarily linked
to the processes influencing discrimination against 13C during C uptake and assimilation
described in other siudies of coastal vegetation (Smith & Epstein 1970, Pezeshki e al.
1987b, Tiku 1976, Vernon et al. 1993, Winter 1974, Siddiqui et al. 1994). Alternatively,
the plants may be able to take advantage of periods when the input of fresh water from
precipitation is high, and they do not have to cope with high soilwater salinity levels. This
may explain why the pattern of §13C values from certain higher plant species does not
become less negative with increasing tidal influence, but the values from the fucoid (which

relies on sea water for its survival) do follow this theoretically-predicted trend.

There may also be genetic variations within the populations examined which cause
significant intra and inter-zone differences in §13C (Gray 1987; see also Glenn's (1987)
analysis of Afriplex spp. and Huiskes et al.s 1985 analysis of variation in Aster tripolium
L. populations). Without a separate examination of the behaviour of material transplanted
from each zone under controlled conditions it is not possible to isolate any one or a
combination of these factors as the principal control on the §13C values from the

contemporary saltmarsh.
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The 813C values from the higher plants are not related to the values of stomatal
density, and neither of these two data sets suggested that it would be possible to utilise
them as part of an environmental reconstruction from the organic material in the sediment
cores. However, the presence of Pelvetia in zones KB4 - KB6 did offer a chance of
defining those units at or below MHWST if the higher §13C of this alga was recorded in
the subfossil bulk cellulose §13C. Unfortunately this proved not to be the case, and, as
with other analyses of bulk plant cellulose where only C3 plants have contributed to the
organic sediment fraction, it has been shown that this technique is often severely affected

by the lack of control on past plant assemblages.

Comparisons between the microfossil record and the carbon isotope ratios from
the two cores analysed suggests that the §13C analyses can not elucidate any more
palaeoenvironmental information than the microfossil analyses. Further, the carbon isotope
ratios of the organic material at opposite ends of the two sequences analysed were
indistinguishable, and it therefore appears that this technique should not be used in

isolation.



Chapter S.

Conclusions and Implications.

5.1 Conclusions from the §13C and 5180 data.

5.1.1 Data from the Phragmites project at Roudsea.

The isotope data, both §13C and 5180, from the Phragmites communities at
Roudsea do not fall into consistently different groups according to the environment of
growth. The 813C values do not follow the theoretically predicted pattern that
discrimination against 13C will decrease as stress - such as inundation and salinity - causes
water efficiency to rise and stomatal conductance to fall. In addition, the range of carbon
isotope ratios in the leaf cellulose was greatest in zone 3 (lowest measured variation in

salinity), and smallest in zone 1 (highest measured variation in salinity).

The 5180 values of soilwater taken from the rhizosphere suggested that the water
available to the plants in each zone on the day of sampling was isotopically distinct.
However, the range of 180 values from the cellulose of the leaves of plants in zone 3,
where no inundation by the tide took place, was greater than that from plants living in

zone 1, which is subject to direct inundation by the tide.

It is possible to explain both of these data sets if the factor controlling
photosynthesis is the availability of fresh water rather than the number of times each zone
is inundated by sea water. If the plants are only photosynthesizing when they are able to
utilise fresh water, the range of humidity and light conditions (which can influence both
the extent of stomatal conductance and the level of evaporation from the leaf surface - and

hence §13C and 6180 values) under which plants in zone 3 can operate will be larger than



for plants in zone 1 which have to rely on inputs of precipitation when the incidence of
tidal flooding is low (during neap tides). The level of soilwater salinity in zone 1 was
shown to vary over the growing season, and the plants in zone 1 are considerably smaller
than those in zones 2 and 3 where the incidence of flooding and the level of salinity is
lower. This suggests that in this case the Phragmites plants are not having to utilise sea
water at all, but can rely on supplies of fresh water because they do not extend beyond the

point at which soilwater is solely influenced by sea water inputs.

There are a number of other possible explanations for the pattern of isotope ratios
in the leaves analysed. The plants may be inter-connected via an extended rhizome
network to plants in different areas, and water and metabolites may be moving from one

area to another. Analysis of stem and root water would be necessary to establish the rate

and direction of any of these flows.

Genetic variations between Phragmites populations inhabiting different
environments have been noted (Zong ef al. 1991), and if such differences are present at
Roudsea they may have had an impact on the extent of carbon and oxygen isotope
discrimination. Genetic sequencing would be necessary to establish whether this exists,
and if so a series of controlled experiments growing transplanted material from each
population under different salinity and inundation conditions would be able to determine

whether the genetic factor is important in carbon and oxygen isotope discrimination.
5.1.2 Data from the study of contemporary and ancient material at Kentra.

In the project at Kentra the contemporary §13C patterns vary according to species.
In some species the 813C values follow the theoretically-predicted trend of less negative

values as salinity and inundation frequency increase, most notably in the turf fucoid
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Pelvetia. However, other species do not seem to fit with the theory, and the §13C values
appear to be controlled by other factors. Similar patterns are apparent in the stomatal
density data, where some species show a response to inundation frequency in this aspect
of their physiognomy. It is possible that, as with the Phragmites in zone 1 at Roudsea,
there is sufficient input of freshwater to the saltmarsh for the higher plants to be able to
exploit this as a water source. If this is the case, the variation in §13C values may be a
function of factors other than the incidence of tidal inundation, for example local light and

humidity conditions or the impact of grazing on the marsh.

The most significant aspect of the carbon isotope ratios from the bulk organic
material in the two cores analysed is that in both cases they are more negative than would
be expected if they simply reflected the values from the contemporary analyses. This might
be because of differences in floristic composition, or might be the result of post-
depositional modification of the §13C of cellulose. There is some evidence for the latter in
other studies which have compared contemporary and sub-fossil cellulose from what are
believed to be analogous communities and buried units respectively. Again, there does not
seem to be a complete explanation of why this might happen, and Gleixner (1995, pers.

comm.) has found no significant variations in cellulose of different ages that he has

examined.

The variations which do exist in the values from the cores are not associated with
either a particular biostratigraphic or lithostratigraphic change. Although the reason for
examining the 13C values of the core material was to determine whether any new
information was revealed by these analyses, these data do not appear to distinguish
between basic changes in the sediment type being examined. It is possible that the change
which does occur from more negative to less negative values in the centre of the core

sections analysed is caused by some factor which has previously gone unnoticed.



However, the differences in sediment type and pollen assemblage at the levels where this

takes place suggests that the controlling influence is not related to either a botanical or

sedimentological change.
5.2 Implications of these results.

The possible role of genotypic variation in determining these variations should be
assessed, but given the level of detail that can be routinely re-created using methods
presently in widespread use in investigations of sea-level (notably microfossil analysis) it is
difficult to see this type of analysis having a viable part to play in such studies. Such an
investigation would involve an analysis of vegetation succession and the variations in
genetic structure that are associated with changing saltmarsh vegetation communities. The
information that suc.h a project could produce would be very useful in trying to understand

the data from Kentra and would be invaluable to research on the processes of colonisation

and succession on saltmarshes.

The water and carbon balance of Phragmites is also a field that seems to be
inadequately understood in terms of the implications for 813C and 8180. There appears to
be little or no relationship between the §13C and the 5180 data from the Phragmites
communities at Roudsea. If an environmental factor was controlling stomatal conductance
- and hence altering p; and therefore 813C if the Farquhar ez al. (1989) model is correct -
this would also alter the value of 180 by impacting on the extent of isotopic enrichment
of 180 in the leaf water through a change in evaporation. This link between the two
isotopic ratios through water use efficiency does not appear to exist in the Phragmites

data, which seems to imply that stomatal conductance is not the only factor controlling §
Bc.



By varying each possible factor (age, genotype, salinity, water §180, inundation
frequency, depth of rhizome, humidity and incident light) whilst maintaining the others in a
series of controlled experiments it might be possible to establish the mechanism(s)
controlling cellulose 813C and 6180. This would reveal a great deal about the factors
which control isotopic discrimination in Phragmites, and would determine whether there is
any chance of utilising macrofossils from this species for environmental reconstruction in

other environments, for example from lacustrine deposits.

Further investigation is also necessary to determine the exact relationship between
stomatal density and isotopic discrimination. The stomatal density variations in the species
examined in these projects suggest that there is not necessarily a link between environment
and this particular aspect of plant physiognomy. This is presently being examined in

greater depth (Metcalf 1995 pers. comm.), as are variations in stomatal size and index.

Post-depositional modification of §13C values requires systematic examination to
determine the importance of this factor in comparisons of contemporary and ancient
isotopic ratios. Analysis under a range of different microbial and atmospheric conditions
involving different plant species and different parts of the same plants would be necessary
to determine the differences between pristine and sub-fossil cellulose. Related to this is the
extent of intra-molecular variation in §13C and §180 in cellulose. This is presently being
examined at the Technical University in Munich by Schmidt, Gleixner and co-workers
(1995 pers. comm.) and Sternberg (1995 pers. comm.) is about to start work in Miami on
isolating particular C and O atoms in the cellulose molecule. Similarly, Switsur (1995 pers.
comm.) has mentioned an interest in investigating this with the eventual aim of
incorporating it into the important contemporary analyses of C, H and O isotopes in pine

and oak tree-rings that he and his co-workers are undertaking.
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Changes in the molecular abundance and isotopic composition of atmospheric CO
over the last two centuries has changed the §13C values of some plants growing in the
same place over this period, and this must be taken in to account when comparing
contemporary and ancient material. It is also important to acknowledge that there is
considerable intra-community variation in §13C in many species, and that any analyses of
ancient material should also include an analysis of the variation found in apparently

homogeneous contemporary populations.

All of the points discussed above are applicable to other studies wishing to adopt
isotopic analysis as a tool for environmental reconstruction. However, the choice of field
sites in these projects may have been an important factor in determining the patterns of
both 513C and 5180. At both sites it may be that there is sufficient fresh water available
for the plants to be able to avoid utilising sea water. In the case of the 180 of Phragmites
in zone 1 at Roudsea this means that it does not utilise the isotopically distinct sea water.
Similarly, in both sets of contemporary 813C analyses the extent of discrimination against
13C is not a function of stomatal conductance being restricted by constantly saline

soilwater since the input of fresh water from precipitation is relatively high.

Consequently, it might be that the pattern of isotopic values which these studies
was hoping to find will only exist on saltmarshes in areas with less precipitation than the

west coast of Scotland or in those species which extend further down the intertidal

vegetation succession than Phragmites.

All of the higher plant species analysed in these projects utilise the C3 metabolic
pathway, but Spartina x townsendii is a C4 plant which is increasing its range around the
saltmarshes of the UK. The much higher §13C values associated with plants which

dominantly use PEP carboxylase rather than Rubisco was discussed in Chapter 2, and it
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may be possible to utilise this information to trace recent changes in saltmarshes. If this
plant is to prove useful in such studies it is necessary to determine the relationship
between it and local tidal levels. At Roudsea this species occurs in sparse groups on the
mudflat beyond the limit of other saltmarsh plants, and also close to the Phragmites
community in zone 1. Consequently it may prove difficult to relate organic material
identified as coming from Sparfina x townsendii by its high §13C value to a particular tidal
level. However, if the date at which this species invaded the marsh is known, the
reconstruction of the recent history of the marsh may be possible if the lowest horizon
containing material with a §13C value which resembles that of a C4 plant can be found. If
this is combined with an accurate method of dating recent saltmarsh sediments, perhaps
utilising radioactive isotopes from nuclear fall-out or pollution events, or even 210pp
dating if the sources of sediment to the marsh are known (Oldfield 1991, pers. comm.), it
could prove a useful tool in understanding the history of some U.K. saltmarshes over the

past 30-40 years.

The 8§13C values from the alga in the study at Kentra were not reflected in the data
from the buried sediment sequences. This might be because there was no fucoid present at
the time of deposition, or it might be that cellulose from algae is more susceptible to
microbial degradation. However, the higher carbon isotope values from algae may be
useful in other studies. The initial stage of vegetation colonisation on mudflats is often in
the form of algal mats (Adam 1990). Such mats can cover significant areas of intertidal
flats in areas such as The Wash (Reid Thomas 1994, pers.comm.), and it may be possible
to identify sediments from such areas by the 13C value of cellulose (or perhaps a
different plant fraction if an appropriate one can be found) extracted from core material. If
the extent of carbon isotope discrimination by the algae which form these mats can be
related to the frequency of tidal inundation (as with Pelvetia in this study), it might also be

possible to determine whether the core sequence represents a period of changing relative

160



sea level. This may reflect changes in sediment dynamics within the marsh, but it might
also be possible to relate these sequences to regional patterns of isostatically or
eustatically driven sea level change. If the sediment dynamics of intertidal mudflats could
be determined for periods of known sea level fall and rise on the basis of the algal remains
contained within them, this would prove a very useful tool for both coastal

palaeoenvironmental reconstructions and predictions of future change under different

relative sea level projections.

In conclusion, although neither of these projects have produced information that
can be immediately applied to studies of coastal environmental change, both highlight
different limitations to isotopic analysis which must be taken into account if this technique

is going to be successfully applied in other palaecoenvironmental studies, and have also

yielded some pointers towards possible future research.
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Appendix 1

Surface sediment analysis methods.
i. Loss on drying (%).

In the field samples are collected in sealable bags and on return to the laboratory
are immediately weighed before being dried in an oven at 100°C for 24 hours. The
samples are re-weighed and the proportion of the original wet weight which has been lost

is calculated.
ii. Loss on ignition (%).

Weighed samples of oven-dried material (see i., above) are put into weighed
ceramic crucibles and heated to 800°C for 4 hours in a muffle furnace. Once cooled they
are either immediately re weighed or placed in a dessicator for weighing at a later date.

The proportion of the original dry weight which has been lost is calculated.
iii. Salinity (parts per thousand).

A5 - 15g. weighed sample of oven dried material is mixed with distilled water in a
5:1 or 10:1 ratio (water (ml.): sample (g)), the more water being used for samples with a
high organic matter content. This is mixed thoroughly before being placed in a sonic bath
for 20 minutes. The supernatant is filtered off and either analysed immediately or kept
refrigerated.

The analysis for salinity is by titration of chloride against a mercuric nitrate
standard where 1ml. HgNO3 standard = 1 mg Cl . The volume of supernatant used in the

titration depends on the ratio of sample: water and whether the sample is from a saltmarsh
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or freshwater sediment. Typical values are 2ml. for saltmarsh samples and Sml. for others.
To this aliquot enough distilled water is added to make a total of 50ml. On a magnetic
stirrer add 10 drops of mixed indicator and then drop-by-drop add 0.05M nitric acid until
the colour changes to yellow, when 1ml. excess of the acid is added. Titrate with mercuric
nitrate standard until a blue-violet colour persists, noting the volume of standard added.

Three blank repeats are needed to normalise the values.

Salinity in parts per thousand is calculated using the following information:

A= (1000/ ml.s aliquot used) x (ml.s titrate used in sample — mls titrate used in blank)
B= 100 - loss on drying (%) of sample used
C= (weight of dry sediment used/ B) x 100

= weight of dry sediment used x ratio of distilled water : sample

=  C - weight of dry sediment used

= (D/E)xA = concentration of Cl  in supernatant in parts per million
G= F/1000

H= G x 1.80655 = salinity of supernatant in parts per thousand.
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Appendix 2.

Collection and preparation of samples for counting leaf stomatal densities.

Plar-lt material which is collected should be kept as fresh as possible and returned to
the laboratory as quickly as possible. If preparation cannot proceed immediately place the
leaves in a refrigerator, but ideally they should be used within a few days of collection.

Using a clear nail varnish paint the part of the leaf to be analysed and allow the
varnish to set, but not to harden. With a sharp pair of tweasers peel off the layer of varnish

and attach to a microscope slide ready for examination at 400x magnification.
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Appendix 3

Isolation of a-cellulose from bulk plant material.

Thi.s method follows Sternberg (1989b; see also Field 1993b, Robertson 1993).
Dried plant material is ground and boiled in distilled water for 2 hours. Under a fume hood
the temperature is reduced to 70°C and to each beaker 0.5ml. of concentrated acetic acid
and 1g. of mercuric chloride are added. This is repeated 4 times hourly until the plant
material is bleached white when it is thoroughly washed with distilled water. The samples
are immersed in 17% (weight) sodium hydroxide for 45 minutes and then thoroughly
washed before a 10 minute immersion in 10% (volume) acetic acid. A further wash is
followed by drying in at ¢.50°C, after which the cellulose is ready for stable isotope

analysis (appendices 4 and 5).
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Appendix 4

Production and isolation of CO; from a-cellulose for 513C analysis.

4- 6 mg. of a-cellulose (see appendix 3) and an excess (c.1g.) of pre-heated
copper filings are put into 9mm outside diameter quartz glass necked cuvettes which have
been marked with the sample number and previously heated for 2 hours at 600°C. Each
cuvette is pumped to vacuum (<10-3 mbar) and sealed. In a muffle furnace the sealed

vessels are heated to 850°C for 2 hours and then cooled slowly back to room temperature.

Once cooled the vessels are scored with a glass cutter and placed in a cracker on a
vacuum line. The line is pumped out and then isolated from the pump. A dewar flask
containing a dry ice/acetone slush is placed over the first trap on the line and one
containing liquid nitrogen is put on the second. The vessel is broken and water vapour
condenses in trap 1. CO5 condenses in the second trap and any trace impurities (such as

nitrogen) which are registered on the vacuum gauge are pumped away.

Liquid nitrogen is placed around the collection vessel and is taken away from the
second trap. Once all the CO7 has re-condensed, the collection vessel is isolated and,
depending upon design, is either physically removed or sealed using an oxyacetylene torch.
The CO» within the collection vessel is then ready for analysis in a gas isotope ratio mass-

spectrometer (see also Sofer 1980, Field 1993a, Heaton 1990a, b, 1991; cf. Murnick &

Peer 1994).
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Appendix §

Production and isolation of CO; from a-cellulose for 5180 analysis.

Thi.s method follows Sauer and Sternberg (1994, cf. Siegenthaler & Eicher 1986,
Mullane et al. 1988, Edwards et al. 1994, Field ef al. 1993). Into pre-heated break-seal
quartz glass ampules put 6-10mg. of a-cellulose (see appendix 3) and 0.375g. of mercuric
chloride. Attach break-seals to vacuum line and pump to vacuum. Place a beaker around
each break-seal add an immersion heater and cover with water. Turn on heater and boil for

20-30 minutes to drive off all water from sample. Allow to cool and remove beaker before

sealing under vacuum.

Heat ampules at 500°C for 6 hours in a muffle furnace and once cooled place each
break-seal ampule into a magnetic breaker unit cn a vacuum line. Into a necked collection
vessel put 2g. of zinc and attach this to the line before pumping out. Isolate the breaker
and the trap and gently heat the zinc until it sublimates and covers the walls of the
collecting vessel. (The zinc will scavenge chlorine from the HCI during later heating.)
Pump out line fully and then isolate pump, vacuum gauge and collection vessel. Put liquid
nitrogen around trap containing small glass balls to increase surface area. Crack break-seal

with magnet to release the cocktail of CO, CO5 and HCI, allowing CO> and HCl to

condense in trap.

Immerse spark chamber in liquid nitrogen and allow gas to enter. Increase
potential difference across electrodes to 5000 volts and maintain until blue spark begins to
flicker. Take away liquid nitrogen from spark chamber and warm with heat gun. The CO
which has been converted to CO4 will condense in the trap. Replace the liquid nitrogen
around the spark chamber and repeat process until the blue spark has disappeared and all

the CO has been converted to CO; (cf. Rosenbaum 1993). Remove liquid nitrogen, heat
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spark chamber and allow CO» to condense in trap. Remove any trace impurities by briefiy
opening line to pump. Isolate line and remove liquid nitrogen from trap, replacing it
around the.collection vessel which is now opened to the line. Warm trap to speed

movement of CO7 and HCI and after S minutes seal and remove collection vessel.

Heat collection vessel to 200°C for 2 hours, allow to cool and score with glass
cutter. On second line pump out new set of collection vessels and cracker with scored
vessel containing gaseous mix of CO7 and H. Put liquid nitrogen on trap and crack
vessel. Allow CO» to condense in trap, pump off H and re-isolate line. Remove liquid
nitrogen from trap, place around collection vessel and allow CO» to re-condense. Isolate,
seal and remove collection vessel from line. The CO7 within the collection vessel is then

ready for analysis in a gas isotope ratio mass-spectrometer to establish the 5180 value.
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Appendix 6
Tidal data recorded at Heysham 1975-1994;
incidence of inundation at or above Mean High Water Spring Tide (4.5 m O.D.)
and upto Highest Astronomical Tide (5.6 m O.D.).

mOD. |45 46 47 48 49 50 51 52 53 54 55
1994 132 107 87 72 53 37 22 20 13 8 4
1993 126 101 87 76 62 51 42 32 22 13 7
1992 114 92 71 61 51 42 35 26 17 9 3
1991 125 102 76 60 40 26 16 11 7 4 3
1990 136 113 85 61 49 38 31 26 19 11 9
1989 116 98 81 64 50 40 32 27 20 14 11

1988 103 83 72 59 49 43 33 27 16 15 10
1987 113 86 60 45 37 28 22 15 12 8 5
1986 121 101 83 66 51 30 22 13 7 5 2
1985 100 82 66 52 39 30 18 12 8 6 5
1984 124 107 94 83 71 55 49 35 25 16 10
1983 140 108 99 78 57 46 34 21 18 14 9
1982 153 133 104 73 50 32 19 7 3 2

1981 156 126 104 86 77 65 52 42 33 23 17
1980 140 120 105 91 79 61 52 43 34 29 23
1979 146 129 107 86 69 56 41 34 26 21 15
1978 149 126 109 8l 63 43 28 19 10 7
1977 153 132 117 94 69 58 38 22 11 10
1976 139 127 102 85 68 53 39 24 19 13
1975 108 94 89 67 57 43 33 22 15 10

N N2 00 W
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Appendix 7.
Roudsea Marsh Surface Sediment Analysis, 06/04/94.

Zone Q LOD(%) LOI(%) Cl'” (ppm) Salinity(%o)
sample 1 - --- - -
sample 2 -- - -—- --
sample 3 - --- --- ---
sample 4 --- - - --
sample 5 --- --- - -—-

meanzts.d. -~ - - -

Zone 1 LOD(%) LOI(%) Cl'" (ppm) Salinity(%o)
sample 1 50.94 11.84 3881.3 7.01
sample 2 47.00 10.50 4352.8 7.86
sample 3 42.47 9.78 37793 6.83
sample 4 4421 8.05 4429.4 8.00
sample 5 48.68 10.32 4417.2 7.98

meants.d. 46.66+3.39 10.10+1.37 4172.0+315.3 7.54+0.57

Zone 2 LOD(%) LOI(%) Cl (ppm) Salinity(%o)
sample 1 77.90 31.74 1032.7 1.87
sample 2 78.48 40.52 1039.3 1.88
sample 3 78.60 33.28 1021.0 1.84
sample 4 70.43 22.85 1515.7 2.74
sample 5 77.61 35.16 761.6 1.38

meants.d. 76.60+3.48 32.71+6.43 1074.0+273.1 1.94+0.49

Zone 3 LOD(%) LOI(%) Cl" (ppm) Salinity(%o)
sample 1 83.72 79.04 128.3 0.23
sample 2 81.83 73.72 97.7 0.18
sample 3 85.66 84.95 97.1 0.18
sample 4 86.48 67.01 594 0.11
sample 5 77.91 61.40 90.7 0.16

meanzs.d. 83.12+3.43 73.2249.36 94.7+24.5 0.17+0.04
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Roudsea Marsh Surface Sediment Analysis, 22/04/94.

Zone 0 LOD(%) LOI(%) Cl" (ppm) Salinity(%o)
sample-1 55.33 11.26 1356.3 2.45
sample 2 50.53 10.06 988.8 1.79
sample 3 49.03 10.86 1684.1 3.04
sample 4 50.20 7.83 1617.0 2.92
sample 5 50.87 8.51 1361.8 2.46

meants.d. 51.19+2.41 9.71+1.47 1401.6+274.0 2.5310.49

Zone 1 LOD(%) LOI(%) CI” (ppm) Salinity(%e)
sample 1 47.12 9.48 21323 3.85
sample 2 50.90 10.49 2054.7 3.71
sample 3 47.72 10.21 2202.1 3.98
sample 4 52.58 10.64 3318.9 6.00
sample 5 43.38 9.32 2036.1 3.68

meanzs.d. 48.34+3.57 10.03+0.60  2348.8+546.3 4.24+1.02

Zone 2 LOD(%) LOI(%) Cl (ppm) Salinity(%e)
sample 1 80.22 33.07 586.8 1.06
sample 2 70.01 26.67 475.5 0.86
sample 3 73.04 25.84 764.1 1.38
sample 4 77.16 34.71 201.3 0.36
sample 5 80.27 38.40 673.5 1.22

meands.d. 76.14+4 53 31.7445.37 546.2+225 .4 0.9940.41

Zone 3 LOD(%) LOI(%) Cl (ppm) Salinity(%o)
sample 1 82.98 77.15 73.8 0.13
sample 2 77.98 58.14 90.4 0.16
sample 3 85.13 78.38 111.8 0.20
sample 4 81.35 72.59 96.3 0.17
sample 5 84.56 78.68 65.7 0.12

meants.d. 82.4+2.88 72.99+8.65 87.6+18.3 0.16+0.03
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Roudsea Marsh Surface Sediment Analysis, 05/05/94.

Zone 0 LOD(%) LOI(%) Cl (ppm) Salinity(%o)
sample ‘1 48.40 10.24 3065.1 5.54
sample 2 52.47 10.86 3646.1 6.59
sample 3 56.42 10.51 3533.8 6.38
sample 4 51.29 11.22 3775.1 6.82
sample 5 49.66 10.23 3700.0 6.68

meants.d. 51.65+3.09 10.61+0.43 3544.0+281.8 6.40+0.51

Zone 1 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 52.69 10.63 4624.2 8.35
sample 2 55.74 8.84 3990.1 7.21
sample 3 57.08 12.52 48123 8.69
sample 4 45.44 10.55 4562.7 8.24
sample 5 54.58 10.97 2995.8 5.41

meants.d. 53.11+4.58 10.70+1.31 4197.0£738.3 7.58+1.37

Zone 2 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 82.15 36.49 1656.8 2.99
sample 2 69.39 28.97 1213.1 2.19
sample 3 74.75 30/62 1511.6 2.73
sample 4 78.52 37.89 1401.9 2.53
sample 5 72.99 26.32 1711.5 3.09

meants.d. 75.56+4.94 32.06+4.95 1499.0+200.8 2.71+0.36

Zone 3 LOD(%) LOI(%) Cl™ (ppm) Salinity(%o)
sample 1 81.44 81.82 113.9 0.21
sample 2 78.01 52.34 95.8 0.17
sample 3 81.96 74.76 114.5 0.21
sample 4 76.28 70.16 933 0.17
sample 5 76.00 58.53 56.8 0.10

meants.d. 78.74+2.82 67.52+11.99 94.9+23 .4 0.1740.04
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Roudsea Marsh Surface Sediment Analysis, 19/05/94.

Zone 0 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample -1 42.87 11.61 82623 14.93
sample 2 45.08 11.71 9198.0 16.61
sample 3 31.64 10.15 8480.2 15.32
sample 4 36.97 13.01 7416.3 13.40
sample 5 42.45 9.61 5323.4 9.61

meants.d. 39.80+5.45 11.22+1.35 7736.0+£1490.9 13.98+2.69

Zone 1 LOD(%) LOI(%) ClI” (ppm) Salinity(%o)
sample 1 38.00 13.38 15540.8 28.08
sample 2 41.37 13.85 7227.8 13.06
sample 3 33.52 12.05 16610.1 30.01
sample 4 43.82 12.22 7468.0 13.49
sample 5 42.42 12.45 10825.1 19.56

meants.d. 39.83+4.13 12.79+0.78 11534.4+4399 20.84%7.95

Zone 2 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 81.87 41.36 1029.7 1.86
sample 2 74.28 29.59 1359.1 2.46
sample 3 78.18 37.23 1032.7 1.87
sample 4 78.00 36.05 959.0 1.73
sample 5 78.84 37.16 677.7 1.22

meandts.d. 78.231+2.71 36.2844.25 1011.6+242.8 1.83+0.44

Zone 3 LOD(%) LOI(%) Cl (ppm) Salinity(%o)
sample 1 79.98 84.15 170.2 0.31
sample 2 79.10 73.32 90.0 0.16
sample 3 82.52 82.17 118.6 0.21
sample 4 71.33 57.59 88.4 0.16
sample S 80.09 85.06 29.8 0.05

meants.d. 78.60+4.26 76.46+11.53 99.4+51.1 0.18+0.09




Roudsea Marsh Surface Sediment Analysis, 08/06/94.

Zone 0 LOD(%) LOI(%) ClI" (ppm) Salinity(%o)
sample ‘1 46.17 11.47 5217.4 9.43
sample 2 39.88 12.50 8102.9 14.64
sample 3 42.88 12.10 7493.0 13.54
sample 4 47.76 12.35 5086.2 9.19
sample 5 49.20 15.25 11435.2 20.66

meants.d. 45.18+3.78 12.73+1.46 7466.9+2592.3 13.49+4.68

Zone 1 LOD(%) LOI(%) Cl™ (ppm) Salinity(%o)
sample 1 54.23 15.33 6583.2 11.89
sample 2 35.06 10.94 10696.8 19.32
sample 3 49.76 13.10 9743.1 17.60
sample 4 40.51 9.97 7893.3 14.26
sample 5 43.72 10.30 12003.9 21.69

meants.d. 44.66+7.55 11.93+2.26 9384.1+2167.0 16.95+3.91

Zone 2 LOD(%) LOI(%) Cl™ (ppm) Salinity(%o)
sample 1 74.26 28.79 528.6 0.95
sample 2 72.10 27.09 977.1 1.77
sample 3 78.62 34.58 278.7 0.50
sample 4 73.26 30.17 410.6 0.74
sample 5 72.84 29.72 894.9 1.62

meants.d. 74.2242.58 30.07+£2.78 618.0+304.8 1.12+0.55

Zone 3 LOD(%) LOI(%) Cl (ppm) Salinity(%o)
sample 1 77.12 76.89 142.4 0.26
sample 2 78.14 80.50 67.1 0.12
sample 3 72.27 55.22 1842 0.33
sample 4 74.52 71.31 102.6 0.19
sample 5 77.83 79.89 119.6 0.21

meants.d. 75.97+2.52 72.76+10.46 123.2+43.8 0.2240.08
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Roudsea Marsh Surface Sediment Analysis, 22/06/94.

Zone 0 LOD(%) LOI(%) Cl (ppm) Salinity(%o)
sample -1 53.64 12.95 1123.6 2.03
sample 2 57.24 12.38 1157.9 2.09
sample 3 51.16 12.71 1599.0 2.89
sample 4 61.21 16.75 839.7 1.52
sample 5 57.64 11.50 1616.8 2.92

meants.d. 56.18+3.88 13.26+2.03 1267.44+334.5 2.29+0.60

Zone 1 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 48.65 10.91 2295.7 4.15
sample 2 56.46 9.20 1291.7 233
sample 3 47.88 10.47 1986.6 3.59
sample 4 55.10 10.08 1039.0 1.88
sample 5 54.07 11.31 21449 3.87

meants.d. 52.4343.91 10.39+0.81 1751.6+553.5 3.16+1.00

Zone 2 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 73.08 34.73 736.7 1.33
sample 2 72.65 29.94 452.0 0.82
sample 3 74.82 33.85 622.6 1.12
sample 4 70.80 28.90 247.5 0.45
sample § 76.58 35.57 267.6 0.48

meands.d. 73.591+2.20 32.60+2.99 465.3+215.1 0.84+0.39

Zone 3 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 77.19 64.93 76.8 0.14
sample 2 70.31 76.10 135.1 0.24
sample 3 76.93 75.72 126.0 0.23
sample 4 77.74 76.00 63.0 0.11
sample 5 79.19 80.67 78.8 0.14

meants.d. 76.27+3.45 74.68%5.83 96.0+32.3 0.1710.06
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Roudsea Marsh Surface Sediment Analysis, 11/07/94.

Zone 0 LOD(%) LOI(%) Cl™ (ppm) Salinity(%o)
sample 1 46.36 8.93 2024.8 3.66
sample 2 47.63 9.85 1237.0 2.23
sample 3 51.04 9.18 1342.9 2.43
sample 4 56.91 8.96 1268.2 2.29
sample 5 49.38 8.26 1435.2 2.59

meants.d. 50.2614.11 9.04+0.57 1461.6+324.0 2.6410.59

Zone 1 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 55.21 11.31 3245.1 5.86
sample 2 47.42 11.81 6846.9 12.37
sample 3 59.49 14.06 1259.8 2.28
sample 4 53.93 10.42 2605.5 4.71
sample S 50.43 9.21 2359.1 4.26

meants.d. 53.301+4.61 11.36+1.80 3263.3+2127.6 5.90+3.84

Zone 2 LOD(%) LOI(%) Cl" (ppm) Salinity(%o)
sample 1 71.84 29.64 252.5 0.46
sample 2 71.83 29.08 421.6 0.76
sample 3 72.01 26.79 485.9 0.88
sample 4 69.70 24.04 5343 0.97
sample 5 74.92 31.16 460.3 0.83

meants.d. 72.06x+1.86 28.14+2.78 434.9+112.8 0.79+0.20

Zone 3 LOD(%) LOI(%) Cl" (ppm) Salinity(%o)
sample 1 81.61 70.97 85.6 0.15
sample 2 83.73 89.61 124 4 0.22
sample 3 82.96 76.99 410.2 0.74
sample 4 83.82 90.58 88.8 0.16
sample § 82.34 83.07 72.9 0.13

meants.d. 82.89+0.94 82.24+8.35 156.4+143.2 0.28+0.26
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Roudsea Marsh Surface Sediment Analysis, 27/07/94.

Zone 0 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample-1 49.95 8.71 87317.5 15.78
sample 2 55.36 10.36 8628.0 15.59
sample 3 47.01 10.56 7467.7 13.49
sample 4 56.20 4.80 6001.1 10.84
sample 5 49 .41 8.91 6220.1 11.24

meants.d. 51.59+4.00 8.67+2.32 7410.9+1289 .4 13.39+2 33

Zone 1 LOD(%) LOI(%) ClI” (ppm) Salinity(%o)
sample 1 54.08 11.74 5752.7 10.39
sample 2 46.36 8.97 7491.8 13.53
sample 3 64.01 13.75 7885.6 14.25
sample 4 55.53 17.20 5725.9 10.34
sample 5 47.19 11.26 5903.2 10.66
meants.d. 53.43+£7.17 12.58+3.09 6551.9+1049.3 11.84+1.90

Zone 2 LOD(%) LOI(%) Cl (ppm) Salinity(%o)
sample 1 69.29 27.03 542.9 0.98
sample 2 65.89 26.33 1126.0 2.03
sample 3 73.03 35.00 215.1 0.39
sample 4 70.72 31.06 641.7 1.16
sample 5 71.50 31.30 528.1 0.95
meandts.d. 70.09+2,70 30.14+3.54 610.8+329.5 1.10£0.60

Zone 3 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 81.87 86.00 75.3 0.14
sample 2 80.85 85.12 199.0 0.36
sample 3 81.13 90.20 120.9 0.22
sample 4 80.27 90.40 127.8 0.23
sample § 81.16 91.27 153.2 0.28
meants.d. 81.06+0.58 88.60+2.82 135.2+45 4 0.2410.08
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Roudsea Marsh Surface Sediment Analysis, 10/08/94.

Zone 0 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample -1 49.40 10.31 6529.9 11.80
sample 2 55.39 12.05 5033.6 9.09
sample 3 54.72 11.65 11088.3 20.03
sample 4 52.84 11.93 9951.4 17.98
sample 5 46.97 9.58 10556.3 19.07

meands.d. 51.86%3.59 11.10+1.10 8631.9+2685 .4 15.59+4 .85

Zone 1 LOD(%) LOI(%) Cl" (ppm) Salinity(%o)
sample 1 49.78 12.69 9104.8 16.45
sample 2 50.33 11.11 5970.7 10.79
sample 3 4451 8.02 8415.1 15.20
sample 4 47.45 10.51 6894.1 12.45
sample 5 51.96 10.46 55473 10.02

meants.d. 48.81+2 89 10.55+1.68 7186.4+1536.2 12.98+2.78

Zone 2 LOD(%) LOI(%) Cl" (ppm) Salinity(%o)
sample 1 66.70 23.25 1023.5 1.85
sample 2 69.95 26.67 741.0 1.34
sample 3 70.68 26.68 580.8 1.05
sample 4 65.27 25.68 824.8 1.49
sample 5 68.23 25.88 710.1 1.28

meants.d. 68.17+2.24 25.63%1.41 776.0+163.8 1.40+0.30

Zone 3 LOD(%) LOI(%) Cl" (ppm) Salinity(%o)
sample 1 76.26 92.12 2448 0.44
sample 2 79.80 84.46 126.6 0.23
sample 3 73.66 58.22 128.7 0.23
sample 4 74.24 66.88 1943 0.35
sample 5 79.57 89.79 30.8 0.06

meants.d. 76.71+2.89 78.29+14.95 145.0+80.7 0.2610.15
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Roudsea Marsh Surface Sediment Analysis, 24/08/94.

Zone 0 LOD(%) LOI(%) Cl” (ppm) Salinity(%eo)
sample-1 48.39 .07 6212.6 11.22
sample 2 49.73 7.99 7025.5 12.69
sample 3 48.04 9.35 8030.9 14.51
sample 4 50.32 8.62 5430.0 9.81
sample 5 55.40 9.90 44479 8.03

meants.d. 50.3842.96 8.99+0.72 6229.4+£1386.7 11.25+2.51

Zone 1 LOD(%) LOI(%) Cl™ (ppm) Salinity(%o)
sample 1 51.04 11.18 7985.7 14.43
sample 2 51.85 9.33 7568.4 13.67
sample 3 46.35 10.00 7726.3 13.95
sample 4 49.66 9.79 5651.3 10.21
sample 5 49.21 9.69 6115.2 11.05

meants.d. 49.62+2.11 10.00+0.70  7009.4+1051.6 12.66+1.90

Zone 2 LOD(%) LOI(%) Cl (ppm) Salinity(%o)
sample 1 64.34 27.53 692.8 1.25
sample 2 72.01 27.31 524.7 0.95
sample 3 68.85 25.75 429.8 0.78
sample 4 66.12 21.63 576.5 1.04
sample 5 72.99 31.10 416.3 0.75

meants.d. 68.86+3.71 26.6613.43 528.0+113.6 0.95+0.21

Zone 3 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 81.35 87.49 188.0 0.34
sample 2 79.15 91.04 205.5 0.37
sample 3 79.78 88.44 263.6 0.48
sample 4 79.57 82.25 118.1 0.21
sample S 81.76 84.61 303.4 0.55

meants.d. 80.32+1.16 86.77+3.41 215.7+71.4 0.39+0.13
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Roudsea Marsh Surface Sediment Analysis, 12/09/94,

Zone 0 LOD(%) LOI(%) Cl" (ppm) Salinity(%o)
sample-1 50.46 10.03 3117.1 5.63
sample 2 52.27 9.00 1438.2 2.60
sample 3 58.29 8.69 2862.2 5.17
sample 4 58.50 8.36 3547.0 6.41
sample 5 51.17 8.74 3411.5 6.16

meanzs.d. 54.141£3.94 8.9610.64 2875.21846.0 5.19+1.52

Zone 1 LOD(%) LOI(%) Cl™ (ppm) Salinity(%o)
sample 1 53.62 9.96 2940.9 531
sample 2 55.64 19.20 3906.6 7.06
sample 3 57.17 8.83 3015.4 5.45
sample 4 50.12 10.99 4528.2 8.18
sample 5 46.06 9.31 6704.4 12.11

meants.d. 52.52+4.47 11.66+4.29 4219.1£1537.3 7.62+2.78

Zone 2 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 74.55 28.84 1596.0 2.88
sample 2 75.20 27.98 1698.4 3.07
sample 3 74.72 26.82 1243.4 225
sample 4 77.04 35.64 1408.2 2.54
sample § 70.77 22.37 1662.4 3.00

meants.d. 74.46+2.29 28.33+4.79 1521.7£191.6 2.75+0.35

Zone 3 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 85.37 17.27 106.3 0.19
sample 2 70.52 67.43 150.5 0.27
sample 3 80.44 58.20 68.1 0.12
sample 4 86.04 91.43 68.1 0.12
sample 5 85.54 86.66 121.7 0.22

meants.d. 81.58+6.59 64.20+29.56 102.9+35.5 0.19+0.06
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Roudsea Marsh Surface Sediment Analysis, 05/10/94.

Zone 0 LOD(%) LOI(%) Cl™ (ppm) Salinity(%o)
sample-1 49.57 9.18 5341.1 9.65
sample 2 62.09 12.14 8364.7 15.11
sample 3 55.36 11.02 6632.3 11.98
sample 4 61.85 11.26 5551.3 10.03
sample 5 53.91 10.78 6326.6 11.43

meants.d. 56.56+5.38 10.88+1.08 6443.2+1199.1 11.64+2.17

Zone 1 LOD(%) LOI(%) Cl™ (ppm) Salinity(%o)
sample 1 37.07 8.81 8912.4 11.43
sample 2 41.98 10.10 6253.9 11.30
sample 3 4581 10.07 7777.8 14.05
sample 4 43.13 9.60 52413 9.47
sample 5 42.15 8.67 7205.5 13.02

meants.d. 42.0343.17 9.45+0.68  7078.2+1407.4  12.79+2.54

Zone 2 LOD(%) LOI(%) Cl (ppm) Salinity(%o)
sample 1 77.60 31.63 707.2 1.28
sample 2 68.33 21.00 428.7 0.77
sample 3 68.73 25.71 4322 0.78
sample 4 74.11 35.41 401.7 0.73
sample 5 87.16 34.42 195.2 0.35

meants.d. 75.19+7.73 29.6316.13 433.0+182.2 0.78+0.33

Zone 3 LOD(%) LOI(%) Cl” (ppm) Salinity(%o)
sample 1 79.88 85.15 171.3 0.31
sample 2 77.40 71.62 116.8 0.21
sample 3 80.29 85.26 230.8 0.42
sample 4 79.13 75.97 400.9 0.72
sample 5 78.41 84.08 143 .2 0.26

meands.d. 79.02+1.16 80.42+6.25 212.6%113.5 0.38+0.20
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Appendix 8.
Roudsea Marsh Phragmites australis density
and minimum/maximum height of aerial shoots.

Zone 1, sampled 05/10/94. One quadrat = 4 divisions of S0x50cm.

Quadrat number No. of living stems Minimum height Maximum height
(cm.) (cm.)
1.1 12 28 130
1.2 4 67 94
1.3 8 41 127
1.4 15 33 122
T1.1-14(=1m2) 39 28 130
Quadrat number No. of living stems Minimum height Maximum height
(cm.) (cm.)
2.1 19 49 146
22 19 40 145
2.3 25 29 133
24 15 26 135
$2.1-2.4 (=1m2) 78 26 146
Quadrat number No. of living stems Minimum height Maximum height
(cm.) (cm.)
3.1 13 34 124
3.2 8 58 81
33 16 48 116
3.4 8 49 123
23.1-3.4 (=1m?) 45 34 124
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Roudsea Marsh Phragmites australis density
and minimum/maximum height of aerial shoots.

Zone 2, sampled 05/10/94. One quadrat = 4 divisions of 25x25c¢m.

Quadrat number No. of living stems Minimum height Maximum height
(cm.) (cm.)
1.1 19 175 226
1.2 22 185 230
1.3 17 184 271
1.4 17 197 248
T1.1- 1.4 (=1m?) 75 175 271

Quadrat number

No. of living stems

Minimum height

Maximum height

(cm.) (cm.)

2.1 21 212 289

2.2 22 188 265

23 23 182 256

2.4 14 193 261
22.1-2.4 (=1m2) 80 188 256

Quadrat number No. of living stems Minimum height Maximum height

(cm.) (cm.)

3.1 22 208 267

32 11 213 249

3.3 13 214 279

3.4 20 209 271
23.1-3.4 (=1m2) 66 208 249




Roudsea Marsh Phragmites australis density
and minimum/maximum height of aerial shoots.

Zone 3, sampled 05/10/94. One quadrat = 4 divisions of 25x25¢m.

Quadrat number No. of living stems Minimum height Maximum height
(cm.) (cm.)
1.1 16 81 211
1.2 21 89 155
1.3 18 118 206
1.4 14 124 262
21.1-1.4(=Im?) 69 81 262
Quadrat number No. of living stems Minimum height Maximum height
(cm.) (cm.)
2.1 16 110 251
22 29 151 247
23 20 102 275
2.4 17 95 222
$2.1-2.4(=1m?) 82 95 275

Quadrat number

No. of living stems

Minimum height

Maximum height

(cm.) (cm.)

3.1 14 136 209

3.2 30 111 249

3.3 24 134 255

3.4 20 103 272
$3.1-3.4 (=1m2) 88 103 272
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Appendix 9
Roudsea Marsh Phragmites australis plant habits.
Zone 1,sampled 05/10/94.

Plant no. Height (cm.) No. of leaves Length of leaf no. 1
(cm.)

1 71 7 16

2 117 10 16

3 71 10 11

4 77 10 12

5 109 11 14

6 58 9 9

7 123 10 16

8 94 11 16

9 124 11 19

10 94 9 17

11 68 9 12

12 63 8 16

13 114 10 13

14 . 39 7 11

15 55 8 10
meants.d. 85.1427.44 9.3+1.35 13.942.95




Roudsea Marsh Phragmites australis plant habits.

Zone 2,sampled 05/10/94.

Plant no. Height (cm.) No. of leaves Length of leaf no. 1
(cm.)

1 243 11 36

2 272 10 39

3 238 12 36

4 234 11 35

5 242 12 36

6 241 10 36

7 175 11 26

8 220 11 29

9 187 11 30

10 181 10 29

11 215 12 38

12 253 11 36

13 240 11 32

14 243 11 31

15 195 11 27
meants.d. 225.3428.74 11.0+0.65 33.144.15
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Roudsea Marsh Phragmites australis plant habits.
Zone 3,sampled 05/10/94.

Plant no. Height (cm.) No. of leaves Length of leaf no. 1
(cm.)

1 242 15 43

2 212 11 35

3 177 10 38

4 216 13 33

5 216 15 36

6 209 13 30

7 203 14 31

8 183 15 27

9 240 15 41

10 239 13 35

11 208 15 29

12 189 14 29

13 220 15 34

14 251 13 36

15 201 12 40
meants.d. 213.7422.05 13.5+1.60 34.5+4.73
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Appendix 10
Roudsea Marsh Phragmites australis stomatal density raw counts.
Zone 1, leaf 1,sampled on 05/10/94. View size = 84496um2.

Plant# | viewl view2 view3 viewd view5 view6 view7 view8 view9 viewl0 | meants.d.
1 79 79 87 89 73 82 89 78 86 78 82.01+5.48
2 75 93 89 86 87 87 94 83 86 88 86.51£5.42
3 78 79 73 77 79 76 81 76 75 82 77.6+2.76
4 70 72 67 58 67 57 63 62 68 58 64.2+5.37
5 68 80 73 72 84 73 69 71 76 79 74.545.15
6 64 63 62 67 60 70 63 74 69 59 65.114.77
7 83 84 87 87 91 85 89 91 82 91 87.0+3.43
8 74 80 68 76 77 77 70 71 77 70 74.014.00
9 79 76 76 78 69 60 77 69 75 66 72.546.20
10 71 79 82 81 80 75 72 69 83 73 76.5+5.08
11 71 79 77 73 67 72 69 67 64 72 71.1+4.61
12 70 70 69 66 63 62 74 68 66 73 68.414.43
13 78 76 78 67 69 77 78 70 76 76 74.514.17
14 62 57 51 39 57 62 63 61 67 54 59.3+4.69
15 64 59 57 56 51 54 60 67 69 67 60.446.11
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Roudsea Marsh Phragmites australis stomatal density raw counts.

Zone 2, leaf 1, sampled on 05/10/94. View size = 84496p.m2.

Plant# | viewl view2 view3 viewd view5S view6 view7 view8 view9 viewl0 | meants.d.
1 67 87 83 69 89 93 83 75 93 82 82.149.19
2 85 74 89 84 92 85 82 81 90 78 84.0+5.54
3 83 83 90 87 89 74 78 82 85 77 82.81£5.25
4 76 89 86 82 80 79 77 74 85 87 81.545.10
5 77 80 84 81 84 90 85 92 84 90 84.7+4.79
6 83 80 77 89 82 75 83 87 76 84 81.614.62
7 71 62 77 68 79 71 67 71 64 59 68.916.28
8 67 81 75 75 76 73 85 70 70 66 73.845.98
9 87 84 72 73 71 71 69 74 79 78 75.846.01
10 70 64 68 68 77 65 66 63 63 58 66.2+5.07
11 79 78 75 75 77 69 79 84 85 82 78.314.74
12 69 76 75 69 69 69 68 61 63 71 69.0+4.59
13 60 61 59 65 62 63 72 57 72 65 63.615.08
14 63 67 66 59 73 56 61 67 63 75 65.0+£5.91
15 72 68 62 68 61 68 66 61 64 65 65.513.60
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Roudsea Marsh Phragmites australis stomatal density raw counts.

Zone 3, leaf 1, sampled on 05/10/94. View size = 84496um2.

Plant # | viewl view2 view3 vicwd view5S view6 view7 view8 view9 viewl0 | meants.d.
1 97 101 100 105 95 100 94 98 101 106 99.74£3.89
2 98 91 94 92 85 85 92 96 87 96 91.6+4.65
3 92 88 84 89 86 81 82 82 84 88 85.613.60
4 96 90 94 89 88 83 87 97 93 84 90.1+4.82
5 81 84 82 80 84 80 83 80 86 80 82.0+2.16
6 86 79 72 78 74 76 71 75 73 78 76.214.37
7 77 74 77 75 71 76 77 71 75 69 74.21£2.90
8 74 78 75 70 72 74 70 68 76 69 72.643.31
9 80 86 87 86 84 88 79 86 79 84 83.943.38
10 80 76 84 83 86 77 76 88 82 84 81.6+4.22
11 94 93 86 89 87 86 84 84 89 87 87.943.41
12 80 78 81 79 82 81 79 85 85 74 80.413.27
13 90 95 94 97 98 97 929 93 92 102 95.743.59
14 85 88 92 85 20 87 92 90 84 82 87.51£3.47
15 85 77 78 75 71 81 84 88 87 83 80.915.53
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Appendix 11a.
Roudsea Marsh Phragmites australis intra-plant comparisons.
Zones 1, 2 and 3, sampled on 05/10/94. Plant numbers, heights and length of leaves
analysed.

Zone 1 Height (cm.) Leaf 1 (cm.) Leaf3 (cm.) LeafS(cm.) Leaf7 (cm.
Plant no. 2 117 16 19 21 22
Plant no. 7 123 16 22 27 24
Plant no. 9 124 19 22 22 22
Plant no. 10 94 17 19 19 17
Plant no. 13 114 13 17 21 20

Zone 2 Height (cm.) Leafl(cm.) Leaf3 (cm.) Leaf5(cm.) Leaf7 (cm.)
Plant no. 1 243 36 30 40 35
Plant no. 2 272 39 40 41 35
Plant no. 8 220 29 35 38 31
Plant no. 13 240 32 24 29 25
Plant no. 14 243 31 25 30 36

Zone 3 Height (cm.) Leafl (cm.) Leaf3(cm.) LeafS5(cm.) Leaf7(cm.)
Plant no. 2 212 43 36 38 35
Plant no. 4 216 33 33 36 35
Plant no. 6 209 30 34 37 40
Plant no. 10 239 35 39 36 36
Plant no. 13 220 34 39 38 37
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Appendix 11b.
Roudsea Marsh Phragmites australis intra-plant comparisons of stomatal density.
Zone 1. View size = 84496.m2. Sampled 05/10/94,

Plantno. 2 | viewl view2 view3 view4d view5S viewé view7 view8 view9 viewl0 | meants.d.
Leafno. 1 75 93 89 86 87 87 94 83 86 88 86.515.42
Leaf no. 3 82 87 79 79 85 69 78 74 77 80 79.045.16
Leafno. 5 83 80 79 85 79 78 78 79 75 73 78.943.45
Leaf no. 7 49 47 50 46 45 49 45 41 47 49 46.842.70
Plantno. 7 | viewl view2 view3 viewd viewS view6 view7 view8 view9 viewl0 | meants.d.
Leaf no. 1 83 84 87 87 91 85 89 91 82 91 87.04£3.43
Leaf no. 3 71 64 70 70 74 73 72 69 72 67 70.2+£2.97
Leaf no. § 77 71 71 75 60 68 73 72 75 77 71.945.07
Leaf no. 7 61 69 65 63 62 61 60 63 56 58 61.84+3.61
Plant no. 9 | vicwl wview2 vicw3 viewd view3d viewé view7 vicw8 view9 viewl0 | meants.d.
Leaf no. 1 79 76 76 78 69 60 77 69 75 66 72.546.20
Leaf no. 3 77 73 70 80 69 74 67 70 74 68 72.244.16
Leafno. § 74 72 70 69 74 77 68 72 63 62 70.1£4.79
Leaf no. 7 67 64 59 54 51 54 55 47 52 48 55.1+6.51
Plant no. 10 | viewl view2 view3 viewd vicw5 view6é view7 view8 view9 viewl0 | meants.d.
Leaf no. 1 71 79 82 81 80 75 72 69 83 73 76.5+5.08
Leaf no. 3 72 69 71 69 71 71 64 74 69 74 70.442.91
Leafno. 5 73 68 63 68 68 66 68 64 63 62 66.313.37
Leaf no. 7 67 64 59 63 537 54 64 63 60 67 61.8+4.24
Plant no. 13 | viewl view2 view3 viewd viewd view6 view7 view8 view9 viewl0 | meants.d.
Leaf no. 1 78 76 78 67 69 77 78 70 76 76 74.514.17
Leaf no. 3 73 79 79 73 77 75 78 77 77 76 76.412.17
Leafno. 5 75 80 76 72 84 70 74 75 75 76 75.74£3.92
Leaf no. 7 64 59 59 54 63 64 59 62 58 54 59.613.69
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Roudsea Marsh Phragmites australis intra-plant comparisons of stomatal density.
Zone 2. View size = 84496m2. Sampled 05/10/94.

Plantno. 1 | view!l view2 wview3 viewd vicw5S view6 view7 view8 view9 viewl0 | meants.d.
Leafno. 1 |_ 67 87 83 69 89 93 83 75 93 82 82.119.19
Leaf no. 3 79 80 77 79 74 70 68 80 82 77 76.614.58
Leafno. § 74 77 69 65 66 83 76 72 75 71 72.845.41
Leaf no. 7 75 77 74 69 66 64 70 81 68 74 71.845.29
Plantno. 2 | viewl view2 view3 viewd vicw5 viewé view7 view8 view9 viewl0 | mean+s.d.
Leaf no. 1 85 74 89 84 92 85 82 81 90 78 84.015.54
Leaf no. 3 84 84 78 82 87 79 84 85 78 82 82.313.09
Leafno. 5 88 80 77 86 76 86 85 85 75 85 81.315.21
Leaf no. 7 56 49 59 59 49 51 57 62 54 50 54.614.70
Plantno. 8 | viewl view2 view3 viewd viewS vicw6 view7 view8 view9 viewl0 | meants.d.
Leaf no. 1 67 81 75 75 76 73 85 70 70 66 73.845.98
Leaf no. 3 94 93 81 88 90 87 85 87 81 82 86.814.66
Leafno. 5 74 79 72 78 77 75 83 77 73 71 75.943.63
Leaf no. 7 66 60 58 60 60 48 58 57 53 64 58.4+5.13
Plant no. 13 | viewl view2 view3 vicwd view3 view6 view7 view8 view9 viewl0 | meants.d.
Leaf no. 1 60 61 59 65 52 63 72 57 72 65 63.615.08
Leaf no. 3 63 64 68 66 69 71 67 69 68 72 67.742.83
Leaf no. 5 74 77 77 74 79 79 81 66 73 74 75.414.25
Leaf no. 7 54 48 60 51 51 41 50 46 45 48 49.4+5.21
Plantno. 14 | viewl view2 view3 view4 view3 view6 view7 view8 view9 viewl0 | meants.d.
Leaf no. 1 63 67 66 39 73 56 61 67 63 75 65.0+5.91
Leaf no. 3 78 77 76 69 76 63 77 70 72 66 72.415.23
Leafno. 5 73 70 67 77 75 74 80 81 72 83 75.245.07
Leaf no. 7 70 66 62 62 51 59 53 61 53 64 60.116.15
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Roudsea Marsh Phragmites australis intra-plant comparisons of stomatal density.
Zone 3. View size = 84496um2, Sampled 05/10/94.

Plantno. 2 | viewl view2 view3 viewd view3 view6 view7 view8 view9 viewl0 | meants.d.
Leafno.1 | . 98 91 94 92 85 85 92 96 87 96 91.614.65
Leaf no. 3 68 80 83 79 77 68 70 y 67 74 73.815.69
Leaf no. § 66 69 76 69 70 59 69 67 60 62 66.745.17
Leaf no. 7 52 53 54 49 45 46 39 44 45 47 47.4+4 65
Plantno. 4 | viewl view2 view3 viewd view5 view6 view7 view8 view9 viewlO | meants.d.
Leaf no. 1 96 90 94 89 88 83 87 97 93 84 90.1+4.82
Leaf no. 3 68 69 63 71 64 66 69 70 68 64 67.242.78
Leaf no. § 75 82 75 76 74 75 75 76 76 73 75.71+2.41
Leaf no. 7 72 79 79 71 75 72 71 71 79 72 74.143.57
Plantno. 6 | viewl view2 view3 viewd vicw5 view6é view7 view8 view9 viewl0 | meants.d.
Leaf no. 1 86 79 72 78 74 76 71 75 73 78 76.214.37
Leaf no. 3 67 67 77 73 66 66 72 62 59 67 67.615.25
Leaf no. 5 68 68 70 67 67 74 70 73 70 59 68.614.12
Leaf no. 7 64 66 67 61 69 59 56 66 66 62 63.614.03
Plantno. 10 | viewl view2 view3 viewd view5S view6 view7 view8 view9 viewl0 | meants.d.
Leaf no. 1 80 76 84 83 86 77 76 88 82 84 81.614.22
Leaf no. 3 74 68 79 73 72 69 76 72 68 75 72.613.60
Leafno. § 75 79 74 84 75 77 71 72 86 79 77.214.89
Leaf no. 7 64 70 72 64 72 74 69 78 61 79 70.3+5.98
Plant no. 13 | viewl view2 view3 vicwd viewS view6 view7 view8 view9 viewl0 | meants.d.
Leaf no. 1 920 95 94 97 98 97 99 93 92 102 95.7+3.59
Leaf no. 3 84 92 91 93 91 82 88 85 78 84 86.814.96
Leafno. 5 74 84 87 83 76 82 74 78 84 85 80.714.79
Leaf no. 7 75 79 71 77 78 68 79 77 77 84 76.514.43
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Appendix 12,
Collection and preparation of samples for establishing

contemporary foraminiferan populations.

In the field an area 10cm. x 10cm. is marked out and surface sediment to a depth
of 1cm. is collected from this area. It is placed in to a glass jar and an equal volume of a
preservative (for example absolute alcohol) is added. On return to the laboratory the jars
are kept chilled prior to preparation.

Using a pressurized mist spray wash all silt and clay sized fractions through a sieve
of 63-80um. diameter mesh. All material of >2mm. in diameter can also be discarded,
leaving the sand-sized fraction including the foraminifera tests.

Examination is by a low-power microscope using an independent light source.
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Appendix 13.

Kentra Bay levelling data for zones KB1 - KB7 in metres O.D.
Two repeats, October 1993 and July 1994.

Zone KBI1 KB2 KB3 KB4 KBS KB6 KB7
31/10/93 1.01 1.23 1.29 1.46 1.57 1.88 2.30
08/07/94 0.98 1.18 1.32 1.48 1.63 1.85 2.25

Appendix 14,
Kentra Bay loss on ignition (%) data from three repeat samples,
October 1993 - July 1994.

Zone KB1 KB2 KB3 KB4 KB5 KB6 KB7
31/10/93 1.25 2.44 1.05 1.06 13.87 13.57 35.28
07/03/94 0.47 0.64 0.52 1.82 8.84 23.99 35.03
08/07/94 1.41 1.34 1.20 3.10 13.32 17.61 41.75
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Appendix 15.

Kentra Bay foraminifera counts by zone from three repeats, 10/93 - 07/94.
Count base = 300 tests or 10g. of sediment.

30/10/93 KBl KB2 KB3 KB4 KBS KB6 KB7
Elphidium williamsonii 70 310 148 40 4 0 0
Trochammina inflata 0 0 0 8 12 4 15
Trochammina macrescens 0 0 0 9 38 299 87
Milliamina fusca 0 0 0 18 10 1 14
Haynesina germanica 0 0 0 0 0 0 0
sum 70 310 148 75 64 304 116
g. sediment analysed 1036 852 1013 1032 1043 547 10.84
foram.'s per 10g. sediment 68 364 146 73 61 556 107
07/03/94 KBl KB2 KB3 KB4 KB5S KB6 KB7
Elphidium williamsonii 1 302 92 18 6* 0 0
Trochammina inflata 0 4 1 1 17 13 0
Trochammina macrescens 1 1 0 82 282 75
Milliamina fusca 0 5 0 15 29 1 4
Haynesina germanica 0 0 0 1 0 0 0
sum 2 312 93 42 134 296 79
g. sediment analysed 1044 9.13 11.14 11.04 10.08 863 1045
foram.'s per 10g. sediment 2 342 84 38 133 343 76
08/07/94 KBl KB2 KB3 KB4 KB5 KB6 KB7
Elphidium williamsonii 3 12 11 8 0 0 0
Trochammina inflata 0 0 0 4 12 65 2
Trochammina macrescens 0 0 0 4 39 48 14
Milliamina fusca 0 0 0 1 1 2 0
Haynesina germanica 0 0 0 1 0 0 0
sum 3 12 11 18 52 115 16
g. sediment analysed 1428 12.08 1064 1089 10.65 10.83 10.40
foram.'s per 10g. sediment 2 10 10 17 49 106 15

* All very corroded and of = size.
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Kentra Bay stomatal density raw data.

Appendix 16.

Sampled March 1994, view size = 84496 m.

Armeria maritima, KB4.

view 1 view 2 view 3 view 4 view 5 meants.d.
leaf 1 10 13 12 14 16 13.0+2.24
leaf 2 8 7 6 10 9 8.0+1.58
leaf 3 7 12 10 9 9 9.4+1.82
leaf 4 8 9 10 12 10 9.8+1.48
leaf' 5 9 7 10 11 11 9.6+1.67
leaf 6 8 7 8 6 6 7.0+1.00
leaf 7 15 10 14 9 16 12.843.11
leaf' 8 12 13 13 15 11 12.841.48
leaf 9 7 9 11 8 10 9.0+1.58
leaf 10 13 12 10 13 11 11.8+1.30

Armeria maritima, KBS.

view 1 view 2 view 3 view 4 view 5 meants.d.
leaf' 1 8 11 13 14 8 10.8+2.77
leaf 2 5 6 6 6 8 6.2+1.10
leaf 3 15 17 15 16 17 16.0+1.00
leaf 4 6 10 10 10 6 8.4+2.19
leaf S 6 7 5 7 9 6.8+1.48
leaf 6 8 13 12 8 10 10.2+2.28
leaf 7 6 8 8 10 8 8.0+1.41
leaf 8 5 7 5 8 10 7.0+£2.12
leaf 9 9 7 9 9 9 8.610.89
leaf 10 10 10 8 11 9 9.6+1.14
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Armeria maritima, KB6.

view | view 2 view 3 view 4 view 5 meants.d.
leaf 1 10 12 13 12 13 12.0+1.22
leaf2 - 7 6 9 5 8 7.0+£1.58
leaf 3 6 5 8 9 11 7.8%2.39
leaf 4 10 9 10 10 7 9.2+1.30
leaf 5 7 7 8 7 8 7.44+0.55
leaf 6 8 7 7 9 6 7.4+1.14
leaf 7 9 7 9 9 9 8.6+0.89
leaf 8 7 7 8 6 5 6.6+1.14
leaf 9 5 7 7 7 6 6.41+0.89
leaf 10 7 6 6 8 7 6.8+0.84

Armeria maritima, KB7.

view 1 view 2 view 3 view 4 view 5 meants.d.
leaf 1 6 7 7 8 9 7.4%1.14
leaf 2 7 6 7 7 8 7.0+£0.71
leaf 3 5 6 6 6 5 5.6+0.55
leaf 4 5 6 6 5 S 5.4+0.55
leaf 5 8 7 8 8 6 7.440.89
leaf 6 8 10 11 12 9 10.0+1.58
leaf 7 9 10 12 15 10 11.2+2.39
leaf 8 5 7 6 6 8 6.4+1.14
leaf 9 8 8 8 9 7 8.0+0.71
leaf 10 7 8 6 6 7 6.8+0.84

Glaux maritima, KBS.

view 1 view 2 view 3 view 4 view 5 meanzs.d.
leaf 1 7 11 9 10 10 9.4+1.52
leaf 2 11 9 10 10 11 10.2+0.84
leaf 3 7 6 8 8 5 6.8+1.30
leaf 4 7 7 6 8 9 7.4+1.14
leaf 5 7 9 6 7 5 6.8+1.48
leaf 6 5 7 7 8 6 6.6+1.14
leaf 7 8 9 7 10 12 9.2+1.92
leaf 8 7 6 6 7 8 6.8+0.84
leaf 9 11 7 7 9 11 9.0+2.00
leaf 10 11 10 8 9 9 9.4+1.14
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Glaux matitima, KB6.

view 1 view 2 view 3 view 4 view 5 meants.d.
leaf' 1 9 7 6 7 6 7.0£1.22
leaf 2 6 8 6 7 6 6.610.89
leaf 3 6 8 9 7 8 7.6x1.14
leaf 4 6 6 7 7 5 6.2+0.84
leaf 5 6 6 7 8 8 7.0£1.00
leaf 6 6 8 8 4 9 7.0+£2.00
leaf 7 9 11 10 13 9 10.4+1.67
leaf 8 7 7 5 5 6 6.0£1.00
leaf 9 4 6 6 7 8 6.2+1.48
leaf 10 7 6 5 6 6 6.0+0.71

Glaux maritima, KB7.

view 1 view 2 view 3 view 4 view 5 meants.d.
leaf 1 9 10 7 8 9 8.6+1.14
leaf 2 9 8 8 10 12 9.4+1.67
leaf 3 12 9 9 9 9 9.6+1.34
leaf 4 8 9 10 7 12 9.241.92
leaf 5 9 8 9 10 14 10.0+2.35
leaf 6 8 12 12 11 9 10.4+1.82
leaf 7 10 10 9 7 8 8.8+1.30
leaf 8 7 6 6 8 9 7.2+1.30
leaf 9 12 13 11 9 10 11.0+1.58
leaf 10 7 7 8 7 9 7.6+0.89

Plantago maritima, KB6.

view 1 view 2 view 3 view 4 view 5 meants.d.
leaf 1 30 24 26 17 26 24.6+4.77
leaf 2 24 20 22 19 20 21.0+2.00
leaf 3 20 22 16 20 17 19.0+2.45
leaf 4 18 17 18 19 19 18.2+0.84
leaf 5 22 25 30 29 25 26.243.27
leaf 6 18 21 25 27 27 23.61£3.97
leaf 7 20 18 21 21 17 19.4+1.82
leaf 8 19 20 18 16 18 18.2+1.48
leaf 9 18 21 15 19 21 18.8+2.49
leaf 10 17 21 21 19 18 19.2+1.79
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Plantago maritima, KB7.

view 1 view 2 view 3 view 4 view 5 meants.d.
leaf 1 17 19 19 20 21 19.2+1 .48
leaf 2 33 30 29 32 28 30.4+2.07
leaf 3 24 19 25 26 28 24.443 36
leaf 4 21 22 17 20 20 20.0+1.87
leaf 5 30 39 29 30 37 33.014.64
leaf 6 20 23 20 21 24 21.6+1.82
leaf 7 21 16 18 21 7 16.6+5.77
leaf 8 16 16 15 19 17 16.6+1.52
leaf 9 17 17 21 22 17 18.842.49
leaf 10 28 27 26 26 21 25.62.70
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Appendix 17.

Kentra Bay contemporary stomatal density data, by species and zone.
Average values from five views per leaf, see appendix 16 for raw data.
Sampled March 1994, view size = 84496um.

Armeria maritima

Zone | leaf 1 leaf2 lecaf3 lcaf4 lcaf5 Icafé6 leaf7 leaf8 leaf9 leaf 10 meants.d.
KB 4 13.0 8.0 9.4 9.8 9.6 7.0 12.8 12.8 9.0 11.8 10.3+2.15
KB 5 10.8 6.2 16.0 84 6.8 10.2 8.0 7.0 8.6 9.6 9.2+2.83
KB 6 12.0 7.0 7.8 9.2 7.4 7.4 8.6 6.6 6.4 6.8 7.9+1.68
KB 7 7.4 7.0 5.6 54 7.4 10.0 11.2 6.4 8.0 6.8 7.5+1.83
Glaux maritima

Zone | leaf 1 leaf2 leaf3 leafd4 leaf5 Icaf6 leaf7 leaf8 leaf9 leaf 10 meants.d.
KB 4 - ——— - ——-- - ——— ———- ———- ———- -——- ———
KB 5 94 10.2 6.8 7.4 6.8 6.6 9.2 6.8 9.0 9.4 8.2+1.40
KB 6 7.0 6.6 7.6 6.2 7.0 7.0 10.4 6.0 6.2 6.0 7.0+1.31
KB 7 8.6 9.4 9.6 9.2 10.0 10.4 8.8 7.2 11.0 7.6 9.2+1.18
Plantago maritima

Zone | leaf1 lcaf2 leaf3 lcaf4 Icaf5 lcaf6 lcaf7 leaf8 lcaf 9 leaf 10 meands.d.
KB 4 —— - —— ——— —— coem -—— ——— oen - ————
KB 5 -—-- -—-- - -——- ——-- ——-- ———- ———- —— ——-- ————--
KB6 | 24.6 21.0 19.0 18.2 26.2 23.6 19.4 18.2 18.8 19.2 20.842.92
KB 7 19.2 30.4 244 20.0 33.0 21.6 16.6 16.6 18.8 25.6 22.615.65
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Appendix 18.

Kentra Bay Armeria maritima salt gland densities by zone.
Sampled July 1994, view size = 84496 .m.

Zone KB4 view 1 view 2 view 3 view 4 view 5 mean * s.d.
leaf 1 1 2 2 1 1 1.440.55
leaf 2 2 1 3 1 1 1.6+0.89
leaf 3 2 3 0 2 2 2.0+1.22
leaf 4 4 5 3 3 3 3.6+1.14
leaf 5 1 2 0 1 3 1.4+1.14
leaf 6 0 0 0 1 1 0.4+0.55
leaf 7 1 2 2 2 2 1.84+0.45
leaf 8 1 1 0 0 0 0.4+0.55
leaf 9 1 4 3 2 1 2.2+1.30
leaf 10 1 1 2 4 2 2.0+1.22
Zone KBS view 1 view 2 view 3 view 4 view 5 mean * s.d.
leaf 1 3 4 2 3 3 3.040.71
leaf 2 1 1 1 3 2 1.6+0.89
leaf 3 3 4 3 4 4 3.6+0.55
leaf 4 2 2 2 1 3 2.0+0.71
leaf S 2 4 3 1 3 2.6%1.14
leaf 6 3 3 2 3 4 3.0£0.71
leaf 7 2 0 0 1 0 0.6+0.89
leaf 8 2 2 2 2 2 2.0+0.00
leaf 9 3 3 3 4 2 3.040.71
leaf 10 2 3 4 2 3 2.840.84
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Zone KB6 view 1 view 2 view 3 view 4 view 5 mean + s.d.
leaf 1 3 1 1 4 2 2.2+1.30
leaf 2 2 0 1 1 2 1.2+0.84
leaf 3 2 3 3 1 3 2.440.89
leaf 4 2 2 3 3 1 2.2+0.84
leaf 5 2 3 3 1 2 2.2+0.84
leaf 6 1 2 2 2 4 2.2+1.10
leaf 7 1 2 3 1 3 2.0£1.00
leaf 8 1 1 0 2 3 1.4+1.14
leaf 9 3 2 3 1 2 2.2+0.84
leaf 10 1 0 1 0 2 0.8+0.84
Zone KB7 view 1 view 2 view 3 view 4 view 5 mean * s.d.
leaf 1 3 2 2 1 0 1.6£1.14
leaf 2 2 1 3 2 3 2.240.84
leaf 3 2 2 3 3 2 2.440.55
leaf 4 1 1 2 2 2 1.620.55
leaf 5 2 3 2 2 1 2.0+0.71
leaf 6 1 3 1 2 1 1.6+0.89
leaf 7 2 3 1 1 3 2.0£1.00
leaf 8 2 2 1 2 1 1.6+0.55
leaf 9 2 2 1 1 3 1.640.55
leaf 10 2 | 2 2 1 1.6+0.55
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Puccinellia maritima

Appendix 19.

Kentra Bay contemporary §13C data, by species and vegetation zone.

Zone |samplel sample2 sample3 sample4 sampleS5 sample6 | meants.d.
KB4 -26.09 -25.99 -26.12 -26.42 -26.41 e -26.2140.20
KBS -27.54 -27.63 -27.57 -27.50 -27.67 - -27.58+0.07
KB6 -26.06 -26.28 -26.62 -26.15 -26.26 -26.39 -26.29+0.20
KB7 S
Pelvetia canaliculata (?)
Zone sample 1 sample2 sample3 sample4 sampleS sample6 meants.d.
KB4 -17.87 -17.93 -17.49 -17.63 -17.66 -—-- -17.72+0.18
KBS -18.76 -19.17 -19.47 -19.20 -19.19 ——-- -19.1610.25
KB6 -20.20 -20.14 -20.63 -20.94 -21.00 -20.60 -20.59+0.36
KB7 -— -—- o - - i
Armeria maritima
Zone |samplel sample2 sample3 sample4 sample5 sample6 | meants.d.
KB4 -23.65 -24.58 -23.80 -24.07 -23.98 -23.35 -23.91+0.42
KBS -25.28 -25.67 -25.85 -25.06 -26.14 -25.52 | -25.5940.39
KB6 -25.14 -25.36 -24.70 -24.29 -23.37 -24.14 | -24.50+0.73
KB7 -25.59 -24.04 -24.19 -24.06 -23.92 -24 .83 -24.44+0.65
Glaux maritima
Zone |samplel sample2 sample3 sample4 sampleS sample6{ meants.d.
KB4 — | e
KB5S -24 .51 -24.82 -24.14 -23.93 -24.20 -24.77 | -24.40+0.36
KB6 -23.75 -24.54 -23.77 -23.76 -23.90 -23.88 | -23.9310.30
KB7 -25.30 -24 .61 -25.11 -24.49 -25.07 -24.05 | -24.77+0.47
Plantago maritima
Zone sample 1 sample 2 sample3 sample4 sampleS sample6 meants.d.
KB4 — | -
KBS -—-- - ———- -—-- - e
KB6 -27.88 -27.90 -28.06 -27.38 -27.86 -27.48 | -27.7610.27
KB7 -27.34 -26.67 -26.81 -26.15 -26.62 -26.49 | -26.68+0.39
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Juncus gerardii

Zone | sample 1 sample2 sample3 sample4 sampleS sample 6 meants.d.

KB4 -—-- -—- ---- - -—-- e

KBS -—-- -—-- -—-- -—-- ---- e

KB6 -—-- -—-- -—-- -—-- ---- e

KB7 -23.83 -24.95 -25.23 -25.09 -24.37 -25.09 | -24.7610.55
268
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