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Introduction

Very close to 100 years ago, an event occurred some-
where along the salt marshes fringing the Solent
estuary in southern England which was to have a
profound effect on the ecology of intertidal mudflats
and marshes throughout the world. A natural doubling
of the chromosome complement in the sterile hybrid
Spartina x townsendii created a vigorous, fertile, amphi-
diploid plant, Spartina anglica, which has spread, both
naturally and by deliberate introductions, to dominate
the lower zones of many salt marshes in the temperate
regions of both hemispheres.

The spectrum of ecological problems which have
resulted from the dramatic spread of the species is
discussed in this volume by research scientists from a
wide range of backgrounds and interests. The chapters
are based partly on papers presented at an ITE
workshop held at its Furzebrook Research Station in
1985, considerably updated in 1988, and include further
invited contributions. They illustrate that what Dr Joyce
Lambert dubbed ‘the Spartina story’ (Nature, Lond.,
204, 1136-1138 (1964)) is far from over.

The prospect of continuing coastal change, with rising
sea levels and global warming, adds new possibilities
for the future of the species. The effect of rising
temperatures alone on a plant which may be limited in
its primary productivity, seed production and northward
spread by temperature-dependent factors provides an
intriguing new dimension to the role of Spartina in the
development of coastal marshes.

Although most contributions cover work on Spartina in
Great Britain and Europe, we have included a report of
the dramatic influence of the grass on the Chinese
coast, to which it was introduced only 25 years ago. The
provider of that introduced material, Dr Derek Ranwell,
who has made such an important contribution to
research on the species and who was present at our
original workshop, died last year. We should like to
dedicate this volume to his memory.

Alan Gray and Paulina Benham



CHAPTER 1

Spartina anglica - the evolutionary and ecological

background

A J Gray', P E M Benham' and A F Raybould?

! Institute of Terrestrial Ecology, Furzebrook Research Station, Wareham, Dorset, BH20 5AS
2 Department of Biological Sciences, University of Birmingham, Birmingham, 815 2TT

Summary

The evolution of Spartina anglicais described, with new
electrophoretic data confirming its amphidiploid origin
from the progenitor species S. alterniflora and S.
maritima. Factors influencing the species’ successful
establishment and spread include its perennial life
history and the existence of a zone of mudflat formerly
unoccupied by perennial plants - a vacant niche. A
feature of the species’ spread has been sudden phases
of population expansion, apparently initiated by a single
year of seedling establishment. The spread and subse-
quent decline of S. anglica along the south coast has
resulted in the immobilisation and later release of
extremely large volumes of tide-borne sediments.
These events presage continuing ecological and evolu-
tionary change.

1. Introduction

In this paper, we review briefly the evolution of Spartina
anglica and provide new evidence to confirm its allo-
polyploid origin. Aspects of the spread, and in some
areas the subsequent decline, of the species will be
discussed, partly to provide a background to the
contributions which follow, but principally to raise what
we believe to be important but unanswered questions.

2. Origin and evolution

Spartina anglica (a name which is strictly invalid, but
widely accepted, having first appeared in the second
edition of C E Hubbard's book in 1968) is frequently
described in textbooks as the classic example of a
natural amphidiploid. Its origin, by chromosome dou-
bling of the sterile hybrid (now designated Spartina
townsendii) between the European S. maritima and the
North American S. alterniflora, was largely confirmed by
Marchant in the early 1960s (Marchant 1963, 1967,
1968; see also Lambert 1964). The original hybridi-
sation occurred in Southampton Water some time prior
to 1870, probably near Hythe, where one of the few
remaining extensive populations of the sterile F; hybrid
can be found. The hybrid was first recognised in 1878
by the Groves brothers, who called it S. townsendii
(initially spelt with only one ‘i') (Groves & Groves 1880),
having first believed it to be a form of the then common
S. maritima (Groves & Groves 1879). The amphidiploid
may have arisen around 1890, and was present at
nearby Lymington in 1892 and the Isle of Wight in 1893
{Hubbard 1957; Goodman et al. 1969). The sudden
increase in the rate of spread of the species along the
south coast at the end of the last century accords with
the production of a fertile form able to spread by seed

(Stapf 1913). Marchant’s thorough investigation of the
morphology and cytology of British material led him to
suggest the genomic relationships shown in Figure 1
(Marchant 1968). The presence of backcrossed individ-
uals near Hythe, the discovery of a polyhaploid plant
closely resembling the sterile hybrid (a polyhaploid is a
functional diploid produced from a polyploid via unferti-
lised gametes), and pairing behaviour at meiosis all
pointed to the amphidiploid origin of S. anglica.

Despite this remarkable detective work, some small
doubts remain. It has not been possible either to
produce a hybrid between the parent species or to
induce the sterile Fy hybrid to double its chromosome
number. Furthermore, Marchant's discovery of the
parental chromosome numbers, 2n=60 and 62, which
corrected widely different parental chromosome
numbers, 2n=56 and 70 reported by Huskins (1931),
raised the possibility of an autotetraploid origin of
S. anglica. The low number of multivalents at meiosis in
S. anglica suggests that autopolyploidy is unlikely, both
the parents forming mostly ring bivalents and therefore

S. altemnifiora
(2n=62-6x+2)

F1

S x townsendii First backcross
(cbx) 62 (2n=90-9x)
A-A ll\ -A

BB A
C B ) ?
-
B.-B;
Chromosome doubling c
S. anglica / ' Y
(2n=120,122,124) Second backcross
(c12x) (c 7x+6)
A4 A-A
A-A B1- B
. +1172
8-8 B2-B,
8- ?1
B,- B2 fromABorC
c-C
\ Polyhaploidy

FIGURE 1. Spartina genome relationships after Marchant
(1968}



being expected to produce an autotetraploid with a high

multivalent frequency. As Marchant (1968) admits,

however, autotetraploidy remains a possibility. Below,

evidence is presented from variation in isoenzyme

patterns which demonstrates conclusively the amphi-
“diploid origin of S. anglica.

Other unresolved aspects of the evolution of the
species remain. These aspects include a possibly
polytopic origin — the hybridisation occurring in several
different sites. Both the progenitor species were
common in the Solent during the last century, where
they may have been in contact in the Hythe area for
about 70 years. Elsewhere in the estuary, however,
S. maritima had disappeared by the late 1830s, and
S. alterniflora was not recorded before about 1816. The
progenitor species also occurred together in south-
west France, where a sterile plant, later named
S. neyrautii, was found in 1892, which is believed to be
a hybrid from the reciprocal cross {with S. a/tern/f/ora as
Q) (Arber 1934; Marchant 1977).

Several variants of Spartina have been reported, includ-
ing a dwarf brown form from the Dovey and the Severn
estuaries (Chater & Jones 1951), and a densely tillering
form from Ireland similar, phenotypically, to S. maritima
{Boyle 1976). Both these plants have reduced chromo-
some numbers of 2n=c62 (Marchant 1968; but see
Chater 1965) and 2n=56 (Boyle 1976), respectively,
and may be polyhaploids. The patches of a densely
tillering, sparsely flowering form which can be found in
several estuaries, including Poole Harbour, may indi-
cate the widespread production of polyhaploids. Indi-
-viduals from 17 batches of seedlings collected by Gray
from soft mud close to the sea wall at Keyhaven,
Hampshire, on 24 July 1984 proved to have chromo-
some numbers ranging from 2n=54 to 62 (Myers
1985), but, from electrophoretic evidence (see below),
were found not to be either of the progenitor species
" (or, of course, S. townsendii, which does not produce
seed), but to resemble S. anglica. Again, the production
of polyhaploids or severe aneuploids is inferred.

The picture is further complicated by the presence in
some estuaries of the sterile F hybrid, S. townsendii,
the existence of which was only discovered by Hubbard
in 1956 (Hubbard 1957). Apart from a few south coast
sites, it is likely that this primary hybrid was introduced,
possibly with S. anglica, during the extensive plantings
made during the 1920s and 1930s. For example, it can
still be found today in Arne Bay, Poole Harbour, an area
from which an estimated 175 000 plant fragments
were exported between 1924 and 1936 to more than
130 sites around the world (Hubbard 1965). At Arne, S.
townsendiiis now largely confined to a few plants in the
upper marsh, indicating that, as is widely believed to
have happened elsewhere, it has been replaced by the
more vigorous amphidiploid. Drok (1983), working in
south-west Holland, was unable to relate morphologi-
cal, reproductive and cytological features among a large
sample of plants which included ‘S. townsendii’ -types
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FIGURE 2. Isoenzyme phenotypes in five enzyme systems
for Spartina alterniflora, S. anglica and S. maritima

and both tall and dwarf forms of S. anglica. He found
some fertile plants which were morphologically and
cytologically classifiable as S. townsendii and both
diploid and tetraploid ‘S. anglica™-type plants in which
cytotype was not correlated with size differences.

Several observers have commented on the range of
morphological variation in field populations of S. anglica
(eg Goodman et al. 1969; Ranwell 1967; Haynes 1984;
Long & Mason 1983), and both Hill and Thompson
(pp15 & 26) report significant differentiation between
local populations in a range of characters presumably
under polygenic control. By contrast, preliminary
results of investigations of variation at the isoenzyme
level suggest that the amphidiploid is genetically uni-
form (see below). Several unresolved questions are
clearly raised by such findings.

Whatever the genetic base of variation in the species,
the success of its establishment and spread has several
inseparable elements, not the least of which was pure
chance (Gray 1986). It originated from a brief contact
between an introduced species and a species at the
edge of its range, both of which rarely set seed in Britain
and have subsequently decreased in area — S. alterni-
florato one site only, with the related S. alterniflora ssp.
glabra at three other sites, and S. maritima to a few
scattered localities from Hampshire to Lincolnshire,



with most populations occurring in Essex. Another
important element was the perennial nature of the
species, enabling the F, hybrid to survive until doubling
occurred. The many known, and presumed, selective
advantages of polyploids over their diploid ancestors
{Levin 1983) may have been important, although the
ecological implications of increased cell size, later
flowering, larger seeds, higher net rates of photo-
synthesis, greater biochemical diversity through fixed
heterozygosity, and other features associated with
polyploidy have not been investigated in the Spartina
complex.

Perhaps the most important element in the rapid
expansion of S. anglica was the existence of a ‘vacant
niche’ {a philosophically interesting abstraction as its
presence is usually only detected when the resources
or space it represents have been exploited). Early
descriptions and photographs, and observations in
recently invaded areas indicate that, in the zone of
mudflats below that occupied by perennials, notably
Puccinellia maritima, and generally above that occupied
by Zostera species, the only flowering plants found
prior to the advent of S. anglica were annual Salicornia
species (and then often thinly scattered). The invasion
of that zone and part of the zone to landward, both by
natural spread and by widespread introductions, has
been well documented (Goodman, Braybrooks & Lam-
bert 1959; Hubbard & Stebbings 1967; Ranwell 1967;
Doody 1984), and Charman {p11) reviews the current
status of S. anglica in Britain.

3. Electrophoretic evidence for the allopolyploid
origin of S. anglica

When two genomes combine as a result of polyploidy,
their affinities can sometimes be detected by elec-
trophoretic separation of isocenzymes (eg Gottlieb
1982). Figure 2 is a diagrammatic representation of the
isoenzyme phenotypes observed in five enzyme
systems extracted from leaf tissue of British material of
S. alternifiora, S. anglica and S. maritima. The methods
and full results will be published elsewhere — Figure 2
depicts only the major and reliably detectable bands
occurring on starch gels {run at ITE Furzebrook
Research Station) or polyacrylamide gels {(run at the
University of Birmingham) using a horizontal gel elec-
trophoresis procedure (see also Plates 1& 2). Enzymes
were assayed from several British populations of
S. anglicaand S. maritima and, with minor exceptions in
S. maritima and known aneuploids in S. anglica, were
found to be phenotypically uniform. The single British
population of S. alterniflora, from Marchwood, is the
one shown in Figure 2, North American plants of this
species and S. alterniflora ssp. glabra from Hampshire
and Essex showing some minor variation in banding
patterns from this plant.

In the five enzymes (and in others not shown here), the
phenotype of S. anglica (Plate 1 centre) clearly
comprises a simple addition of the bands of the two
progenitor species. Although complicating factors such
as the production of novel hybrid enzymes may occurin

1972

1978

FIGURE 3. The pattern of invasion and spread of Spartina anglica in part of the Conwy estuary, north Wales, between 1972 and

1978. Drawn from aerial photographs at different scales



1972

FIGURE 4. The decline of Spartina-dominated marsh in Holes Bay, Poole Harbour, Dorset, from 1924 to 1981

(from Gray & Pearson 1984)

allopolyploids {Roose & Gottlieb 1976), it is not possible
by autopolyploidy to manufacture isoenzymes of mark-
edly different electrophoretic mobility outside the range
of mobilities already expressed, as would have to be
invoked for both progenitor species in PG, SDh and Est
{on acrylamide), for S. alterniflora in GOT (on starch),
and for S. maritima in Est (on starch). The banding
patterns in Figure 2 thus provide unambiguous evi-
dence of the allopolyploid origin of S. anglica from the
two putative progenitors.

8

4. Aspects of invasion and decline

Both the rapid spread of S. anglica and, in some areas,
its subsequent decline have been well charted (see
references above and Doody 1984). Here, we consider
two aspects of these changes, one relating to the
invasive phase, the other to the consequences of
widespread regression.

A feature of the invasion of S. anglica noted in many
estuaries, but not systematically documented, is the



sudden rapid expansion of a population which has been
established, probably for many years, but has hitherto
been growing only slowly. This phenomenon is
illustrated in Figure 3, which is drawn from aerial
photographs of part of the lower Conwy estuary, west
of Llandudno Junction railway station and south of the
causeway leading to the Conwy bridges. In 1969, a
triangular area of mudflat south of the causeway,
bounded on both sides by continuous swards of S.
anglica, appeared to be devoid of vegetation. By 1972, a
large number of almost equal-sized clumps had
-appeared, and six years later the pattern of clumps was
almost identical with few new sites of establishment.
The species was introduced to the Conwy in the late
1940s but colonised this area of the estuary following a
single burst of (presumed) seedling establishment
more than 20 years later.

Similar rapid bursts of colonisation have been noted in
several estuaries, including in recent years some of the
sites close to the northern limits of the species, eg
Morecambe Bay {R Scott pers. comm.) and the Cro-
marty Firth (Smith 1982). They imply the sudden
occurrence of a good year for seedling establishment,
perhaps following an infrequent episode of seed pro-
duction or the arrival at some threshold level in mudflat
elevation. Perhaps the phenomenon has a genetic basis
— a breakdown in self-incompatibility, for example. The
causes of variation in seed production are discussed by
Marks & Mullins (p20), and clearly vary considerably in
different parts of the species’ range. [t seems we do not
know what constitutes a good year for seedling estab-
lishment or the extent to which tide-related phenomena
contribute to the sudden expansion of populations
which have been ‘lurking’ for many years.

The widespread dieback of S. anglica, particularly in
those south coast estuaries where it has been estab-
lished for more than 80 years, has been widely reported
and investigated (eg Goodman 1960; Goodman et al.
1959; Goodman & Williams 1961; Haynes & Coulson
1982; Gray & Pearson 1984). The pattern of decline in
Holes Bay, Poole Harbour (Figure 4), is typical of that
which has occurred elsewhere, although the onset of
the decline has varied. For example, it has only recently
begun in Milford Haven, south Wales (Baker et al., p60).
In Holes Bay, the marshland began to decline in the late
1920s, and by 1981 was, at 80 ha, less than 40% of the
1924 area.

Where such regression of marshland has occurred,
there has been a dramatic impact on the sedimentary
régime of the seaward mudflats and creeks. Figure 5
shows the percentage changes in the average bed
levels of four major channels in Poole Harbour between
successive hydrographic surveys from 1849 to 1980.
The pattern of change suggests that channels
deepened as S. anglica spread within the Harbour,
presumably removing from circulation extremely large
volumes of sediment. Depths above the former Zostera
mudfiat levels of accreted sediment of up to
1.8 m have been recorded below Spartina marshes in

Poole Harbour (Hubbard & Stebbings 1368). From the
early 1930s onward, the considerable shoaling of all the
major navigation channels in the Harbour, including the
four in Figure 5, clearly reflects the release of sediment
from the eroding marshes {presumably large amounts
of nutrients were also released). Some deepening of
the most seaward channels has occurred in the past 30
years as gradients steepen and tidal volumes increase.
The break-up of the protective S. anglica marsh has also
exposed the shoreline and islands within the Harbour to
wind-generated wave erosion by increased fetch.

The widely accepted explanation of the decline is that,
whatever the proximate causes of dieback and death,
the process is a ‘natural’ one, in which S. anglica
drastically alters the sedimentary and drainage char-
acteristics of the marshlands and paves the way for its
own destruction by the creation of anaerobic soils. It is
particularly interesting to consider whether this process
is cyclic and whether S. anglica will reinvade newly
accreted sediments in time. There is little evidence of
this reinvasion so far, probably because most mudflats
to seaward of former S. anglica marshes are too low or
unstable for the species to colonise. If it does not
reinvade, we may expect a gradual reduction of the S.
anglica niche to one in greater equilibrium with its
physical and biotic environment. The evolution of the

- Wytch Lake
1007 Middlebere
- Lake
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Change in bed level (%)
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FIGURE 5. The percentage change in bed levels of four major
channels in Poole Harbour, Dorset, between the Admiralty
surveys of 1849 and those of 1934, 1954 and 1980. Note the
deepening during the expansion of Spartina marsh and
shallowing during its decline from 1934 onwards
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species is at an early stage, and we are witnessing
highly dynamic events. Almost 80 years ago, Stapf
wrote:

‘The immediate effect of the appearance of this
pushful grass on the mudflats of the south coast has
been to relieve their bareness and even to beautify
them to some extent, -and it has no doubt already
affected animal life. Physical changes must follow,
which, if the grass continues to flourish and spread,
will react on the general conditions of the foreshore,
resulting probably in the solidification and raising of
the mudbanks; but this process will take time . ..
Whether the result will in the end be beneficial or to
the contrary will depend greatly on local conditions. In
any case it will be a change worth watching and
studying.’ (Stapf 1908)

His remarkably prophetic words, as the papers in this
volume indicate, are no less true today.
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CHAPTER 2

The current status of Spartina anglica in Britain

K Charman

Nature Conservancy Council, Northminster House, Peterborough, PE1 1UA

Summary

. A comparison of recent information, based on literature
searches and some field survey, with that given by
Hubbard and Stebbings (1967) reveals a different
pattern of change in Spartina anglica populations on the
east, south and west coasts, respectively. On the east
and south coasts, the area of Spartina marsh, but not
the number of sites at which the species is present, has
declined, although the dramatic apparent decline on the
east coast may be because of doubtful aerial photo-
graph interpretation. There has been anincrease in both
the area of Spartina and the number of sites on the west
coast, although there is considerable between-site
variability in the rate and extent of colonisation of
Spartina. This preliminary survey suggests that Spartina
anglica occupies almost 10 000 ha in Britain.

1. Introduction

Spartina anglica (sensu lato) is shown in the Atlas of the
British Flora (Perring & Walters 1976) as being of
widespread distribution in both England and Wales, but
infrequent north of a line from the Solway to the Firth of
Forth. The account of its distribution and abundance
given by Hubbard and Stebbings (1967) was derived
from a number of published and unpublished sources, a
substantial amount of data being obtained from their
own interpretation of aerial photographs taken in the
early- to mid-1960s. Although Spartina’s widespread
distribution was confirmed, the quantitative data
showed major concentrations of the grass in the south
" coast harbours of Hampshire and Sussex and on the
east coast in Essex, north Kent and the Wash
embayment. Their paper gives detailed information on
the date and type of origin, area and source of informa-
tion for the component sites of the then known
distribution. From the summation of the individual area
figures, they derive a value for the total Spartina
resource of some 12 000 ha.

The major purposes of this paper are:

— to review the current distribution and abundance of
Spartina anglica, using the best and most up-to-date
information available;

— to compare recent survey information for individual
sites with that given by Hubbard and Stebbings
(1967); and

— to explore some of the relationships between
Spartina occurrence and abundance with other
features of the salt marsh in which they occur.

2. Methods

A number of sources have been used to update the
information previously available, as described below.

- The threat of major development proposals at a
number of coastal sites has led to detailed mapping
of the habitats and communities present, eg the
Wash bunded reservoir scheme (Randerson 1975),
the Third London airport (Boorman & Ranwell 1977),
the Severn barrage (Smith 1979).

— A number of published studies of Spartina popu-
lations on the south coast (eg Haynes & Coulson
1982; Tubbs 1980) has also included estimates of
the area of Spartina present.

— My own work has involved sketch-mapping the
distribution of salt marsh communities (including
Spartina) as part of a site-by-site review of the British
salt marsh resource. To date, this mapping has
concentrated on Wales and the west and south-west
coast of England.

There are major practical problems in trying to update
the information presented by Hubbard and Stebbings
(1967).

i. The sites for which they give area measurements
are not always well defined. For example, although
the Severn estuary is divided into a number of
blocks, there is no clear indication of boundaries,
and therefore detailed comparisons with recent
studies are difficult.

ii. In some instances, the changes in Spartina area
between Hubbard and Stebbings’ information and
the current data are so great as to call into question
their interpretation of aerial photographs. For
example, for the Wash they record 1914 ha (based
on photographs flown mainly in 1958); in 1971,
Randerson {1975) recorded only 207 ha.

iii. Hubbard and Stebbings include no definition of the
density or proportion of Spartina in a sward which
they considered as a qualifying level for inclusion in
their data. Although they allude to the problems of
mixtures and clumps, no conclusions are drawn.
The definition used in this paper is that Spartina
must dominate a community (ie represent more
than 50% cover). Scattered clumps on open mud
have been included as a proportion of the total
areas covered, or by measurement where clumps
are large enough.

3. Results

Despite the problems outlined above, | have used the
figures from Hubbard and Stebbings, bringing them
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up-to-date where possible. The updating has been to a
variety of dates, depending on the information availa-
ble. Where no more recent data are available, Hubbard
and Stebbings’ original figures have been retained.

Table 1. Area of Spartina as given for three areas of Britain by

Hubbard and Stebbings (1967). and the updated figures

East South West
Total
coast coast coast
Hubbard & Stebbings
(1967)
Area of Spartina (ha) 6568 3326 2312 12 205
Number of sites 27 24 35 86
Updated figures
Area of Spartina (ha) 3655 2951 3248 9854
Number of sites 27 29 55 m
(new sites — old sites) (+1 —1) (+6 —1) (+20) (+27 -2)
Change 44% 1% 40% 19%
reduction reduction increase reduction

Table 1 presents Hubbard and Stebbings’ original data
summarised for the west, south and east coasts of
Britain, together with updated figures from the sources
outlined above. Hubbard and Stebbings indicated that,

in the 1960s, the south coast Spartina marshes had.

passed their earlier growth and invasive phase, and
degeneration was both substantial and widespread.
More recent changes over the last two decades have
been limited to an apparently small reduction in area. In
contrast, the decline in stocks on the east coast appears
to be very dramatic. The data have been updated on
relatively few sites at present (the Wash and a few sites
in Essex), and these may be atypical or involve doubtful
air photo interpretations. The west coast shows a
substantial increase in the quantity of Spartina present.
The overall pattern outlined above is reflected on
individual south, east and west coast sites, although the
data in the former two areas are incomplete and
additional information might reveal different patterns.
The initial and dramatic increase in Spartina on the
south coast of England, with subsequent planting and
invasion of the east and then west coast, could account
for the variation in the data presented above, if the
species passed through invasive, mature and degener-
ative phases at each station.

Data from the salt marsh review are currently available
for sites on the west coast of England and Wales
between south Devon and Morecambe Bay (excluding
the Severn estuary — see above). Records are available
for a total of 58 salt marsh sites (discrete areas of salt
marsh separated from adjacent sites by significant
lengths of coastline devoid of salt marsh). Of these
sites, 11 contained no Spartina and on one additional
site none was located, although Hubbard and Stebbings
recorded it as present. On 22 sites, the presence of
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Spartina noted by Hubbard and Stebbings was con-
firmed, and on a further 24 sites Spartina was found
although it had not been recorded in the previous study.

There appears to be a good relationship between the
area of Spartina found at a site and the size of the whole
marsh, with the larger sites containing more Spartina
{Figure 1). Examination of the size distribution of marsh on

i. sites with no Spartina
ii. sites with new Spartina, and

iii. existing Spartina sites

reveals that it is predominantly the small sites which at
present contain no Spartina and that the marsh size of
sites with known Spartinais somewhat larger than that
for new sites {Figure 2). Histograms of size distribution
for Spartina itself show similar trends, with new sites
containing smaller quantities of Spartina in comparison
with known sites (Figure 3). In addition, a shift in size
distribution at the same sites with time (Hubbard &
Stebbings’ data cf current data) indicates that, for some
sites on the west coast (at least), the Spartina popu-
lation is still expanding.
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FIGURE 1. Relationship between the area of Spartina and

the area of salt marsh at 58 sites on the west coast of Britain
(shown for clarity at base of logarithmic 'y’ scale)

The information presented appears to fit a logical
sequence of invasion and growth, starting with the
largest sites — presumably with the greatest probability
and size of potential Spartina habitat for planting or
invasion by seed. This simple analysis belies the fact
that the percentage area of Spartina for each marsh
reveals little pattern, when plotted against total area of
marsh (Figure 4). Large, medium and small sites all vary
widely in the proportion of Spartina present. Within the
overall increase in Spartina resources of the west coast
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FIGURE 2. Size distribution of salt marsh on 58 sites on the
west coast of Britain for sites with (i) no Spartina, (if) new
Spartina, and (iii) known Spartina

between the 1950s and the present time, some sites
have declining populations of Spartina whilst others are
increasing. There is no apparent pattern to this variation
in relation to latitude, size of the marsh, or size of the
Spartina population.

4. Conclusions

Even when based on an incomplete sample of sites,
there seems to have been a marked overall increase in
Spartina resources since Hubbard and Stebbings’ origi-
nal survey. However, there is much geographical
variation in the response of Spartina populations over
the last 30 years. Whilst some of this pattern may be
explicable in terms of an invasive sequence, there
remains considerable site-to-site variability.
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FIGURE 3. Size distribution of Spartina on 46 sites on the
west coast of Britain for sites with (i) new Spartina, (i) new
Spartina, and (iii) known Spartina (Hubbard & Stebbings 1967)
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FIGURE 4. Relationship’ between the percentage of
Spartina and the area of salt marsh at 58 sites on the west
coast of Britain
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CHAPTER 3

Population differentiation in Spartina in the Dee
estuary — common garden and reciprocal transplant

experiments
M | Hill

Environmental Advisory Unit, University of Liverpool, Merseyside Innovation Centre, 131 Mount Pleasant, Liverpool, L3 5TF

Summary

Common garden experiments in which Spartina anglica
plants from the Dee estuary were grown in pots in a
greenhouse for nine months (experiment 1) and in a
sand bed for two years (experiment 2) indicate that
there is some ecotypic differentiation between popu-
lations from different salt marsh zones. In general,
upper marsh plants were taller and had larger leaves
and inflorescences than lower marsh plants. Reciprocal
transplant experiments established that plants survived
and performed better in their home environments, with
selection against the alien clones being greater in the
upper marsh site than the lower marsh site.

1. Introduction

Despite a considerable literature on the ecology and
evolutionary history of Spartina anglicain Britain, little is
known about the level of genetic variation in natural
populations. Variation in field populations has often
been commented upon (eg Ranwell 1967; Goodman et
al. 1969; Long & Mason 1983). Such variation may arise
from both ecotypic differentiation and phenotypic plas-
ticity, but their respective contributions are unknown.

The ecological amplitude of Spartina anglica is greater
than either of its putative parent species in Britain.
Ecotypic differentiation is particularly common in
species with wide ecological amplitudes (Silander &
Antonovics 1979); a species may have expanded its
niche by differentiation into distinct adapted popu-
lations. Alternatively, it can be argued that, in colonising
species such as Spartina, a small founder population
may have difficulty in maintaining within-population
variation, and may respond to a variable environment by
phenotypic plasticity {Schmid 1984).

This argument raises a number of important questions.

— To what extent are populations within (or between)
marshes genetically differentiated?

— What characters show differentiation?

— Can this variation be demonstrated to be adaptive in
the sense of conferring fitness in the local
environment?

In this study, these questions are addressed with
respect to the Spartina populations of different vege-
tation zones on the Cheshire shore of the Dee estuary
salt marshes. Spartina was introduced to the Dee
estuary in 1928-29, but did not become widely distri-

buted until the 1950s (Marker 1967). The most recent
estimate of area of Spartinadominated marsh in the
Dee is 526 ha (Deadman 1984). It is now found
throughout the zonation, which is unusual in that an
extensive Spartina sward (zone 2) is found in the upper
marsh, separated from the lower marsh Spartina
communities by a well-drained area (zone 3) of high
creek density. The curfent vegetation zonation, defined
by the dominance of Spartina, is shown in Table 1.

Table 1. Summary of vegetation zonation of the Parkgate salt
marshes on the Cheshire shore of the Dee estuary

Zone Vegetation

Upper

1. Shore zone Puccinellia — Aster — upper marsh species
Spartina in pans and poorly drained sites over-

“lying original course of Parkgate gutter

2. Upper marsh  Spartina

Spartina sward

Middle
3. Creek zone Puccinellia — Halimione — Suaeda — Aster
Spartina in poorly drained areas batween

creeks

Lower
4. Lower marsh
Spartina sward

Spartina
Puccinellia, Suaeda, Aster and Salicornia co-
dominant in some areas

5. Pioneer zone  Spartina tussocks
Localised Salicornia pioneer communities and

Suaeda individuals

2. Common garden experiments
2.1 Methods and results

Common garden experiments — where variation due to
environmental factors is minimised — are a well-
established method in investigations of population
differentiation. Single tillers of Spartina were collected
from low, middle and upper marsh populations in March
1982, and propagated in a greenhouse for one year.

EXPERIMENT 1

The first experiment was relatively short term, and used
clones from lower (zones 4 and 5) and upper {zones 1
and 2) marsh populations, grown in sand-filled pots inan
unheated greenhouse. The experiment was conducted
as a randomised block design, with three blocks and 30
clones of each population per block. Single tillers were
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Table 2. Common garden experiment 1. Population means and
F-ratios: results of analyses of variance of characters
significant (P < 0.05) at the population level

F-ratio
Population means between

Character Lower marsh Upper marsh populations

Vegetative tiller number 14.7 12.0 4.164***
Flowering tiller number 3.0 21 4.270*
Spike number per

inflorescence 21 25 12.337***
Terminal spike length {cm) 9.1 9.9 3.60*
Vegetative tillers
Longest leaf length (cm) 13.2 14.2 4.118*
Longest leaf width (mm) 6.0 6.4 5.388*
Third leaf width {(mm) 6.0 6.3 6.7569*
Flowering tillers
Tiller height {cm) 38.9 448 12.460***
Leaf number per tiller 6.9 7.5 4921
Tiller diameter {mm) 4.2 4.6 7.317**
Third leaf length {cm) 15.4 171 7.144**
Third leaf width {mm) 6.4 7.0 5.031*
*P <005, **P<0.01, ***P <0.001

planted in March and harvested in November 1983,
when a range of morphological and dry weight variables
was measured.

Analysis of variance showed significant variation at the
clone within-population level for 27 out of 35 char-
acters, suggesting considerable clonal variation within
the populations sampled. At the population level, 12
variables were significant (Table 2). Lower marsh
clones produced more vegetative and flowering tillers
than those from the upper marsh. Vegetative and
flowering tillers of upper marsh plants were char-
acterised by longer and wider leaves. Flowering tillers
of upper marsh clones were also significantly taller,
wider at the base, and carried more leaves, longer
terminal spikes and more spikes per inflorescence. In
summary, these results suggest a trend towards an
upper marsh population of more robust, larger biotypes
with a lower rate of tillering. There was, however, no
significant difference between the populations in the
proportion of flowering tillers, or in any dry weight or
rhizome character.

Coefficients of variation and variance ratios were calcu-
lated to compare the levels of variation in populations
for characters which showed a significant population
effect in the analysis of variance. These calculations
showed no consistent trend over all characters.

EXPERIMENT 2

The second experiment used plants from three popu-
lations {lower, middle and upper marsh) which were
grown in a sand bed, so allowing relatively unrestricted
spread and rhizome production. Plants were grown
from single tillers for a period of two years, throughout
which time destructive harvests were made. As before,
a randomised block design was used, with three blocks
and eight clones of each population per block.

16

As in the first experiment, analysis of variance showed
significant differences between populations in a
number of characters (Table 3). The most unexpected
result was the poor performance and lack of vigour of
the middle marsh clones. The middle marsh population
mean was significantly lower than at least one of the
other two population means in tiller production, most
biomass components, the number of shoot complexes
(discrete clumps of tillers), the flowering index (date of
first flowering), and seed production. In morphological
characters (eg leaf length and width, tiller height, spike
number), a similar pattern to the first experiment was
found. However, less differences were significant and
the middle marsh population showed no consistent
pattern with respect to the other two populations. In
contrast to the first experiment, there was no signifi-
cant difference between the lower and upper marsh
populations in mean tiller number per clone.

Demographic studies of field populations showed that-
the proportion of overwintering tillers increased, and
that of flowering tillers decreased, with elevation (Hill
1984). This pattern was not repeated in sand culture:
the proportion of overwintering and flowering tillers
was similar in all populations.

2.2 Discussion

The results of these common garden experiments
suggest that there is some ecotypic differentiation
between Spartina populations from different salt marsh '
zones. This differentiation was most evident in the
morphological characters where, in general, upper
marsh plants bore taller tillers and larger leaves and
inflorescences than lower marsh individuals. This
finding can be interpreted as a response to conditions in
a relatively mature salt marsh community where the
vegetation is taller and forms a dense sward.

Both experiments yielded similar results. However,
fewer morphological characters- showed evidence of
differentiation in the second experiment, possibly
because of a carry-over effect from the field environ-
ment which persisted in the shorter experiment. Altern-
atively, because population means in the second
experiment were derived from a number of harvests,
seasonal variation may have obscured differences
between populations. Similarly, the difference in mean
tiller number between lower and upper marsh plants,
found in the first experiment, was not repeated after
two years in sand culture. This finding may indicate a
higher initial growth rate in the lower marsh population.
The first experiment may also have measured a differ-
ential response to density stress in the pot environ-
ment, which would not be seen in the sand bed.

The overall lack of vigour of the middle marsh clones in
the second experiment is not easy to explain. The
distinctive character of this population may reflect the
characteristics of the original colonists of this zone (a
persistent founder effect), or may result from local



Table 3. Common garden experiment 2. Population means and Fatios: results of analyses of vanance of characters significant (P < 0.05) at

the population level

Population means

F-ratio among

Character Lower Middle Upper populiations
Means over several harvests
Vegetative tiller number * 108(65)° 52(41) 96(76)° 8.84 **
Total tiller number * 142(75)° 65(47)2 118(87)° 11.04 ***
Vegetative dry weight {g) ! 106(47)% 55(30)2 86(58)° 482 *
Aerial dry weight (g) * 122(50)2° 62(31) 98(63)° 5.40 *
Root dry weight (g) ° 85(24) 28(17p 46(29)° 483 *
Below-ground dry weight (g) ' 137(44)° 55(30) 89(53)° 448 *
Total dry weight (g) ! 261(95)0 118(62)° 118(116)° 501 *
Number of shoot complexes ! 7.3° 4.2° 9.0° 10.99 ***
Mean internode length {cm) 2.12b 1.782 2.14° 459 *
Flowering tiller number ? 28.2(11)° 9.8(7)° 18(13)% 6.14 **
Flowering dry weight (g) ' 16(4.2)° 7(3.6)° 11.6(9)% 792 **
Flowering tillers:

Leaf number per tiller 7.4° 8.7° 8.3° 13.28 **

Third leaf length {cm) 20.0° 28.9° 25.4% 921 *

Values are means of three clones per population at each of six—seven harvests
Values in brackets are means of the first six harvests where a seventh was carried out

' Data log-transformed for analysis

Different superscript letters (3, ®) denote means that are significantly different (P < 0.05) when tested by the least significant difference

*P<005 **P<0.01;, ***P <0001

Means from single harvest of flowering culms

Flowering tiller number 18.6° 9.5P 18.1@ 771 *
Flowering dry weight {g) 8.3%0 5.0° 11.6° 797*
Total seed number per clone 96430 580° 1341° 7.98 *
Flowering index {days) 23.3° 46.2° 28.4° 431 *
Spike number per inflorescence 2.6° 3.50 3.7° 9.98 **
Flowering dry weight per

inflorescence {g) 0.44° 0.60° 0.69° 14.79 **
Seed number per inflorescence 48.12 66.8° 76.5° 15.59 **

Values are means of 30 clones in autumn 1983

Different superscript letters (2, ®) denote means that are significantly diffefent (P < 0.05) when tested by the least significant difference

* P <0.05; ** P <0.01

differentiation due to inbreeding and a limited input of
new genotypes. :

There is no evidence in these experiments of a decline
in the variability of individual characters during succes-
sion, as was found by Gray, Parsell and Scott {1979) for
Puccinellia maritima, which suggests that the succes-
sion is not acting as a ‘selective filter’, gradually
eliminating individuals and reducing variation. Rather,
continuous death and recruitment of individuals
appears to be occurring throughout the succession.

The monitoring of permanent quadrat sites has demon-
strated that the cover and frequency of Spartina have
declined relatively rapidly since 1980 in zones 3 and 4.
Recruitment of seedlings to the population, particularly
in zone 3, has also been observed, although their life
expectancy was not high. This observation suggests
that there is potential for a turnover in the genetic
composition of individuals at any one site.

3. Reciprocal transplant experiment
3.1

Common garden experiments can be criticised for
failing to expose plants to the conditions which would

Methods and results

have been experienced in their natural environment,
and which would have been crucial in their evolution.
Such experiments can, therefore, only demonstrate the
occurrence, but not the significance, of population
differentiation. However, using reciprocal transplant
experiments, itis possible to gain some understanding
of the survival and presumed fitness of individuals in
their home and alien sites, and to assess the relative
importance of genetically based and/or plastic
responses to environmental factors.

The experiment reported here used plants from lower
and upper marsh populations transplanted within their
own site and into the alien site. Plants were propagated
for one year in the greenhouse prior to transplanting, to
minimise any carry-over effects, and were planted in
the field as single, rooted tillers. At each site, the
experimental design was 30 clones from each popu-
lation replicated over two blocks. The survival and tiller
production of the transplants were monitored for 20
months.

Comparison of survivorship using x? contingency tests
showed significant differences between survival in
home and alien sites on three out of four monitoring
dates {September 1983, July 1984 and January 1985)
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FIGURE 1. Reciprocal transplant experiment. Survival of
clones from lower and upper marsh populations transplanted
into lower and upper marsh sites

(Figure 1). At the lower marsh site, 30% of home clones
survived until the end of the experiment, as opposed to
18% of alien clones. At the upper marsh site, 32% of
upper marsh and 12% of lower marsh clones survived.
Mean tiller number of surviving transplants was, in
general, greater in the home than the alien environment
{Figure 2). At the upper marsh site, the difference in the
mean tiller number of survivors was significant at all
monitoring dates, but greatest in summer/autumn. At
the lower marsh site, mean tiller number of home
clones was greater than that of alien marsh clones by
the end of the experiment (July 1984 and January
1985).

Selection coefficients (Jain & Bradshaw 1966) were
calculated to estimate the strength of selection against
alien plants at both sites (Table 4). Thus, at the end of
the experiment, using survival as a measure, selection
was stronger against alien clones in the upper marsh
site than against aliens in the lower site. Selection
coefficients calculated from tiller numbers over the
same period were the same at both sites. At the first
monitoring, coefficients calculated from survival data
showed stronger selection at the lower marsh site,
presumably reflecting differences between the two
populations in their ability to avoid uprooting and
become established. However, for tiller production in
the first summer, the reverse applied: the difference in
performance of the two populations was less at the
lower marsh site.
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FIGURE 2. Reciprocal transplant experiment. Mean tiller
number of surviving clones in upper and lower marsh sites

Table 4. Selection coefficients against alien clones in lower and
upper marsh sites, calculated from survival and tiller
production data

performance of alien clones
performance of home clones

Selection coefficient = 1 —

Selection coefficent against aliens

Date Character Lower marsh  Upper marsh

September 1983 Survival 0.39 0.16
Tiller production 0.13 0.49

January 1985 Survival 0.39 0.63
Tiller production 0.21 0.21

3.2 Discussion

This experiment demonstrated a greater survival and
performance of plants from the home than the alien
environment in both lower and upper marsh sites. This
finding suggests that there are differences between
the populations which are ‘ecologically relevant, affect-



ing fitness attributes’ (Harper 1982). There is unlikely to
be a simple adaptive explanation for these differences:
many characters may be important, such as the degree
of tolerance to salinity and waterlogging, resistance to
erosion, and the form of the whole plant. ‘Adaptive
story telling’ (Gould & Lewontin 1979) is best avoided
without a clear demonstration of the adaptive nature of
a particular trait.

Further reciprocal transplant experiments would clearly
be useful, using plants from more populations at
different stages of salt marsh development, and
assessing components of their fitness in more detail.
This study has demonstrated that genetic differenti-
ation has occurred between some Spartina populations
on the Dee estuary, and that this aspect of the ecology
of the species merits further study.
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CHAPTER 4

The seed biology of Spartina anglica

T C Marks and P H Mullins

School of Natural Sciences, Liverpool Polytechnic, Byrom Street, Liverpool, L3 3AF

Summary

Variation in shoot height, inflorescence size, and the
proportion of seed-filled spikelets was measured at five
British salt marshes. The data suggested that most
variation between upper and lower marsh sites occur-
red on marshes with a large tidal range, and in particular
that seed set was reduced in the upper zones of such
marshes. Studies of seed production in the Ribble
estuary show that pollen fertility is high across ali zones,
and that the production of filled spikelets is closely
related to the date of inflorescence emergence (those
emerging after August failing to produce seed).
Depressed soil temperatures may be one of several
factors, including hypersalinity, causing delayed
flowering in the mature marsh.

1. Introduction

The salt marshes of the southern Ribble estuary
support extensive Spartina anglica swards in a belt
varying from 300m to 750 m in width along their
developing seaward margins (Robinson 1984). The
marshes have a north-west aspect and are exposed to
westerly winds having a 130 mile fetch. The mean
spring tide range of 7.9 m, coupled with a very shallow
gradient (0.1-0.07%), allows the extensive develop-
ment of areas of S. anglica. Distinct zones of growth are
recognisable by their shoot density and vegetation
vigour. These zones provide a good opportunity to
sample zonal differences which, in a more steeply
graded marsh, may be condensed into a narrow strip of
vegetation. The rapid rate of marsh development, low

Table 1. Descriptions of the British salt marshes sampled
National grid Marsh type and tidal Marsh
Marsh Year reference range (m) MHWS-MWLS area Description of areas sampled within marshes
Keysworth, 1980 SY 956 895 Enclosed Edge A more or less monospecific stand of Spartina
Poole Harbour, growing on the northern edge of the peninsula
Dorset
1.7 Centre A mixed Spartina- and Aster tripolium-dominated
sward in the middle of the Keysworth peninsula
Seafield, 1980 TM 119 332 Enclosed Lower The lowest part of the salt marsh consisting of
Stour estuary, Spartina clumps within an area of soft mud
Suffolk
39 Upper A more closed Spartina community associated at
its highest levels with Puccinellia maritima
Kilnsea, 1980 TA 418 143 Open Pioneer Spartina occurred as widely scattered tussocks,
Spurn Head, usually less than 3m in diameter, in an area of
Humberside mud
6.0 Lower Spartina and Salicarnia were found as co-domin-
- ants in an open sward dissected by numerous small
drainage channels
Upper The highest level on the marsh. Spartina occurred
in association with P. maritima and A. tripolium
in a closed sward
Steart, 1981 ST 264 457 Open Lower Spartina and Salicornia occurred as co-dominants
Bridgwater Bay, within an area dissected by deep drainage
Somerset channels. Possible erosion at front edge of marsh
1.1 Upper A more closed community consisting of Spartina,
A. tripolium, P. maritima and Suaeda maritima,
near the landward edge of the marsh
Banks Marsh, 1979- SD 375 238 Open Pioneer Spartina occurred as scattered tussocks, usually
Ribble estuary, 1982 less than 10 m in diameter in an area of sandy mud
Lancashire
79 Mature A closed vigorous Spartina sward was present,

dissected only by occasional creeks and channels
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seedling recruitment, and high morphological homo-
geneity within the zones suggest that variability is
probably the result of phenotypic plasticity.

The morphological characteristics of the S. anglica in
each of four zones has been described previously
{Marks & Mullins 1984). Associated with this morpholo-
gical variation were variations in seed/spikelet produc-
tion, seed viability and germination characteristics
(Marks & Truscott 1985). The most notable feature of
this variation was the poor production of viable seeds by
the mature zone sward, which has prolific vegetative
growth and large inflorescences. Over 90% of the
spikelets in the mature zone failed to develop a seed. In
contrast, the adjacent transitional (more seaward) zone,
which supported shoots of smaller stature with much
reduced inflorescences, had a much higher rate of seed
filling, exceeding 80% in some years. Germination
characteristics of the seeds also differed.

2. Spartina variation at other British salt marshes

S. anglica variation was sampled at the end of the 1980
or 1981 growing seasons at four other British salt
marshes to test whether they exhibited patterns of
morphology and seed production similar to those seen
on the Ribble marshes. The salt marshes selected were
thought to be representative of those on the west, east
and south coasts of Britain. They covered a wide range
of tidal régimes and exposure, and all had been the
subject of previous investigation by other workers. The
marshes are listed in Table 1, with a brief description of
areas sampled. Their locations are indicated in Figure 1,
and their tidal régimes compared in Figure 2.

2.1 Variation in shoot height

Marshes with a large tidal range — Kilnsea, Steart and
Ribble — showed a distinct increase in shoot height in
their landward zones, whilst at Keysworth, which had
the smallest tidal range of all sites and was well
protected, there was almost no difference in shoot
stature across the marsh (Figure 3). At Seafield, vegeta-
_tive shoots from the lower marsh were taller than those
from the upper marsh, but flowering shoots were of
equal height in both marsh areas.

2.2 Variation in inflorescence size

The pattern of variation in shoot height was very nearly
repeated in the data for inflorescence size (Figure 4).
The mean length of the inflorescences was similar in
the upper and lower zones of Keysworth and Seafield
marshes, whereas the upper zones of Kilnsea, Steart
and Ribble had significantly larger inflorescences which
produced more spikelets than the lower zones.

The data indicated that the lower zones of those
marshes which experience a large tidal range produced
shoots and inflorescences of limited growth. Only the
upper zones of these marshes supported growth
comparable with that at Keysworth.

Ribble
>

Kilnsea

Seafield
Steart

%4
Keysworth

FIGURE 1. Locations of the sait marshes sampled for zonal
variations in morphology and seed production

Tidal curves and ranges

12+
Steart
(11.1)
- Ribble
2 (7.9)
% 6 - Kilnsea
3 (6.0)
S Seafield
5 3 (3.9)
T
20N\ Ke)(/sv;onh
1.7)
OT %
6 3 HW 6 3
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FIGURE 2. Tidal curves and mean spring tide ranges (m) at
the salt marshes sampled for zonal variations in morphology
and seed production
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FIGURE 4. Variation in number of spikes and mean number
of spikelets (figures over histograms} per inflorescence at
each salt marsh. For letter key, see Figure 3

2.3 Variation in the proportion of seed-filled spikelets

The only significant differences in seed setting
between marsh levels were seen at Kilnsea and Ribble
marshes (Figure 5). However, the data suggested a
trend from a high proportion of seed setting in the upper
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FIGURE 5. Variation in proportion of seed-filled spikelets at
each salt marsh. For letter key, see Figure 3

zone of the marshes with a small tidal range to a
much-reduced proportion of seed set in the upper areas
of those marshes which experienced a large tidal range.

2.4 Discussion

Examination of the temporal patterns of tidal submer-
gence at the Ribble marshes has shown that the upper
zones experienced a mean of only 163 tidal submer-
gences per year, and there were several occasions
during the growing season when tidal cover was absent
for more than 20 consecutive days (Mullins 1985). This
finding raises the possibility that saline stress may be
implicated in the failure to set seed in the higher zones.
Alternatively, the upper and lower populations of S.
anglica shoots may be genotypically distinct in a similar
way to that proposed for high and low marsh popu-
lations of Aster tripolium (Gray, Parsell & Scott 1979).
However, it is difficult to reconcile this mechanism with
the apparent speed of marsh development seen on the
Ribble marshes (Robinson 1984).

3. Variation in seed quality
3.1

Spikelets were collected from four zones at Crossens
marsh on the Ribble estuary in November, and
randomly selected filled and unfilled spikelets were
subsequently tested for germination response at 20°C
with a 16-hour photoperiod. Spikelets from the invaded
zone {most landward) had the highest viability (5.2%, 1
SE=0.43%, n=10) and those from the mature zone had
the lowest germination rate (0.6%, 1 SE=1.10%,
n=10). Intermediate were those from the pioneer
(most seaward) zone (2.8%. 1 SE=1.14%, n=10) and
the transitional zone (4.4%, 1 SE=1.45%, n=10). Only
the difference between the mature and the invaded
zones was statistically significant. In general, the

Overall spikelet viability



variation in spikelet viability reflected the proportion of
filled seeds in each zone, with the exception of the
unexpectedly high viability of the invaded zone spike-
lets.

3.2 Seed germination characteristics

Tests of germination carried out on mature and pioneer
zone seeds from the Ribble estuary (Marks & Truscott
1985) revealed the following characteristics.

— Seeds of mature zone plants tended to germinate
earlier than those from the pioneer zone.

— Lengthy, low-temperature (5°C) storage promoted
germination, but long, high-temperature {(15°C) sto-
rage delayed it.

— Dry storage delayed germination.

— Germination was inhibited by initial moistening with
sea water.

~ Germination was more rapid at 20°C than at 10°C.

3.3 Discussion

The exhibited zonal differences in morphological char-
acteristics and reproductive behaviour were also
detectable in the quality and characteristics of the seed
produced. It was not clear whether the different seed
viability and germination characteristics between the
mature and pioneer zones were the result of some
inherent physiological response or, more simply,
whether they reflected a variable such as difference in
seed biomass. There is evidence that seed biomass
varied between zones (Mullins 1985), but it is not
certain that these differences could have accounted for
the pattern of seed germination characteristics.

4. Factors causing low seed production’

Viable seed production appeared to be relatively poor in
S. anglica, although the factors responsible are un-
known. In other species, seed production is potentially
limited by a number of factors, such as the success of
pollination, the timing of inflorescence emergence, the
degree of ovule abortion, and the availability of
resources within the plant.

4.1 Pollen viability

An assessment of the fertility of S. anglica pollen was
made using aceto-carmine stain. Pollen fertility was
high—over 77% —in all zones of the Ribble marsh (Table
2) but no differences were detected between zones. It

Table 2. Variation in pollen viability between zones. Mean percen-
tage stained pollen + SE n=5

Pioneer Transitional Mature Invaded

77.7+77 89.5+29 91.0+34 86.8%1.9

Sampling date
24 August 1981 -

23 September 1981 92.0+1.0 86.2+3.4 927+1.3 79.8+83

appeared unlikely that poor pollen fertility was respon-
sible for the low production of filled spikelets noted in
some zones.

4.2 Phenology of shoot development

It was decided to investigate whether phenological
differences in inflorescence emergence were related to
the final levels of viable seed production within each
zone. Individual S. anglica shoots were marked in early
July and their subsequent development was moni-
tored. Production of filled spikelets was closely related
to the date ‘of inflorescence emergence (Mullins &
Marks 1987).

Table 3. Percentage of inflorescences setting seed at different
dates of emergence

Date Pioneer  Transitional Mature
13 August 1981 100 100 100
20 August 1981 100 100 100
26 August 1981 100 100 100
8 September 1981 a4 69 38
17 September 1981 — — 0
25 September 1981 0 17 0
6 October 1981 0 0 0

— no data available

Inflorescences which emerged from their leaf sheaths
in August contained some filled spikelets when harves-
ted in November, whereas those which emerged after
mid-September contained none (Table 3). A similar
relationship was detected in 1980. Moreover, the
timing of inflorescence production varied between
zones (Figure 6), with only 40% of the mature zone
inflorescences emergent by the beginning of Septem-
ber, compared with 62-65% in the transitional and
pioneer zones. The late emergence of many mature
zone inflorescences, which were then destined to set
no seed, could explain, at leastin part, the differencesin
seed production between zones.

—
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FIGURE 6. The timing of emergence of inflorescences at
Ribble salt marsh in 1979 :

23



The causes of this temporal variation are not known, but
later inflorescence production in the mature zone may
have been just one aspect of the slower or later plant
growth in this area. Measurements of shoot char-
acteristics across the marsh indicated that peak stand-
ing crop and peak shoot heights were attained at a later
date in the mature zone compared with the pioneer and
transitional zones.

4.3 Soil temperature

It is possible that differences in shoot growth were
caused by genetic variation between the S. anglica
populations in each zone, or by a variety of environ-
mental factors such as soil conditions and patterns of
tidal inundation. One such factor selected for further
investigation was soil temperature. Measurements
were made using the sucrose inversion method (Lee
1969), which provides a measure of mean temperature
over an interval of time, and by occasional
instantaneous readings with a mercury-in-glass soil
thermometer.
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FIGURE 7. Seasonal trends in soil temperature (0.1m
depth) at Ribble salt marsh in 1982

Soil temperatures in the mature zone during the spring
and early summer were 1-2°C lower than in the more
seaward pioneer and transitional zones (Figure 7). It is
suggested that depressed soil temperatures in the
mature zone were sufficient to delay the development
of vegetative shoots and their transition to flowering
status.

4.4 Discussion

It appears that, despite prolific vegetative growth, the
low production of seed in the mature zone of the Ribble
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marshes was not due to the production of inviable
pollen. More significant was the delayed development
of the aerial shoots in this zone, which reached peak
biomass at a significantly later date than those of lower
zones. When coupled with the failure of inflorescences
emergent after August to produce mature, filled seed,
irrespective of the zone of origin, the result was a
significant depletion of the proportion of filled seed in
the mature zone.

The apparent correlation between late shoot develop-
ment and depressed soil temperatures in the mature
zone invites the speculative suggestion that the factors
are causally related. However, also possible, but as yet
untested, are mechanisms attributable to other edaphic
factors such as salinity and nitrogen availability. Hyper-
saline conditions could well have developed on the
upper areas of this salt marsh during the lengthy
periods without tidal submergence, which occurred

. each summer. Cavalieri and Huang (1981} have con-

cluded that hypersaline conditions may reduce growth
of S. alterniflora in the USA because of nitrogen
deficiency, whilst Jefferies, Davy and Rudmik (1979)
suggest that internal competition for nitrogen, induced
by saline stress, may lead to a suppression of sexual
reproduction in upper marsh populations of perennial
species.

The possible failure of some S. anglica populations to
set seed because of the late production of inflore-
scences invites a broader interpretation of the fitness of
the species for its environment. Long (1983) has
explained that, in common with many C4 grasses, S.
anglica does not commence canopy development until
air temperatures exceed 9°C. Because of this fact, the
growing season is shortened in comparison with C3
perennial grass species native to north-western
Europe. Late flowering may be a further facet of the
delayed productive activity in this species, here grow-
ing in a temperate climate.
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CHAPTER 5

Morphological variation among natural populations

of Spartina anglica
J D Thompson

Department of Environmental and Evolutionary Biology, University of Liverpool, PO Box 147, Liverpool, L69 3BX

Summary

Phenotypic variation was investigated in ten popu-
lations of . Spartina anglica, sampled from the full
latitudinal and intertidal distribution of the species in the
UK. Sampling and analysis were designed to provide a
basis for estimating the relative levels of between-and
within-population variation.

Univariate analyses of mean population values showed
that plants sampled in complementary zones on
different marshes were more similar morphologically
than those in different zones on the same or different
marsh. Between-population variation was highly signifi-
cant and accounted for a large proportion of the total
variance, suggesting the importance of environmental
constraints on growth and the occurrence of a range of
phenotypic variants. Multivariate analyses substan-
tiated these trends. The within-population variation
accounted for a smaller fraction of the total phenotypic
variance, but also showed significant differences. This
result, combined with pairwise correlation coefficients,
substantiated the observed occurrence of particular
morphological forms within several populations.

Comparison with previous work illustrated the temporal
consistency of spatial variation in~ morphology.
However, the low levels of seed production recorded
contrast with those previously reported, suggesting
that seed set may vary considerably with climate. The
possibilities are discussed that the variation among
these populations has a genetic basis, is due to
phenotypic plasticity manifest as a response to environ-
ment, or is purely related to age.

'. . . evolutionary ecologists should devote attention
not only to the effects of different environments on
the average phenotype in a population, but also to
their effects on the range and distribution of pheno-
types.’

— Begon (1984, p175)

1. Introduction

Spartina anglica has a wide ecological amplitude across
different marsh zones and, as a result of introduced
plantings and subsequent vigorous vegetative growth,
has become widespread around the coast of the UK
(Goodman et al. 1969; Charman, p11). This rhizoma-
tous, perennial grass occurs as a pioneer of exposed
tidal mudflats; as dense, monospecific swards, formed
by the rapid growth and coalescence of established
tussocks; and as scattered individuals in the mixed salt
marsh community in the upper marsh zone.
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Different marsh zones can impose markedly different
constraints on plant growth (Jefferies, Davy & Rudmik
1979). As a consequence, zonal variation in morphologi-
cal, demographic and life history traits ‘has been
observed in natural and transplanted populations of
several species (eg Gray, Parsell & Scott 1979; Gray &
Scott 1980; Gray 1985; Jefferies et al. 1979, 1981).
Several studies on individual marshes in north-west
England have reported phenotypic variation for a range
of characters in S. anglica correlated with changes in
elevation (Taylor & Burrows 1968; Marks & Truscott
1985; Hill 1986; Mullins & Marks 1987). Furthermore,
such variation may have a genetic component (Hill,
p15). However, the possibility that complementary
variation may occur in ecologically similar zones of
geographically separate marshes, as reported to occur
for Puccinellia maritima (Gray & Scott 1980; Gray 1985),
has not been studied.

In this context, investigations have begun of the genetic
and environmental components of the within- and
between-population variation displayed by populations
of S. anglica. In the present study, the results are
reported of a morphological survey of ten populations of
Spartina anglica growing in marsh zones of different
successional age and species composition, which
encompass the range of its distribution in the UK. The
relative contribution of within- and between-population
variation to the total phenotypic variation is assessed,
and complementary zones are compared. '

2. Methods

Ten populations were sampled from marsh zones of
differing successional age, species composition, abio-
tic factors, and latitude during October 1986 (Table 1).
For each of these populations, 40-45 randomly
selected tillers were carefully unearthed and bagged
with any intact tillers and rhizome material. Only 12
samples were collected from the Cromarty Firth popu-
lation because of its small size. The individual clones
were planted into sand-filled 7" pots in a heated
glasshouse at the Liverpool University Botanic Gardens
at Ness. During the following month, all flowering
culms were measured for a variety of morphological
characters (Table 2).

Mean values and coefficients of variation for each
character in'each population were calculated. Examin-
ation of the frequency distribution and log-normal
probability plot for each character indicated that, with
the exception of SEE and ERG, they had all approxi-
mately normal distributions. No significant improve-



Table 1. Sampled population details

Population

Grid
reference

Brands Bay
(8B)

Mawddach
(MA)

Afon Menai
(AM)

Dee pioneer
(DP)

Dee sward
(DC)

Dee mature
(DM)

Ribble pioneer
(RP)

Ribble sward
(RC)

Ribble mature
(RM}

Cromarty Firth
(CF)

SZ 023 846

SH 675 187
SH 645732

SD 270 770

SD 272772

SD 275 775

SD 360 210

SD 362 212

SD 361 211

NH 561 602

Old population fringing the most
seaward bay in Poole Harbour.
Substrate grading from fine
organic silts in sheltered part of
the bay to coarser sands at the
mouth. Extensive stands of
Spartina, some dieback
observed 400 x 10-20m

Swards of Spartina fringing a
sheltered stretch of the estuary.
Fine organic silts 300 x 10-20 m

Young, pioneer population on the
mudflats of Traeth Levan
350 x 50 m

Pioneer population established
this decade on. exposed, sandy
flats. Individual tillers and large
tussocks ¢ 2 m diameter
Two blocks
100 x 100 & 50 x 40 m

Dense, monospecific sward
adjacent to DP but at higher
elevation
Two blocks
100 x 30 & 100 x 26 m

Scattered tussocks and single
tillers in several areas of upper
marsh dominated by Puccinellia
maritima

Post-1980 colonisation zone
adjacent to the pioneer zone of
Marks and Truscott (1985).
Sandy flats 100 x 100m

Very dense, tall sward close to
the landward limit of the marsh
and a sand-winning works.
Outflow of fresh water may be
creating low salinity in sediment
of black organic silts 200 x 50 m

Represents the ‘invaded’ zone of
Marks and Truscott (1985)
200 X 200 m

Population with a central bare
patch. Fine, organic sediments.
Adjacent to Phragmites and
Scirpus stands 50X 20m

Table 2. Morphological characters measured

Character

Abbreviation

Measurement details

Culm height
Spike number.
Spikelet number
Ergot infestation
Seed production
Culm diameter
Third leaf length
Third leaf width
Third leaf angle

FCH
SPI
SPK
ERG
SEE
CuL
TLL
Tw
TLA

Tip of inflorescence to base of culm
Number of spikes

Number of mature spikelets

Number of spikelets infested
Number of spikelets that set seed

2 cm from the base of the culm
Third leaf from top

1 cm from the leaf base

Between culm and leaf, above the leaf

ment of their fit to a normal distribution could be made
by log or arcsine transformation, so analysis was
performed on untransformed data. SEE and ERG were
excluded from the analyses because of their highly
negative skewed distributions.

Components of variance due to differences between
populations, between clones within populations, and
within clones (error} were calculated using SAC PROC
NESTED (SAS Institute Inc. 1982). The coefficients for
the expected mean squares were adjusted for sample
size differences, with clones nested as a random factor
within populations in a hierarchical analysis of variance.
(ANOVA) design. The relative levels of significant
variation (F-ratios) were determined:

i. between populations, as the population mean
square/clone mean square

ii. between clones, as the clone mean square/error
mean square.

To examine significant between-population variation
further, a SNK multiple range test was used (Winer
1971).

Variation in one character may be determined by its
relationship with other characters. Character corre-
lations thus represent an important means of investi-
gating population variation. The degree of correlation
among all pairs of characters was calculated for the data
set pooled over populations and for each individual
population. The overall correlation matrix was subjec-
ted to a principal components analysis (PCA}, using
PROC PRINCOMP, to examine which characters vary
interdependently. Finally, to test for any significant joint
character variation attributable to differences between
the populations, a multiple ANOVA (MANOVA) was
employed using PROC GLM. '

3. Results
3.1

Univariate ANOVA showed that the variation between
populations accounted for a significant proportion of the
total phenotypic variation for each of the analysed
characters (Figure 1, Table 3), which immediately
established the significance of a range of phenotypic
variants” in different habitats (Figure 2). Significant
variation was also demonstrated between clones
within the populations (Table 3), but this tended to
account for a smaller proportion of the total variation
(Figure 1).

Individual characters

Comparison of the mean character values among the
populations highlighted the distinctive morphology of
the three pioneer populations, AM, DP and RP, which
form a statistically similar grouping at the lower end of
the range for most characters (Table 3, Figure 2). This
finding demonstrated that plants from complementary
zones on different marshes were more alike than those
from different zones even on the same marsh. The
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cal variation manifest in ten populations

Table 3. Results of the univariate statistical analysis of character mean values among the ten populations

F-ratio significance

. between

Trait* Population, mean and significance code letters** populations clones
FCH RP AM DP BB DC CF RM DM MA RC 0.001 0.01
{cm) 24 25 27 40 51 52 54 61 62 85

a a a b c [ cd cd -d e
SPI AM RP DP BB DC RM DM CF MA RC 0.001 0.01

25 2.7 2.7 3.5 3.5 44 4.8 49 4.9 5.7

a a a b b c cd cd cd d
SPK AM RP BP BB CD MA RM CF DM RC 0.01 0.01

36 42 47 74 74 77 89 94. 101. 126

a a a b b b b b b c
CUL BB RP AM DP MA DC CF RM DM RC 0.001 0.001
{mm) 5.1 5.1 6.1 6.9 83 85 ‘95 9.7 9.7 115

a a ab b c cd cd d d e
TLL AM DP RP DC BB CF DM RM MA RC 0.01 0.01
{cm) 1 14 17 18 19 21 24, 24 25 31

a ab bc cd cd de e e e f
TLW DC RP AM DP . BB RM MA DM RC CF 0.001 0.001
{mm) 6.0 6.1 6.4 6.4 6.7 7.7 84 8.7 9.1 10.1

a a a _ab ab bc cd cd d e
TLA MA AM RP RM DM BB DP DC RC CF 0.01 . 0.001
(degrees) 45 47 50 51 52 54 54 55 57 66

: a a a a a ab ab ab ab b

*

Abbreviations as in Tables 1 and 2
** Populations that do not share a common code letter were found to be significantly (P < 0.05) different in a Tukey—Kramer multiple range test
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multiple range tests also indicated that the sward
population from the Ribble (RC) had statistically larger
mean values for most characters than the other popu-
lations. The maximum and minimum values listed in
Table 4 provide a clear indication of the protean nature
of morphological characters in this species.

Table 4. Minimum and maximum character values and the population
of occurrence

Minimum Maximum
Trait Population Value Population Value
FCH AM & DP 11.0 RC 118
SPI Several 1.0 DM 12
SPK AM 9 DM 285
CuL RP 3 RC 22
TLL AM 6 RC 41
TLW Severat 4 DM & CF 14
TLA Severat 30 Several 90

Abbreviations as in Tables 1.and 2

SEE and ERG were not analysed statistically because of
non-normality in the data, but showed similar levels of
variation. Seed production was very low. The mean
number of seeds per inflorescence varied from zero in
the CF and three pioneer populations to 3.3 in the RC
population; the remaining populations averaged less
than one seed per inflorescence. The percentages of
spikelets that set seed showed an identical trend,
reaching only 2.6% in the RC population, although one
plant did show 13% seed set. For fertile culms only, the
percentage of spikelets that set seed was highestin the
RM and RC populations, 8% and 10% ‘respectively,
compared with less than 5% in the other populations.

Ergot infestation, where the seed is replaced by a mass
of fungal tissue as a result of ovary infection by
ascospores of Claviceps purpurea, showed similar
trends. Infection levels were zero in the CF and three
pioneer populations, and reached a maximum of 3.5%
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FIGURE 4. Coefficients of variation of individual characters
in each population

of total spikelet numbers in the DM population. The
variation in infection between plants was very high;
indeed, one inflorescence in the DM population had
20% of its spikelets infected.

The relative amount of character variation, as measured
by the coefficient of variation, which takes account of
the mean and the unit of measurement, was greater for
reproductive characters than for vegetative characters
{Figure 3). However, populations showed differing
levels of variation depending on the character examined
(Figure 4). For instance, DM had a relatively low
variation in the CUL but the highest levels of variability
in leaf size. The RP and CF populations displayed high
amounts of variation in FCH relative to other traits, with
noticeably low variability in SPI and SPK, in marked
contrast to the pattern of variation in the other popu-
lations.

3.2 Character correlations

Calculation of pairwise correlation coefficients
between the statistically analysed characters ihdicated
a high degree of statistically significant correlation
among all the characters, with the exception of TLA
(Table 5). However, with populations treated as sepa-

Table 5. Pairwise correlation coefficients for pooled population data

Trait FCH SPI SPK CuL TLL LW TLA*
FCH - 0.6965 0.7751 0.7607 0.8089 0.5503 0.1772
SPI - 0.9323 0.6838 06652 0.5690 0.1852
SPK - 0.7076 0.7031 0.5568 0.1711
CuL - 0.6870 0.5671 0.1908
TLL - 05733 0.1829
w - 0.0446
TLA —

*Only correlations with TLA were non-significant (P < 0.05). Abbre-
viations as in Table 2
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rate entities, several non-significant within-population
correlations were recorded (Table 6).

The overall correlation matrix was subjected to PCA. [t
confirmed the significance of the pairwise correlations
by their loadings on the first three ordination axes,
which accounted for 85% of the variation in the data
set. The first two axes described a contrast (or lack of
correlation) between TLA and the other characters, and
the third axis indicated a contrast in the variability of
TLW with that of the remaining characters. In certain
clones, an increase in TLW was not corretated with
increases in the values for other characters. This result
quantifies a trend observed in the field for some of the
plants in the pioneer populations to have short culms
and short, wide leaves, giving a ‘stocky’ growth form.
By comparison, several plants in the BB, MA, DC and
DM populations were observed to have tall culms with
long, narrow leaves, giving them a more ‘graceful’
appearance. The RP and DP populations showed a high
degree of correlation for both TLL and TLW with the
other characters, whereas all the other populations
tended only to show significant correlation between
one of these and the remainder, or no correlation at all
(Table 6), providing further indication of the 'stocky’ and
‘graceful’ growth forms. However, a chi-squared
analysis of the correlation of TLL and TLW with other
characters, employing the Z transformation to

normalise the distributions (Zar 1974), demonstrated -

that these correlation coefficients were not significantly
different between the populations.

The low levels of correlation recorded for the CF
population (Table 6) are thought to be due to the small
sample size, which produced few degrees of freedom
in the statistical analysis of the pairwise correlation, and
hence decreased the significance of the calculated
correlation coefficients. MANOVA further substan-
tiated these character correlation results. A significant
proportion (P < 0.001) of the character variation could
be accounted for by differences between the popu-
lations in the joint variation in mean character values.

The character correlations were examined further using
bivariate scattergrams for pairs of characters to exam-
ine the variation among populations (following Gray et
al. 1979). Figure 5 shows the results for FCH plotted
against TLL for:

i. the DP and DM populations, and
ii. the RP and RM populations.

This Figure illustrates that the total variation does not
decrease in the older populations, and is not contained
within that of the younger populations, as demon-
strated for P. maritima plants grown in collateral
cultivation (Gray et al. 1979).

4. Discussion

Different marshes impose different constraints on plant
growth (Jefferies et al. 1979). Spartina anglica shows a
wide range of phenotypic variation in plants collected

Table 6. Significance levels of pairwise character correlations in each population

Population
Comparison BB MA AM DP DC DM RP RC RM CF
FCH_ SPI * * % * ¥ * * % % * % * %% * * ¥ % * % * * Xk
- SPK * % * * % * * % * %% *x ¥ * * %k ¥ * ¥ % * ** * * *
_CUL * * * * ¥ * % % * * **® * * *x * ¥
;TLL * ¥ * % * ¥ * % * * % * %% * * % ¥ * ¥ *
_TLW * % * * % * %
—~TLA * % * %
SPI _SPK * % * % % * % * %% * % % * EE X 3 * % * * %
_CUL * xR * ¥ % * * ¥ * %% * % * * * % % * %
_TLL * * % ¥ * % ¥ % ¥ * *
_TLW * % ¥ * * % * * * * * * ¥ *
—TLA
SPK — CUL ** % * * % * ¥ * % * * * ¥ * ¥ ¥ * % * *
_TLL * * % % * ¥ % * * % * * % % * * ¥ *
_TLW * * % * % * * % ¥ * % *
-TLA
CUL_TLL E X X * % ¥ * %% * * ¥ ¥ * ¥ * %%
_TLW * ¥ * * % ¥ * ¥ * * * ¥ ¥ *
—TLA
TLL _TLW * * % * * %R %%
- TLA
TLW-TLA
*P <005 **P<0.01, ***P < 0.001. Abbreviations as in Tables 1 and 2
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FIGURE 5. Relative variation in third leaf length and
flowering culm height in pioneer and mature populations

from different zones on a single marsh (Marchant 1967;
Ranwell 1972; Marks & Truscott 1985; Hill 1986;
Mullins & Marks 1987). The data presented here
‘substantiate the zonal nature of the variation in morpho-
logy and the temporal consistency of the patterns
described in the previous studies. The similarity of
plants from complementary zones on different
marshes, and the distinctness of plants in adjacent
zones on the same marsh establish the significance of a
range of ‘phenotypic variants’. This significance is
manifest by the small inflorescence size and vegetative
stature of the plants sampled in the three pioneer
populations (AM, DP and RP), and the trend towards
increasing vegetative size and the size and number of
flower parts in older zones at higher marsh elevations.
In contrast to previous studies on the Dee (Hill 1986)
and Ribble (Marks & Truscott 1985) estuaries, seed
production was found to be very poor in all zones. This
finding exemplifies the variable and often very low

levels of seed production reported for Spartina anglica
(Goodman et al. 1969; Mullins & Marks 1987; Stapf
1914; Taylor 1965). The reason for the low levels of
seed setisunclear. S. anglicais aC4 grass; hence, seed
ripening may be strongly influenced by climate. Conse-
quently, the poor summer of 1986 may have limited
seed set. A similar pattern of low seed set following
another poor British summer has been observed for
populations on the Dee estuary during 1987 (J D
Thompson, unpublished data).

Character correlations are a meaningful method of
investigating the nature of population variation, in that
they may indicate trends that are of ecological and
evolutionary significance (Jardine & Edmonds 1974).
They have been used to show how the measurement of
a limited number of characters can provide a good
estimate of variation in a large number of characters in
Puccinellia maritima (Gray & Scott 1980). In S. anglica,
the high degree of positive correlation observed
between reproductive and vegetative traits reflects the
concomitant increase in vegetative stature and inflore-
scence size observed in natural populations {(Marks &
Truscott 1985; Hill 1986; Mullins & Marks 1987). Atone
extreme are the ‘giants’ of the RC population, at the
other end are the ‘dwarfs’ of the pioneer populations.
Such correlations have been described for. other
species, eg Verbascum thapsus (Reinartz 1984) and S.
patens (Silander 1985). The ecological interpretation is
that mature plant height indicates the ability of a plant to
obtain light in a sward community, and thus reflects its
competitive ability (Givnish 1982) — herce the hypothe-
sis that there has been selection forimproved competi-
tive ability in plants collected from the upper marsh
zone on the Dee estuary (Hill 1986). -

However, the extent to which this zonal variation in
morphology is a purely plastic response of a limited
number of genotypes to a spatially variable environ-
ment, manifest as the plants age, has not been studied.
This correlated size increase may represent a decrease
in environmenta! stress with increasing elevation. Pio-
neer populations exist in conditions where a combin-
ation of wave action and salt water inundation severely
limit growth and survivorship (Davy & Smith 1985; Hill
1986; J D Thompson, unpublished data). The situation
may be exacerbated by the concomitant decrease in
nutrient status and the high levels of sulphide that have
been reported to limit the growth of Spartina spp. on
lower marsh sediments (Goodman & Williams 1961;
King et al. 1982). Furthermore, the interpretation of
such correlated size increases must be careful to avoid
the bias induced by the simple fact that variation in one
character is an ‘inevitable biological consequence’ of
variation in another (Gray & Scott 1980, p105).

‘The mean plant is an almost meaningless and bio-
logically misleading abstraction’ (Hutchings 1986,
p136). In the present study, this description is reflected
by the between-clone variation reported in the
analyses, which quantify observed variation in stature
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within the populations. Superimposed on the conti-
nuum between ‘giants’ and ‘dwarfs’ are two further
morphological types. In the pioneer populations, there
occurred short plants with short but wide leaves, giving
them a robust, ‘stocky’ growth habit. By comparison, a
fourth form could be distinguished in the BB, MA, DC
and DM populations that had fairly tall culms with a
small number of spikes and long, narrow leaves,
imparting a ‘graceful’ overall stature. This phenotype,
which resembles S. townsendii, the sterile hybrid from
which S. anglica is derived, has been recorded in a
subsequent morphological survey on the Dee estuary
and appears to be retained following transplantation to
a common garden environment (J D Thompson, un-
published data). It would seem that the variation in size
and number of floral parts in S. anglica completely
overlaps that shown by S. townsendii.

Reproductive characters frequently show greater levels
of variation than vegetative traits (Wilken 1978; Silan-
der 1985). Although this pattern was observed here, the
concomitant trend of more significant inter-population
differences in reproductive characters, reported in the
above studies, did not occur. Floral characters may thus
be as plastic as vegetative characters.

The findings that the level of character variation was no
greater for pioneer zone populations than for mature
zone populations, and that the variation in the latter was
not a subset of that for the former contrast with those
reported for cultivated populations of Puccinellia mari-
tima (Gray et al. 1979; Gray 1985). The evidence
suggests the importance of environmental constraints
on growth and the possibility that mature zone popu-
lations are not the end result of successional develop-
ment from an initial founder population similar to that
currently found on the pioneer zone.

The description of variation between and within natural
populations is a necessary first step towards under-
standing its causes. The significant inter- and intra-
population variation described here, and the variable
nature of the character correlations invite the question
of whether the variation is based on genetic differences
or is a result of environmentally induced plasticity
manifest as the plants age. Indeed, such plasticity may
have a genetic component (Bradshaw 1965; Jain 1978;
Gray 1985); it may serve as a buffer against environ-
mental variation, and thus facilitate the persistence of
different genotypes (Schlichting 1986; Sultan 1987).
Trials are under way to elucidate the potential impor-
tance of these factors to the range and distribution of
phenotypes that occasion the levels of population
variation presented here.
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Summary

This paper summarises field and controlled environ-
ment studies of the productivity of Spartina anglica
from Seafield Bay in the River Stour estuary, Suffolk.
The responses of the growth of these plants to variation
in temperature, salinity, and availability of nitrogen and
phosphorus are described. This information is used in a
simple dynamic model to predict the effects that
changes in salinity, nitrogen supply and temperature
could have on the biomass and productivity of
S. anglica.

1. Introduction

The Spartina marshes of North America have been the
subject of several studies of primary productivity; by
contrast, those of western Europe have received little
attention (Long & Mason 1983). Many of the North
American studies have concerned S. alterniflora, one of
the putative parents of the hybrid from which S. anglica
is derived. The two species are morphologically similar,
and it might be expected that extrapolations could be
made from the mass of information on S. alterniflora.
However, most of the information consists of
measurements of above-ground biomass, with few
data of below-ground biomass or rate of turnover of the
plant organs. Whilst this information provides a detailed
picture of the variation in biomass between and within
sites, it provides little information on total production or
the causes of variation between sites. Thus, we are
unable to answer key questions relevant to our scienti-
fic understanding and to informed management of
Spartina. How might variation in production be
explained? How productive can we expect S. anglica to
be at its most northerly locations, and does existing
material have the potential to spread further north-
wards?. How might its production in estuaries be
influenced by nitrogen pollution or change in salinity
resulting from changes in freshwater discharge?
Answers to these questions would be possible if we
had a reliable model of the responses of production to
environmental change.

The basic processes underlying production and stand-
ing biomass can be conveniently summarised in a
dynamic model of carbon flow {Long & Woolhouse
1979), and this model forms the focus of the studies
described here. It has three functions in this work:
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i. itprovides an ordered framework for examining the
completeness of our knowledge of production
processes; ‘

ii. it identifies the most important processes and
interactions underlying variation in productivity;

iii. it may ultimately allow prediction of responses of
production to changes in the environment.

S. anglica is unusually suited among wild plants to
predictive modelling — it commonly occurs in quite
uniform monotypic stands and has a relatively narrow
genetic base. The problems it presents in modelling
productivity are therefore similar to those of arable
crops. Dynamic models have been widely used to
describe the growth of arable crop plants in response to
environmental variation (de Wit & Goudriaan 1974).
They are appropriate to changing systems, and it is clear
from simple observations that S. anglica marshes are
rarely at steady-state. However, a drawback of these
models is that they employ feedback Ioops in which
errors can be amplified. For this reason, it is important
that the model is kept simple; otherwise, the tracing of
the cause of errors becomes impractical.

Figure 1 illustrates the relational diagram of a model,
simplified from Long and Woolhouse (1979}. it summa-
rises the factors influencing production and biomass in
S. anglica. Using even this simplified diagram, we can
see that our knowledge of S. anglica productivity is very
fragmentary. Not only do we lack information on the
basic processes determining biomass, ie growth and
death rates and their interactions with key environ-
mental factors, but even our knowledge of amount of
biomass is limited mainly to measurements above
ground. Indeed, most studies which purport to
measure the productivity of Spartina have, in fact,
consisted of biomass and not productivity
measurements (Long & Woolhouse 1979; Long &
Mason 1983). Productivity, with reference to Figure 1,
would be the integral of growth rate, ie the cumulative
photosynthetic gain less respiratory losses.

Thus, productivity is the flux of material into the pool
labelled biomass in Figure 1, a flux which is partially
independent of the amount of biomass present but
determined by its rate of turnover, a further factor for
which there has been little or no information (Long &
Mason 1983). In the context of the relational diagram,
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FIGURE 1. Relational diagram of the dynamics of Spartina
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availability — on the rate variables. The diagram follows the
conventions of de Wit and Goudriaan (1974)

then, our knowledge of Spartina productivity is frag-
mentary. The overall objectives of the studies summa-
rised here were two-fold:

i. to determine the actual gross and net primary
productivity of S. anglica by combining
measurements of change in above- and below-
ground biomass with measurements of organ
turnover;

ii. to use constants derived from controlled environ-
ment studies of the responses of S. anglica to the
key environmental variables of light, temperature,
salinity and nitrogen supply for simulating growth
under different environmental conditions.

2. Methods

The study site was an area of 200 m x 50 m within a
continuous, monotypic, 30 ha area of S. anglica at
Seafield Bay on the Stour estuary, south Suffolk
(Jackson, Long & Mason 1986). The site was originally
bare mudflat; in 1927 planting of S. anglica
commenced, and by 1950 it had spread to occupy
50 ha. Since then, about 15% of the S. anglica has been
replaced by Puccinellia maritima on the most elevated
areas, whilst apparent ‘dieback’ has removed S. anglica
from the lowest parts of the marsh. The site is
submerged, on average, 570 times per year. The
sediment is fine and continuously waterlogged with an
oxygen content of 0.3-3.0 mm? I~ in the interstitial
water.  Extractable inorganic phosphorus and
exchangeable ammonium levels in the sediment range
from 0.1-02 mg kg=' and 0.2-06 mg kg7,
respectively (Othman 1980; Dunn 1981).

Biomass was determined at monthly intervals by
harvesting 20 quadrats of 0.1 m? and by simultaneously
removing ten soil cores of 30 cm. Samples were
located using a randomised block design. Biomass and
dead vegetation were separated, leaf area was
determined, and all material was dried to constant
weight and finally ashed at 550°C to determine an
approximate organic content (Dunn 1981; Dunn, Long
& Thomas 1981). Turnover of above-ground organs was
determined by establishing 20 permanent quadrats in
which the development, growth in length, and longevity
of leaves and stems were tracked. Changes in weight
and losses on death were estimated from weight/
length regressions determined each month from the
destructive harvests. Turnover of below-ground bio-
mass was estimated as the changes in the weight of
dead material between months plus the amount of
dead material lost during that interval through decom-
position. The relative rate of decomposition was
determined with 20 litter bags per month positioned at
two depths in the sediment (Roberts, Long & Tieszen
1985).

Primary productivity (P,) for any time interval was
estimated using the following equations (Roberts et al.
1985):

AP, = AW; +d
where
AP, is the ‘above-ground prlmary productlwty

(@ m~2 month™")
AW is the change in above-ground biomass
d is the amount of biomass lost in the time
interval through death
and _
BP, = AW, + AD +D
where
BP, is the below-ground primary productivity
{g m~2 month™")
AW, is the change in below-ground biomass
AD; is the change in the amount of dead vege-
_ tation below-ground
D, is the mean quantity of dead vegetation
below-ground over the time interval
r is the relative rate of decomposition of the
dead vegetation below ground over the
same time interval.

Simultaneously, plants and seeds were collected from
the site for controlled environment gas exchange and
growth studies.

3. Results of field measurements of biomass and
production

In each year, shoot biomass rose from an April mini-
mum to an autumn maximum (Table 1). On average,
75% of the biomass was below ground, with rhizomes
representing roughly half of the total. The peak below-
ground biomass was attained in the early winter. Shoot
biomass varied significantly between years. The bio-
mass present in September 1980 was almost 50%
higher than that in September 1977.
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Table 1. Biomass (g m~2) of Spartina anglica at Seafield Bay
Date Leaves: Stems Roots  Rhizomes
April 1977 10+ 2 48t 4 285+15 56060
June 1977 66+ 6 75+ 4 16515 35040
September 1977 160% 8 186+10 21020 550+50
December 1977 112+ 8 14610 355+30 625+65
April 1978 25+ 5 66t 3 275+20 550+65
April 1979 84+ 4 92+ 6 - -
September 1979 213+ 8 182+10 - -
April 1980 100+ 5 12910 - -
September 1980 216+10 284%+12 - -

From Dunn (1981) and calculated from Jackson et al. (1986)

Leaf canopy development was relatively late, being
about two months behind the development of the

canopy of Puccinellia maritima on a nearby north-east -

Essex marsh {Hussey & Long 1982). In 1977, leaf area
index (LAl) rose from a minimum of 0.1 in April to a
maximum of just under 2.0 in September. However,
significant canopy development did not occur until
June, and even by the beginning of July LAl was still
less than 1.0. Thus, S. anglica at this site will fail to
intercept substantial quantities of incoming sunlight
during the early summer.

Total production in 1977 (Table 2) was similar to that
determined for a Puccinellia maritima-dominated salt
marsh in Essex (Hussey 1980; Hussey & Long 1982):
AP, =810gm~2yr~"and BP, = 610 g m~2. However,
production is considerably lower than values reported
for the S. alterniflora-dominated marshes of North
America {Long & Mason 1983). In 1977, approximately
50% of the total production was of below-ground
material. By comparison to 1977, above-ground produc-
tion was similar in 1980, but significantly lower in 1979,
illustrating that the marked between-year variability
observed in biomass may also be seen in productivity.

Table 2. Primary production (g m~2 yr—') of Spartina anglica at

Seafield Bay
Year AP, Ts BP, T Pg
1977} 700 2.1 650 0.65  4500°
19792 474 1.7
19802 605 2.1
AP, = above-ground primary production
Ts = turnover of shoots (AP./W,)
BP, = below-ground primary production
t, = turnover of roots and rhizomes (BP,/W,)
Py = gross primary production

1 Data of Dunn (1981)
2 Data of Jackson et al. (1985)
3 Determined from gas exchange studies

Gross productivity was some three times net in 1977,
suggesting either a high respiratory load, resulting
perhaps from the large proportion of biomass below
ground, and/or unaccounted losses, such as exudation
or leaching of soluble organic material.
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Significantly higher biomass levels have been found on
S. anglica marshes elsewhere in Britain. In October
1978, mean shoot biomass at a salt marsh near
Southport was 1145 g m~2, compared to 330 g m~2 at
Seafield Bay (Dunn et al. 1981). Ammonium, the major
inorganic source of nitrogen in an anaerobic sediment,
has already been noted to be low at this site. Othman
(1980) examined the effects of in situ N and P fertili-
sation on five plots at Seafield Bay. Three applications
of 573 g m~2 of ammonium and 47 g m~2 of
phosphate were made in 1978; the results are summa-
rised in Table 3.

Table 3. Effects of N and P fertilisation on above-ground biomass
and height of S. anglica at Seafield Bay in July 1979

Treatment c N P N+P LSD?
Biomass (g m~2?) 84 160 118 208 30
Height (cm) 18 21 24 27 3
LAl 11 1.5 1.4 19 0.3

Data of Othman (1980}
T Control
2 Least significant difference between treatments (t, P < 0.05)

Table 3 shows that the productivity of S. anglica at
Seafield Bay is limited by both N and P supply. Most
significant is the increase in plant height and LAI, which
will greatly increase the ability of the canopy to inter-
cept radiation, and thus increase productivity. -

4. Controlled environment studies of growth

Effects of temperature, salinity and nitrogen supply on
relative growth rates (R) of S. anglica collected from
Seafield Bay are reported by .Dunn (1981), Yaakub
{1980) and Othman (1980), respectively. The growth
rate of S. anglicais approximately zero at 10°C and rises
almost linearly to 0.12 d™' for seedlings at 25°C, the
rate for mature plants being proportionately less (Dunn
1981; Dunn et al. 1987). In response to salinity, R rises
by approximately 20% from one milliMolar (1 mM)
sodium chloride (NaCl) to an optimum at 86.5 mM NaCl,
and then declines steadily almost to zero at 600 mM
NaCl, which is roughly equivalent to seawater concen-
trations (Yaakub 1980). R shows a near-linear increase
with the log of ammonium concentration from 1076 M
to 107" M (Othman 1980).

5. Model predictions

Growth parameters determined from the laboratory
studies outlined above were used to construct a simple
dynamic model of changes in biomass and production
of S. anglica, based on the relational diagram of Figure
1. The relationships of R at 20°C with biomass, salinity,
light and nitrogen were fitted individually to quadratic,
cubic,” hyperbolic and logarithmic  functions,
respectively, these functions having previously been
chosen as providing the best individual fits. The thresh-



old temperature for growth was assumed to be 10°C,
with R increasing linearly with temperature to 25°C. The
effects of variation in salinity, biomass and light at
temperatures other than 20°C were assumed to be
directly proportional to their influence at 20°C. Thus, the
coefficient of the relationship of R with temperature
was adjusted for other environmental factors in propor-
tion to the known change they produce at 20°C. No
account was taken of possible synergistic or antago-
nistic interactions between these environmental varia-
bles in estimating their effects on growth. Daily
changes in biomass were calculated from the predicted
value of R. Integration of growth rate (RW) was
performed numerically using a second-order Runge—
Kutta method (de Wit & Goudriaan 1974). Calculations
were performed using programs written in FORTRAN-
10 and executed on the University of Essex DEC
system-10 computer. The model was tested against
controlled environment growth data, showing
agreement between observed and predicted values of
10% or better. It was also used to predict change in
biomass at Seafield Bay during 1977-78. The model
predictions did not differ significantly (t, P < 0.05) from
observed values between April and October 1977. The
model was then used to make tentative predictions of
changes which might result from alteration of the
environment (Tables 4-6). Daily temperature and light
values, recorded during 1977-78 at Seafield Bay (Dunn
1981), were used in these simulations.

Table 4. Predicted effect of salinity change on productivity for S.
anglica at Seafield Bay during 1977

Table 6. Predicted effect of change in temperature on biomass of
Spartina anglica at Seafield Bay during 1977

October biomass

Salinity (% of observed)
0 48

100 105

200 8

500 32

Table 5. Predicted effect of change in nitrogen supply on biomass of
Spartina anglica at Seafield Bay during 1977

October biomass

Nutrogerj (% of observed)
1x 94
2 125

10x 179

The actual salinity of the interstitial water in the
sediment water was estimated to vary between 100
mM and 200 mM (Othman 1980). The predictions
suggest that any marked increase or decrease in salinity
would strongly decrease the amounts of S.-anglica
present (Table 4). The predicted reduction at 500 mM
suggests a negative productivity, and thus the popu-
lation could not be expected to survive a salinity
- approaching that of undiluted seawater.

Relative October biomass
temperature (0°C)* (% of observed)
-2 38
-1 54

0 94
+1 148
+2 . 215

' In this simulation, 1°C or 2°C was added or subtracted from the
recorded temperature for each day of the simulation

From Table 6 it is clear that temperature has perhaps
the most profound effect of all on variation in biomass
and productivity. A reduction in mean temperature of
just 2°C would dramatically decrease autumn biomass
and would represent a P, of about zero. If correct, the
simulation suggests that this population of S. anglica
is close to the northern limit of its potential range, and
that the Hebrides and Udale Bay, the most
northerly locations of the species (Long 1983), are
probably at the potential limit of northern spread.
Productivity of S. anglica would be markedly increased
in a year with above-average summer temperatures: a
2°C rise in mean temperature would more than double
biomass. This finding may also explain the significantly
lower recorded productivities of S. anglica relative to
S. alterniflora in North" America. Mean summer
temperatures at all the North American sites are
significantly higher than in southern England. The
predicted and unusually strong dependence of S.
anglica productivity on temperature is in accordance
with its utilisation of C4 synthesis, S. anglica and its
relatives being the only species of significance in the
British flora which utilise this form of photosynthetic
metabolism (Long 1983).

The study demonstrates that, by combining information
on the environmental responses of S. anglica into a
dynamic model, we may begin to predict productivity
under different environmental conditions and answer
the questions raised in the introduction. Clearly, how-
ever, more information, particularly of interactions
between environmental - variables, of genotypic
variation, and of the relationships between productivity,
rate of spread and survival, will be needed to refine the
model as a management tool and to improve under-
standing of the species.
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CHAPTER 7

The competitive ability of Spartina anglica on Dutch
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Summary

On the clayey salt marshes in the south-west Nether-
lands (‘'delta’ area), the inability of Puccinellia to
compete with Spartina leads to the formation of a
dense, monospecific Spartina sward.

On the silty and sandy salt marshes of the northern
Netherlands (‘'wadden’ area), Puccinellia is able to
replace Spartina because of its successful estab-
lishment in Spartina stands there. The early and rapid
seasonal development of Puccinellia relative to Spartina
prevents light from reaching young Spartina shoots,
and therefore reduces the competitive ability of
* Spartina.

1. Introduction

There are two major salt marsh areas in the Nether-
lands: the 'delta’ area in the south-west and the
‘wadden’ area in the north (Figure 1). After the introduc-
tion of Spartina anglica to promote land reclamation in
the 1920s, the grass spread vigorously into the lower
parts of the salt marshes in the delta area, up till then
covered by a Salicornietum and a Spartinetum mariti-
mae vegetation below the mean high water level and a
Puccinellietum vegetation above that level (Beeftink
1965). The spread of Spartina anglica in the wadden
area is of minor importance. Only small, isolated

Schiermonnikoog
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FIGURE 1.
lands

The two major salt marsh areas in the Nether-

tussocks are found within the Salicornietum and the
lower Puccinellietum. Development of pure Spartina
swards is rare here (Konig 1948; Kamps 1962; Dijkema
1983). Spartina is considered to compete for space and
light with Salicornia dolichostachya and Puccinellia
maritima (Kénig 1948), and may have a competitive
advantage because of its perennial life history and
greater height (Konig 1948).

Several explanations for the difference in the perform-
ance of Spartina between the two Dutch salt marsh
areas have been suggested (Dijkema 1984). Spartina is
supposed to prefer a poorly drained, soft, clayey soll,
brackish conditions and sheltered, tidal waters (Kénig
1948; Chater & Jones 1957; Goodman, Braybrooks &
Lambert 1959; Beeftink 1965; Dijkema 1983). These
conditions prevail in the delta area (Beeftink 1965). The
salt marshes in the wadden area are intensively grazed,
making Spartina less successful (Dijkema 1983, cf
Ranwell 1961, 1967). The distribution of plant species
across a salt marsh is attributed to spatial variation of
environmental conditions (eg salinity, soil texture,
redox potential, etc) related to spatial variation in
duration and frequency of inundation (Adams 1963;
Beeftink 1965; Brereton 1971). The distribution of
species depends on their (physiological) tolerance of
these conditions (Rozema et al. 1985a), and is influ-
enced by interspecific (competitive) interactions {Pielou
& Routledge 1976). This paper deals with the effect of
interspecific interactions between Spartina and Puc-
cinellia on the occurrence: of Spartina in Dutch salt
marshes.

2. The status of Spartina anglica in the Nether-
lands

Observations were made on various types of salt
marshes in both the delta and the wadden areas (Figure
1). Figure 2 schematically reflects the observed
zonation of Spartina on those salt marshes, which are
classified according to Beeftink (1977).

In the wadden area, salt marsh formation starts about
20-30 cm below the mean high water level with some
scattered Spartina tussocks. A large population of
Salicornia is present within and between the tussocks.
With the rise in marsh level, the centres of the
expanding Spartina tussocks are increasingly occupied
by Puccinellia (Figures 2i, ii}. On the silty, wadden-type
salt marsh, fused tussocks form ‘clumps’ {Hubbard
1965). Above mean high water, Puccinellia replaces
Spartina in the open areas of clumps, and at a some-
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FIGURE 2. Schematic representation of the zonation of the
lower salt marsh on four Dutch salt marsh types

what higher level is found a Puccinellia sward with
scattered Spartina. There is a gradual transition from a
Spartinetum towards a Puccinellietum (Figure 2ii).

On the sandy beach-plain' type of salt marsh, the
Spartina tussocks do not even form clumps because
the small, isolated tussocks are rapidly invaded by
Puccinellia. Spartina initiates the formation of small
dunes here (Figure 2i). The situation on the clayey
estuarine type of salt marsh in the delta area is
completely different. Spartina tussocks start salt marsh
formation more than 70 cm below mean high water.
The tussocks grow rapidly without being invaded by
other species, thus forming a dense, more or less
monospecific sward. Puccinelliais confined toan areaa
few decimetres above mean high water, and there is a
sharp transition between the Spartinetum and the
Puccinellietum (Figure 2i). On the more sandy delta salt
marsh, the scattered Spartina tussocks develop within
the Salicornietum, and they are not extensively invaded
by Puccinellia. Around mean high water level, a sparse
Spartina sward is formed, with Puccinellia filling the
open space (Figure 2iii).

The field situation can be summarised as follows.

— Spartina tussocks are successfully invaded by Puc-
cinellia in the wadden area but not in the delta area.

— There is an abrupt transition from the Spartinetum to
the Puccinellietum in the delta area and a gradual
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transition in the wadden area. In both areas, the
transition is more gradual on sandy soils.

— On clayey soils, there is a tendency towards dense
Spartina sward formation. On silty soils, sparse
swards or clumps are formed. On sandy soils, no
more than isolated tussocks occur.

Field and glasshouse studies have been undertaken to
relate these differences to interactions between
Spartina and Puccinellia under various circumstances.
Some preliminary results are discussed below.

3. Field study: a deletion experiment

A method for investigating interspecific interactions in
the field removes all individuals of one (or more) species
from part of a community where two (or more) species
are more or less homogeneously intermingled (Figure
3). Comparing the development of a species in the
presence and absence of other species may give an
estimate of the interaction between the co-existing
species on a particular site (cf Allen & Forman 1976;
Silander & Antonovics 1982; Fowler 1984). The method
can be termed a ‘deletion experiment’, being the
opposite of the ‘addition experiment’ frequently used in
competition research {Spitters 1983).

| l
PS | P | S
| f
s { s | v
___I____%______
p | S | PS
| .

FIGURE 3. Design of a deletion experiment

PS = mixed culture of Spartina and Puccinellia, no removal
P = monoculture of Puccinellia from which Spartina has
been removed

S = monoculture of Spartina from which Puccinellia has
been removed

Two adjacent plots were set out along the edge of a
shallow creek within the transition zone from Spartina
clumps to Puccinellia sward on a wadden-type salt
marsh on Schiermonnikoog. The plots differed in eleva-
tion (c4cm), corresponding with a 15-20 minute
difference in the period of tidal submergence, but there
were no major differences in salinity, soil texture or
redox potential. Shoots were removed early in August
1984. Each plot was divided into nine sections (Figure
3), and Spartina was removed from three sections,
Puccinellia. from another three, with the remaining
three sections left undisturbed.
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The plant material removed was used to estimate the
above-ground biomass of both species in both plots at
the start of the experiment. The plots were harvested

after three months (Figure 4). In the higher plot, removal .

of Puccinellia caused a significant increase to Spartina
biomass (Table 1i), an effect not found in the lower plot.
Conversely, the removal of Spartina in the lower plot
caused a significantly higher biomass production of
Puccinellia, but not in the higher plot. This finding
suggests that the development of Spartinais hampered
by Puccinellia in the higher plot, and that the reverse
holds true for the lower plot.

Biomass production in the monocultures hardly differs
between plots (Table 1ii). Spartina shows a slightly, but
insignificantly, higher biomass in the monoculture of
the lower zone, Puccinellia in the higher one. The
difference in biomass production in both plots is much
more clear in the mixed cultures (Table 1iii). The
Puccinellia/Spartina biomass ratio increases more
rapidly in the higher plot than in the lower one (Figure 4},
indicating a faster replacement of Spartina by Puc-
cinellia. The re-establishment of Puccinellia in sections
where it was previously depleted represents the vege-
tative spread of runners from adjacent sections, and
occurs more vigorously in the higher plot. The re-
establishment of Spartina from underground organs is
of minor importance.
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Table 1. Biomass ratios found in the deletion experiment

i.  Biomass in mixed cultures/biomass in monoculture, at the end of
the experiment

Puccinellia Spartina
High plot 0.76 0.22*
Low plot 0.38* 0.86

ii. Biomass in high plot/biomass in low plot, at the end of the
experiment

Puccinellia Spartina
Monoculture 1.27 0.62
Mixed culture 2.56* 0.16*

i. Biomass of Puccinellialbiomass of Spartina, in the mixed cultures

0.55 6.73
0.16 0.42

Start of experiment {August)
End of experiment (November)

* Significantly (P < 0.05) different from 1 (only given for i and ii)

4. Aglasshouse study: shoot emergence in spring

In order to measure the effect of interactions between
Puccinellia and Spartina on the spring emergence of
shoots, a competition experiment was set up using the
replacement series design of de Wit (1960). Hibernat-
ing plant parts were collected in January 1985, follow-
ing a period of extreme frost, from an estuarine salt

W P Puccinelia
O S Spartina

P P+sS S | P+S
Aug Nov
! (Low)

FIGURE 4. Shoot biomass of Puccinellia and Spartina at the start of the deletion experiment {Aug) and at the end of the
experiment (Nov) in both the higher (high) and lower (low) plots

P+S = mixed culture
P = monocuiture of Puccinellia
S = monoculture of Spartina
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