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Chapter 5

Mechanism of eelgrass {Znstera marina L.) colonization: Patch dynamias

and effect of disturbance
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Abstract

The process of re-colonization of bare substrate by eelgrass
{Znsters maring) was documented using a forty year racord of historical
photographs of two regions in Massachusetts (West Island, Fairhaven;
¥ianno Beach, Ostervillel., The pattarn of colonization were sinmilar at
subsites within each region: discrete circular patcehes of eelgrass firet
appeared on bare areas (via seed dispersal) and grew laterally, and
additional new patches appearsd each year. On i scale of 1000's of m,
selgrass took 25 and 40 yr respectively to reach peak coonver after
initial colenization subseguent to the wasting dissasge. On a smaller
scale (100°s of m) eelgrass expanded to peak cover 1B yr after at
subsites in each area,

On the smaller scale, rates of colonization, and peak eelgrass
cover at these and other ar&%s appeared to vary primarily due to
differences in lateral bed growth, new bed recruitwent, disturbance
aize, and percent of the substrate disturbed sach year by non-
catastrophic disturbances. Thess phenomena coyld be measured hy
analyvzing photograph sequences, and were incorporated in a computer
simulation. Lateral growth rate, bed recruitment rate, percent of the
arza disturbed, and disturbance size were sef in the simulation and
validated with values documented in the photograph record.

The aimulation agreed well with obsarved small-scale colenization
rates and percent cover at peak abundance at validation sites in each

area. Changes in recruitment rate within the model demonstrated that
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new hed recruitment was fundamental for rapid ecolonization. Higher
lateral growth rates also shortened the time for seelgrass to reach peak
cover, bnt not to the same degree as recruitment rate. TIn contrast,
both disturbhance size and percent area disturbed had moeh less effart on
the time for eelgrass to reach peak abundance., The percent of the
habitat disturbed sach year primarily affects the percent of the habitat
covered by eelgrass at peak abundance. High levels of disturbance
explain why eelgrass cover in some areas hever exceeds 50% of the
available habitat. Disturbance sizes less 10 m? had little effect on
colonization rates or percent cover ar peak abundance, even when 20% or
more of the eelgrass cover wag removed sach vear. <Changes in
disturbance size when disturbances are greater than 100 mz, alsc have
little affect on peak cover or time to reach peak cover. Disfturbance
gizes in the range 10-100 n® can greatly affect the time to reach peak
covar, especially when more than 10% of the ealgrass hahifat isa
disturbed each year.

The slower ¢alonization on a large scale (1000's of m} can he

axplained by stepv¥isa colenization from refuge populations. That is,

expansion on larger scales. The glow large scale dispersion of eelgrass
populationg, together with catastrophic storms, and in some areas, hiuman
disturbance, explain why eelgrass pcpﬁlatians tonk many decades to
recaover from the wasting disease, and why same aresas are sfill

recovering today.
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Introduction

Disturbance, patel formation, succession, recruitment, and growth
are fundamental processes affecting the abundance in gessile nrganisms
{Picket and White, 1987; Paine and Levin, 1981). 1In addition to rhess
factors, analysis of succession and patch dynamics are gensrally altered
or defined by competition and predation among species. Thusg,
interspecific interactions make if more Aifficnll fo ¢tudy the esffects
of patch formation and disturbance on the oolonization and abundance of
a sessile apecies, 2gpecially on a large scals,

Eelgrass (Zoatera marina L.) meadows are ane community where the
relation between population growth and disturbance rcan be studied
without complicating effects of predation and competition. This
community is ideal for a number of reasons. For most of itz range, and
in most habitats, selgrass does not compete for space with other species
{Thayer et al., 1984}. That iz, eelgrass beds exhibit the simplest form

rnlonization

of succession: bars substrate > selgrass meadow

disturbance ;, pave substrate. Less than 10% of selgrass primary
production ig directly consumed, and eelgrass beds ars rarely denuded by
herbivores (Jacobs et al,, 1979: Nienhuis and Groenendijk, 1988).
Consaquently. the role of herbiveory in selgrass colonization can be
ignored for most sites, Virtually all szelgrass heds were destroved by a
"Wasting Disease™ in the early 1930°s (Rasmussen, 1977); thus a large-

seale natural "experiment" has ccourred. Finally, eelgrass heds often

show up clearly on aerial photographs, and many areas have been repeatad
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scale natural “experiment® has nceourred. Finally, eelgrass beds often

show up clearly on aerial photographs, and many areas have been repeated
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survayed since the late 1930's, hence a large data hase existz for
analysis. In this paper, I document and model the process of eelgrass
enlonization at two sites in southeastern Massachusetrts (USA}, and
determine how population growth is affected by different levels of

disturbance and rates of population expansion.

Eelgrass life history

Felgrass 1s a marine angiosperm that grows subtidally in Northern
temperate waters, often farming sxtensive meadows, All stages 1n the
life cycle of eslgrass including pollination and germination oorur
undervater, FExpansion of existing heds occours by production nf new
shnots and recruitment of new seedlings, whereas the colonization of
bare areas not adjacent to existing heds almost completelv depends on
propagation and germination of seeds because uproated plants float and
are nsually lost to sea or get cast on shore. Sesed production often
exreeds many thonsandg of seeds per square meter (Thaver et al,, 19&4}%.
Felqrazs seeds are negatively buayant, and most fall near the beds that
produced them (Robertson and Mann, 1984; o.f. Davis, 1985); but szome may
also be carried by currents or uprooted flowering shoots (Chorchill et

al., 1978).

Disturbances

Like most regions, nearly all eelgrass populations in
Massachusetts were destroyved {Cottam, 1933, 1934: Stevens, 1935; Stevens
et al,, 1950; Costa, 1487, 1983}, One of the most remarkable aspects of

the wasting disease was that eelgrass populations took many decades to
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recover, and are still expanding in some areas today (Costa, 1987: den
Hartog, 1987). Superinposed on this gradual recovery were smaller or
localized impacts from natural or human disturbances of various zcale,
These chronic or periodic disturbances slowed or sometimes
"reinitialized” colonization. Human disturbances affecting eelgrass and
other geagrass populations include phygical removal, toxie pollution,
and degradation of water transparency (Cambridge, 19739; fanbridge and
MeComb, 1924; Orth and Moore, 1983b; Orth et al,. 1980; Phillips, 1978;
Thayer, et al., 1397%}., MNatural disturbances affecting eelgrass and
nther seagrasses (besides disease) include ecatastrophic storms. periedic
nan~catastrophic storms, sedinment transport, ice damage, and grazing
pressuras (Harlin et al., 1982; Jacobs et al.. 1%931; Kirkman, 1978;
Orth, 1975%; Rasmussen, 1977; Bobertson and Mann, 1%84). 0On Cape Cod and
Buzzards Bay, MR, storng and ice scouring are the principal disrurbances
atferting the twe areas studied here (storm dates and saverity are
snmmarized in Costa, 1987},

This study documents recolonization after the wasting disease and
analyzes the mechanisme and patterns of colonization based on growth and
natural disturbances. In general, there has heen little effort tfo model
large—3cale seagrass bed growth and recranitment, HMany of the techaiques
nged here, such as mapping of seagrass beds ugzing aerial photographs is
now rontine {(e.q. Kirkman, 1977; Harlin and Thorne-Miller, 1982}, 1In
addition, small scale (18's of m) patterns of colonization have been
studied in transplanted eelgrass {e.¢. Fonseca et al, 1979; Kenworthy et
al., 1982)., What is lacking is a quantification of eelgrass

colonization rates at larger scales, especially how they ars affected by
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disturbances that remove eelgrass, recruitment rate of new heds, and
bad lateral growth.

Abundance or fthe percent of surfaces covered over time tvopically
follows a logistic curve. A species may not completely cover a habitat
either because of competition, disturbance, or snitability of habitat.
In this study, the asymptotie portion of the curve is termed percent
cover at peak abundance, and the time tn reach the asymptotic phase was
tarmed years to peak abundance (Fig. 1}.

ifter the wasting diseage, surviving eelgrass populatinns took 30
to 50 years to recolonize parts of Buzzards Bay and Cape fiod
Maszsachusetts (Costa, 1987). These long colonization perionds are dne tno
the fact that initial re-colonization in some areas d4id not begin until
20 or 30 years after the diseasgse because they were remcte from refuge
populatiens. In small areas {less than 20 hal, once colonization began,
peak cover would nearly always be reached in Iess than 20 vears, and in
some cases, im as few as 5 years.

On high snergy coasts, discrete sircular beds of eelgrass first
sppeared,. which expanded laterally. Each vear nev heds were racruited
nearby. and thev too expanded, and this process coptinted until peak
cover was achieved., There was considerable variation in this
colonization process: not only 4id the time to reach peak cover vary,
but some areas had nearly continuous eelgrass cover at peakx abundance
whereas others had less than 50% of the available substrate covared,
aven after decades. This variability in colonization patterns appeared
te be due to differences in bed recruitment rates, bed lateral growth,

disturbhance sige, and the percent of the habitat disturbed sach vear.
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Figure 1. Hypathetical enlonization of an area by vegetation as
percent of the area covered aver time. In this paper, the asymptotic
part of the curve is termed percent cover at neak abundance. The tims

to reach the asymptote 1s termed vears £o peak abundance.
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To tast how changes in colonization rates depended upon
differences in bed lateral growth rate, bed recruitment, and disturbance
size and frequency, a graphical simulation (a two-dimensional cellular
automata) was developed that incorporated these parameters, Cellular
antomata are mathematical systems that simulate complex spatial or
tenporal patterns using lattice matrices of cells whose value or
contents are determined by the contents of adjolining cells, based on a
sat of rules {Coche ot al., 1987; Wolfram, 1984). This type of nodel is
necessary where spatial relationships exist that cannot be evaluated
algebraically or through differential calenlus., In this case, eelgrass
mortality cannot be medeled using classical growth equations bhecause a
10% annual mortality rate results in very different patterns nf
eolonization if the mortality econsists of numerous amall disturbances or
large infrequent ones. Similarly, eelgrass caver expands hoth by
vegetative growth of existing shoots and recruitment of new seedlings,
but the relative importance of each phenonmenon cannot be distinguished

by an analysis of intrinsic growth rates.

Haterials and methods
Site description

Two regions typical of moderate to high energy coastlines wers
studied: 50 ha in East Bay off West Island, Fairhaven, ¥A, and 150 ha
off Wianno Beach, Osterville, MA {Fig. 2). These regions were chosen
bacauge aerial surveys were available and eelgrass grows on broad sandy
coastal shelves, and patterns of eelgrass distribution are distinet.

The Wianno beach site is a more expased sonth facing shore and
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Figure 2. The site locations in Massachusetts. The areal extant
of beds is marked by the dashed line which encloses 50 ha at West Tsland
and 1500 ha at Wianno Beach. The outlined area within each gsite dencoras
the subsite (6,5 and 5.2 ha, respertively}) in which detailed changes in
percent coverage were mapped and for which rates of lateral expansion,

disturbance, and recruitment were measured.
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experiences nore wave and storm action than the West Island site. Ice
acouring 18 mors important in East Bay, West Island becange it is
shallower, and ice accumulation i1s more prominent in that area.

Both areas have experienced little human activity. The Wianno
Beach had extensive groin construction during the 1940°sand 1950's, but
the eslgrass beds there grow away from shore, and were probably nat

inflvenced by changes in sand transport «aused by the groins,

Photograph analysis

Data on changing aelgrass abupdance wag obtained from analyzing
sequences of aerial photographs at each site {Costa, 1987; Orth and
Monre, 1983h). Photographic coverage was ohtained for West Tsland
beginning 1951, and Wianno Beach beginning 1940, with a 1 ta 5 vear
apacing hetween photographs.

Eelgrase beds are rarely continuoug patches of vegetation: instead
there are bare areas within beds of varving size. Some of these hars
areas are apparent on the photograph, others are below the limit of
resalution on the photograph and are measurable only by field
obhservations. Alternatively, eslgrass may occour as anmerous discrete
patches too small and numerous fo digitize. In all these rages, a
border was drawn around eelgrass heds or clusters of eelgrass beds on
photographs, and the area of each "bed" was measured by digitizing.
These hed areas were corrected percent cover by comparing them to a
cover scale chart {Costa, 1987).

To map bed positiong and calonlate aréagg a sheet of acetate wiasg

placed on the photograph, and the horders of eelgrass beds and notes on
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percant cover were racorded. The photograph and overlay were
photagraphed with slide film, and this slide was projected anto
coagtline maps. The edge of the eelgrass beds were traced ontn the maps
from the slide image. The 2elqrass beds were digitized using mapping
software, and stored for later analysis and plotting.

Each of these coastal regions have complex habitat heterngeneities
such az sand waves and long-shore ourrents. No atiespt was nmade tn
incliude these feaftures in the model., Photographs showed thatlthe larger
coastal regions exhibited asynchronous celonization along different
parts of shore, but small parcels of substrate showed relatively uniforns
and synchronous colonization. <Consequantly a small subsites in each
study area {Fig. 2, West Iszland subsite = 6,2 ha ., Wianno Beach subsite
= §.5 hal was analyzed for differences growth, recruitment, and
disturbance and ysed to validate the computer model.

bateral growth of eelgrass was measured by changes 1n bed area of
new digcrete eelgrasg heds between two conseeutive phoatographs, The
bads ware treated as circles to caleulate radius, and the change in
radiug hetwsen twn fime periods was divided by the nomber of growing
seasons to obtain bed lateral growth rate (Gr)., Only during sarly
gtages of eelgrass colonization were individunal eelgrass beds
sufficiently circvular and recngnizable for this caleulation.

Disturbances may remnve pieces of, or entire eelgrass bheds. These
disturbances coceour during all stages of selgrass colonization, but is
gagsiest to maaeure during early stages of selgrass colonization when
there are many small discrefe beds covering the bottom and the identity

and survivorship of individual beds can be followed over time. If there
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wag only one vear befween photographs, vearly bed mortality rate '¥,_}
was caleulated as:

(Hy} = 1-{Ng - N} /N,
where Ng equals the number of surviving beds, and N, is the original
pumber of bads {(new beds are ignored). If there is more than one year
between photograph pairs, My was caloulated from the exponential decay
aquation:

My = 1-(Ny/Ng) (1/¥0)
It was assumed that both disturbances and beds are randomly distribured
and independant. Thereforae, the percent of the habitat disrurbed each
yvear (PHD) also equals My,

Similarly, the yearly recruitment rate nf eelgrass (h) ecan
calenlated by counting the number of new bads formed between photodraph
paire during early stages of colonization. Becauss the model required
an estimate of bed formation rate produced by existing selgrass bed
area, b was calculated as multiplicative percent increase in bed number
each year {rather than from the calculating intrinsic rate of growth of
bed nunmber, r} as:

B = (Na*N, ) /Npy-1
1f more then one year occurred between photographs then:
b = ((NgHNL) /M) (1/¥Thog,

Because this estinmate of b ignores nortality of newly recruifed beds
that may have oreurred during the interval, the equation was revised as:
b* =b - b x H.

Becanse eelgrass populations do not exist as discrete units in

late atages of colonization in the field or model, bed recruitment for
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the model (Ry) was defined as the number of new beds produced per 1000
m% of initial bed area, or:

Ry, = (b' * Ng)/{1000's of m? of Ng).
This method may slightly overestimate bed recruitment becauses it ignores
increased eelgrass bed area during the intervals during photograph
sequences separated by more than one year. Nonetheless, as shawn in the
results, this estimate is sufficiently accurate for the operation of the
model .

In nature, recruitment is a function of the available seed pool
which nltimately is a function of local eelgrass ahundance, because
eelgrass seeds fall near the beds that produced them {(Davis, 1985;
Rohertson and Mann, 1983; Costa, 1987). 1In this model the effects of
current velocity and direction were ignored, and seeds Were randomly
dispersed throughout the model aresa.

Disturbance size was calculated from the mean size of bare areas
within eelgrass beds that were at peak abundance. This clearly
underestimates disturbance size because existing bare areas are éf
different age and lateral expansion of bed margins could have taken
place. This estimate of disturbance size is a first approximation, and
the implications of disturbance size on colonization are discussed

below.

Model configuration
Lateral expansion rate, recruitment rate, disturbance size. and
percent of the habitat disturbed were incorporated in a two-dimensinoral

graphical simulation written in TURBO Pascal™h for a microcomputar, Trs
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model was composed of a spatial lattice of 310 x 190 square cells which
represented the habitat on which eelgrass grew. Each cell could be
empty or aontain eelgrass. To eliminate edge effects in the latties,
the habitat was defined as a "wrapatound” universe; that is, an
expanding bed or disturbance propagating at the edge of this spatial
lattice appeared on the other side of the habitat lattice.

The modesl was initialized {(vear = 0} with 2% aof the madel habitat
area randomly covered with eelqgrass, composed of both 9 cell (3x3 rells)
and 1 cell beds. This initial cover was similar fo the cover observed
at the validation siteg after initial colonization. The model ran
simnlating 30 years of growth and disturbance. During each year in the
model: 1} existing heds would expand laterally, 2) disturbances would
randonly remove some existing eelgrass, and 3} new beds were recruited
{Fig. 3). Tn validate the model, the four parameters (lateral expansion
rate, bed recruitment, disturbance size, and percent area disfturbed)
were set with values measured from the validation sites, and the
resinlting colonization cnrve was compared to actnal colonization curve
for each site. n test the relativs importance of each parameter, on
colonization, the simulation was repeated with each of the paramsters
changed over a wide range of possible valuwes. Since the model includes
gstachastic events, each 30 vear run of ths mnodel was répea%eé foyr times
tes obtain a mean and standard error of the percent cover at peak
abundance, and the time to reach peak cover,

Lateral expansion of beds in the model wag accomplished by cells
containing eelgrass “growing into" the adjacent eight cells (Fig 3}, If

ealgrass grew into a cell that already contained eelgrass, that rcell was
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Figure 3. A small portion of the habitat latvice in the nodel,
The model underwent 3 phasas each year. '3’ shows eslgrass coverage at
time t., The model first randomly disturbed areas (b}, cross hatched
area), removing all eelgrassz within the disturbance. Next, nevw selgrass
heds are recruited {b, new bed). Thisz was fellowed by vegetative
lateral expansion {c} which is now at time t+1, The size of each rell

varied depending on what lateral expansion rate was desired (refer to

text).
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not affected, Thus an isolzated, mndisturbed cell could in subsequent
vears grow into beds composed of 9, 25, 36, 49, etc. cells. The mean
lateral expansion rate of this process can he caleulated if each square
bed is assumed to be cireular with initial rading (r;) and area = 9. 25,
16, etec, The change in radins between any two vears (r(i+l)“ri) equal s
2% faraafpi}G‘S, Becanse the square root of the area of a sguare
eguals the length of a side, then lateral expansion rate = length of
ggquare ¥ 1.13. Berause of compunter memory limitations, lateral
expansion rate in the model wae adjusted by changing the size of each
rell. This changed the abksolute size of simulation lattice, but did not
affect racruitment rates, percent of the habitat disturbed, or
disturbance size, becausge each of thege parametars was determined by
cell size,

In nature, many more sseds are produced than sither germinate ar
gurvive to form new beds. In the model and photograph analysis, new hed
recruitment is conceptuaiiy equal to a seed being dispersed,
germinating, and growing into a new bed. For clarity, I will call this
process "new bed dispersal”,

Mew beds were randemly dispersed throughout the area of the nodel,
Like lateral growth, if a new bed "landed™ in an enpty cell, thar rell
bacame filled with eelgrass: if the cell already had eelorass, it was
unaffected, Recruitment would econtinue until a specific number of
"heds" were dispersed (based on the area of sxisting eelgrass bed ares
as described abovel, regardless of whether they landed smpty or full

cells,
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The mean size of large disturbances was meazured from phatographs
with beds near peak eelgrass abundance, and was varied in the nondel.
Disturbances of greatly differing sizes occur naturally, but small pateh
removal 13 probably nore common. In the model, disturbance size was
rapndomly generated, nearly conforwing to a Poisson distriburion renterasd
around the mean disturbance zize selected, and bounded by 0.2 % and 2.0
% mean disturbance area. Thig distribution was similar to the sizs
distribution of bare areas at Vianno site. Thege limits in disturbancas
size were arbitrarily set to simplify the model, and the robusiness of
the mndel with respect te disturbance size are discoussed,

The disturbances were randomly placed witheout respect to previons
disturbances. Thus it wasg pmssible to have an area disturbed more than
once during one year of the medel, Disturbances would continue in the
habitat lattice of the model until the total area disturbed in that vear
egualed the disturbance area selected when the model was initialized.

Percent eelgrass cover in the model area was caloulated by
dividing the number of cells containing eelgrass by the total number of
cells times 100, The size of the model lattice habitat srea was
approgimately the game size as the validation sites. Af this seale, the
distanee effects on new bed recruitment colonizatisn were assumed to he
unimpartant, and ware not part of the model. Because of secale effects
and because the larger regions have too much habitat heterogenity, only
data from the validation sites could be compared to the model in a

meaningful way.
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Resnlts

Like other areag in Massachusetts, eelgrass populations took forty
years to fully recover in East Caove of West Island, and 45 years to
racolonize Wianno Beach {Fig. 4; see also Costa, 1987). Qver these
regions, periods of areal expansion were nearly linear reaching an
asynptotic peak cover. Colonization in both locals was asynchronous and
ncourred stepwise along sach coastline: from sast to west at Wianno
Beach, and from northern deep parts of East Cove to shallow flats at the
south end {data not shown}. In particular, Bast Cove, ¥West Island was
characterized by two major phases of expansion: extansion of deep bads
at the north end of the Cove during 1956-1960, and colonization of
shallow areas in the south part of the cove dyring 1962-1966 [Fig 4,
top)., Colonization may have been slowed during the mid-1950's in part
diue to a hurticane. ERelgrass expanded intoe the shallow nearshore of
Vegt Tsland during the 1960°s and 1370%'s, but largs portions of these
heds were destroyed during the late 1970's dne to severe ige scour and
winter storms.

At Wianno Beach, eelgrass showed major expansion between 1948 and
1454, and between 1964 and 1973 (Fig. 4, botfom), and appears fo be
still expanding today, but at slower rates. This roast 1s nmore expased,
and catastrophic sterms [(hurricanes in 1954, and a hurricane and ssevers
blizzard in &0-61} resulted in the loss 60% of existing eelgrass cover.
Eelgrass beds on deeper habitat than at West Island, and ice does not
agenmulate along Wianno Beach to the same degree. Consequently, lnsses

of eelgrass along Wianno Beach during the late 1970's were nominal.
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Figure 4, Historical changes in eslgrass abundauce at East
Cove West Igland, 1951-1983 (top) and Wianno Beach, 1940-1981 (hottom),
Slow eelgrass growth {Bast Ray} or declines {¥Wianno Beach! resulted from

hurricanes in 1954 and a hurricane-blizzard combination in 1960-R1.
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Colonization of the validation subsites (Fig. 5} was more rapid
than the larger study area (Fig. 4), and at bath sites. eelgrass
achieved peak abundance 13-15 years after initial colonization. The
process of colonization at the two subsites differed in several
respects. Felgrass at the West Island site reached 90% peak cover
whereas the Wianno Beach site reached only 77% peak cover. The two
validation sites had different rates of lateral expansion, bed
recruitnent, and size and frequency of non-catastrophic disturbances
{(Table 1).

When values of each of the parameters modeled were initialized in
the model, the simulation results compared well with actual colonization
(Fig 5). Also, the spatial pattern of eelgrass cover in the model had a
similar appearance as on photographs (Fig. 6). Because the model
matched the photographic record well, the model was run through 100's of
iterations to determine how changes in lateral bed expansion rate, bhed
recruitment rate,. disturbance size, and percent of the hahitat distufbed
affected the process of colonization.

For example, recruitment rate was changed., but lateral expansion
rate, disturbance size, and percent of the habitat disturbed were kept
constant, with values appx. egnal to the Wianno Beach validation site.
Results from the model {(Fig. 7} suggest that at low recruitment rates,
it would have taken more 30 years for colonization to reach peak
abundance at the Wianno subsite, instead of the 13 years observed. At
higher recrunitment rates, changes in rate had less effect on years to
peak abundance than low recruitment ratesg, but still reduced the time to

reach peak abundance, <8 years for very high rates. The curve is not
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TABLE 1. Bed lateral expansion, survivership, and recruitsent st early

stages of suwecession for the twe validation sites.

Bad pumsbers far the

West Tsland site during the 61-62 sequence were too merged for bed ~onnt

calculations, but this was unnecessary becauwse of there was only 1

growing season between phatographs and Ry could be calculated directly

as muber of beds produced per existing bed area.

For validation

purposes, the model was tested with the 1951-56 data for West Island,

Wianno Beach

Photograph pair sequence: 4/62-10/65%
Growing geasons in sequence: 4
Initial # of beds (Ng): 128
initial bed area (Aj): 1400
Bed survivorship (Nj): 166
New beds recruited (N, ): 113
Final bed area (Af): 5850

Parameters used in model:

Bed recruitment/1000 n? of By {(=Ry): 36
Percent of habiftat disturbed per vr {PHD}: 8.0
Mean disturbance size imz}: 78

Bed lateral expansion rate {m/yr): .45

Vast TIsland

16/51-5/56
4

42

75

36

9

179

49
3.2
<10

0.29

4/61-4/62
1

nd

714

nd

47

nd

A1
nd
nd

.45



204

Figure 5. Teopn: Colonization by eelgraszs at the West Island
subsite {(see fig. 2} beginning 1956 (closed squares) compared and
regults of the 4 runs (mean +/- =d} of the simulation set with the fonr
parameterg set as in Table 1. Bottom: Colnnizatiaon by eelgrass at
the Wianno Reach subsite beginning 1982 {closed agquares) compared and
results of the 4 rons (mean +/- sd) of the simulation set with the four

parameters set as in Table 1.
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Figqure . A conparison between a 1.3 ha pertion of the modal
(hottom) . and photograph area of equal size {top) at Wiapno Beach, on
which this model run was hased. Both are at 1% years after

rnionization.
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Figure 7. The effect of recruitment rate {# of beds produced per
1000 n™2 of pristing eelgrass) on vears to peak abundance (top) and
percent cover at peak abundance (bottom). For thess rans, percent of
the habitat disturbed = 5,0, mean disturbance size = 74.5 n%, and

lateral expansion rate = 0.45 m yr1
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asymptotic but instead becomes linear with a shallew slope suggesting
that if higher recruitment rates are possible, colonization may aceur in
neriods less than 8 years. Increased recruwitment rates increased
slightly percent coaver at peak abundance (from 85 to 93%). The impact
of changes in recruitment rate were much less than the effect of changes
in disturbance size or percent area disturhed.

Increased lateral expansion, like increased bed recruitment.
reduces both peak cover and the number aof vears to reach peak abundance
{(Fig. 8}. <Changes in lateral expansion rate between 0.1 and 0.5 m year
resulted in the greatest changes on peak cover and years to peak
abundance. Over this interval, coleonization time deecreased froam thirty
}ears to less than fifteen years, and increased percent cover from 73%
to more than %0%. Nonetheless, increases in lateral expansion rate had
less effect on reducing colonization time than increases in bed
recruitment rate,

The percent of the habitat area disturbed each year had a strong
effect on peak abundance, but had only a mederate effect on years to
reach peak abundance (Fig. 9). The slope of the percent cover curve was
linear (Fig. 9, bottom} with a slope of -2.1. Thus, if 10% of an
eelgrass habitat is disturbed each vear, under the specified rates of
bed lateral expansion and bed recruitment, eelgrass cover will never
exceed 80% of the bottom. The effect of percent habitat disturbed on
years to reach peak cover was less than the effect of changes hed
recruitment rates or bed lateral expansion. If 30% of the habitat is

disturbed each year, selgrass will take 30 years to colonize an area
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Figure 8, The effert of changes in lateral expansion rate on
yeaars to peak abnndance (top) and percent cover at peak abundance
{bottom). PFor these runs, recruitment rate = 35 beds/1000 mar

disturbance size = 774m2, and percent of habitat disturbed 5%,
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Figure %, The effect of percent of the habitat area disturbed

zach vear on years to peak abundance (top) and peak abundance (bottom},

For these runs, recrnitment rate = 15 beds/1000 mz, mean diztiurbance

2

size = 76.% m?%, and lateral expansion rate = (.45 m yr~1
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instead of the 14 vears reguiraed when none of the habitat is disturbed
under this set of conditions.

Disturbance size did not affect the time to reach peak abundance
at all (Fig. 10}, but was an impartant factor regulating peak cover.
The impact of disturbances of 10-160 n? on peak cover depended greatly
on the percent of the habitat disturbed {Fig. 10}. For example, if mean
disturbance size is 80 mZ but only 5% of the hottom is diasturbed each
year, 90 percent of the bottom will he cover by eelgrass when the
population reaches peak abundance. In contrast, 80 a2 disturbances
tntalling 20% of the habitat each year will resnlt in eelgrass habhitar
area that never exceeds 40% cover,

Changes in the size of disturbances for disturbances greater than
100 mz, however, had less effect on peak cover, irrespective of percent

2, had virtually no

of the habitat disturbed. Disturbance less than b n
effect on peak abundance, even i1f 20% of the hahitat was disturbed each

year (Fig. 10},

Discussion and conclusions

overall the model clesely fit observed patterns of colonization at
#ach validation subsite, Differences between the model and data from
the subsites can be explained in part bv uncertainty in the calculated
parameters since small changes in some of the parameters. For example,
in the model, a 9 % yearly disturbance level and recruitfment rats of 20
beds per 1000 ne would give a nearly perfect fit to the Wianno Beach
data. Alternatively, some the parameters in the medel such as lateral

expansion and recruitment rates may change during different periods as
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Figure 10. The effect of disturbance size on years to peak
abundance (top) and peak cover {(battom). For thege runs, recruitment
rate = 3% bheds (1000 Eg}“I, and lateral expansion rate = 0,45% » yrwl_
The medel was reiterated in both cases for 5%, 19%, 15%, and 20% percent

of the habitat area disturbedi
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illustrated in Table 1. These differences could be due fo changing
habitat conditions {(“good" and "bad" years, effects of catastrophic
storms}, or alteration of habitat and facilitation of growth. Because
neither lateral expansion or bed recruitment can be easily from
photngraphs during late stages of celonization, field studies over long
periods are necessary to answer these questions.

To simplify the model, several assumptions were made which are not
necessarily true, but these assumptions probably do not affect the
results. For examyle,'bed recruitment rate may not be proportional to
bed area in later stages of colonization, but this wninmportant hecause
vegetative growth is more important in expanding bed cover at that tinme.
I assumed random dispersion of eelgrass propagules throughout the
colonized area of the model, but observations on eelgrass and ofher
passively dispersed seeds show that most seeds fall near their source,
and decline exponentially with increasing distance (Sharpe ahd Fields,
1982; Costa, 1%88). This may not be a serious conflict, however,
because beyond a certain distance, the 'tail' of an exponential decay
enrve at great distapnces may not be statisticzlly signifiecant from a
random or uniform distribution of low frequency (Poisson}. The
distribution of disturbance size probably has 1ittle bearing on the
model results because disturbance size does not affect peak cover at
all, and for many class sizes, has only marginal seffects on peak rover.

Bed margin lateral expansion rates nsed in the model are realistic
based on reports in the literature for actively growing beds (Araski,
1980; Fonseca et al,, 1979). The highest rates obhserved in photographs

conld also be an artifact due to new szedlings that may recruit near the
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edge of existing beds; a phencomenon that cannot be resolved from
photographs, Functionally, however, this mechanism does not affect the
model, because all that was considered is the net expansion of existing
beds.

The graphical simunlation appreach used here is heuristic in many
ways. The model used here was hased on fthree well documented phenomena:
eelgrass beds expand vegetatively, new beds may recruit from seads, and
eelgrass may be removed by disturbances of varions size and frequency.
Because this model was based on these concepts, it can operate without
any a priori knowledge of the values of any of these parametars. 1In
this case, when values of each parameter (derived from photographic
ohservations) were used the model, they matched well with the real
world.

The results of the model suggest that many patterns of
colonization observed in the field can be explained by differences in
bed lateral expansion rates, new bed recruitment, disturbance size, and
per cent of the habitat disturbed each year. For example, a high energy
site near Wianno Beach never has never exceed 40-55% cover, even after
many decades. Assuming similar rates of bed recrnitment and lateral
expansion as the Wianno Beach site, the model results suggest that
approximately 20% of the eelgrass habitat is removed each year at this
site by large disturbances. At a site in Buzzards Bay {Great Neck,
Wareham), peak cover wag reached in less than & years after initial
colonization {Costa, 1987). This phenomencn can only accur if the rates
of new bed recruitment were 3 to 4 times higher than observed at Wianno

Reach. Thus this model is hoth heuristic and predictive, and these
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hypotheses are tesstable. This model oould zlso be used to predict
eelgrass growth in transplanted areas with known rates of vegetative
expansion, recruitment, and disturbance.

The photographic record and model results show that recruitment of
naew beds greatly enbances the rate of colonization of the area. In the
gimulation, bed recruitment generally accounted for less than three
parcent of the cells filled in each year, vet this disperssl could at
ieast halve the time it took to reach peak abundance by vegetative
growth alone., Red recruitment showed its greatest contribution to
eolonization during midpoint of the colonization when both propaguie
production and open space are high (Fig.11l). The importance of seed
dispersal has hroad implications becauge gseedlings and seed germination
is often the most sensitive stage in a plants life history, and is
fundamental for colonizing new habitat. Any disturbance preferentiallvy
afferting seedling survival, such as toxic pollutants, or shading
effects from snrichment induced algal growth can greatly zlow rea%very
in an area.

The results from the sinulation suggest that small éist%rbances
{<5 mg} have little effect on colonization, even when the percant of ths
habitat disturbed per vear is very large {Fig. 8). This suggests that
eelgrass beds ran accommodate frequent small disturbance such as may
aceur from animal foraging or shellfishing. Thisg does not mean however
that shellfisherman do not have any impact becaunse sizable areas of
ealgrass may be removed from heavily fished areas {pers. obser.}.

Furthermore, shellfishing generates much suspended sediment and releases
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Figure 11. Relative eontribation of recruifment fo colonization

during the model run for Ry=56, PHD =5,6%, Gr= 0.45 and DS=74.
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nutrients, both of which will result ultimately decrease light
availability, which can lead to loss of eelgrass (see also Costa, 1987).

This model and photograph analysis elucidate the mechanism of
colonization, but other patterns of eelgrass colonization such as bed
morphology, onset of colonization, and distribution are set by other
factors such as large scale disturbances, wave scour, long shore sand
transport, sand wave migration, and habitat heterogeneities. Also, the
pattern of colonization described here {expanding, recruiting, and
merging of distinct beds) is prominent only in more exposed
environments, whereas in sheltered shallow hays, eelgrass ahundance may
show rapid colonization or wide fluctuations in abundance {(Costa, 1987).
The rapid colonization seen in these shallow protected bays can only be
simulated in the model with very high recruitment rates. This may be
realistic, however, because beds in these areas are often annuals and
sho& high rates of seed production. In deeper offshore areas, seed
production is lower, and seedling survival is also lower because the
substrate is unstable. New beds, once established, have higher rates of
survival than individual shoots, and this leads to the discrete pattern
of colonization observed in exposed areas.

The patterns of colonization modeled here reflect only small scale
phenomenon. Colonization of eelgrass over 1000's m is often linear, or
shows temporal and spatial stepwise expansion, often set back by
catastrophic disturbances (here and Costa, 1987). These results can be
explained by the results of another model shown in Fig. 12. In a one
"cell” model {a single subsite), a species could show logistic expansion

in cover. In an adjoining subsite became colonized only after the first
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Figure 12. Comparison of colonization curves of a species with
logistic growth in a single cell system (top}, in a two cell system
{middle) where logistic growth hegins in second cell only after 50%
cover is achieved in the first cell. The four cell model used the sane
stepwise colonization process as the two cell module. Tncreasing
designed Relative contribution of recruitment to colonization during the

model run for Rb=56, PHD =5f6%, Gr= 0.45 and DS=74.
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site reached 50% cover, then in a 2 step colonization would occur (2
cell model, Fig 12). By adding more cells, the colonization curve
became both increasingly linear, and of longer duration. The onset of
colonization depended on the distance of each portion of shore from
existing beds (and refuge beds that survived the wasting disease. This
phenomenon is visible on many sequences of photographs and explains why
eelgrass populations took so many decades to recover from the wasting

disease, and why some populations are still expanding today.
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