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ABSTRACT

Interactions between algal epiphytes and their grazers
can have a significant impact on the structure and fune-
tion of eelgrass (Zostera marina L.) meadows. In Puget
Sound, the herbivorous gastropod Lacuna variegata Car-
penter and its congeners appear to vemove large quantities
of the euphytic community from eelgrass blades. When
snadls at typical field densities were used in microcosms,
Lacuna signiftcantly reduced epiphytic biomass and areal
productivily. Biomass-specific productivity of the epiphytic
communily showed an inecreasing trend with increasing
snail density, Epiphytic froductivity increased nonlinearly
with inereasing epiphytic biomass, The commaonly used lo-
gistic pn‘imff.'fum ;_nmu!h [formula adequately described this
relationship. Grazing rvate alse increased non!uu'mh with
inereasing epiphytic biomass. The Holling equation ade-
quately described the velationshify between grazing rate and
‘ p;])k)hr biomass. The proportion of the epiphytic lnomass
Jound on the oldest blade of an eelgrass shoot was related
linearly lo epiphytic biomass, suggesting that a constant
fraction of the epiphytic community is lost vegardless of
epiphytic density, Lacuna clearly removed large quantities
of epiphytic material from eelgrass blades, significantly al-
tering community function. Modified Lotha=Volterra equa-
tions, incorporating the logistic growth form and Holling
grazing equation, should frove useful in modeling the efi-
phyte—grazer interaction.

Key index words:  biomass; diatoms; grazing; Lacuna,
maodels; productivity

Seagrass communities are of vital importance as
both habitat and food for numerous economically
important and rare or endangered species (McRoy
and Helfferich 1977, Phillips and McRoy 1980). The
epiphytic community on eelgrass (Zostera mavina 1..)
and other seagrasses is diverse and highly pmduc tive
(Borum and Wiunm-Andersen 1980). The interac-
tions between algal epiphytes and their grazers are
critical components of the seagrass ecosystem.
Whereas the contribution of epiphytic production
to total system productivity can be large, epiphytes
are capable of overgrowing their host. Grazers may
prevent epiphytic overgrowth, thus increasing host
fitness by increasing light or nuwients (including
HCO, ) available to the host (Orth and van Mont-
frans 1984, van Montfrans et al. 1984, Hootsmans
and Vermaat 1985, Howard and Short 1986, Dudley
1992, Neckles et al. 1993, Jernakoff et al. 1996). In
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subtidal seagrass meadows of the Pacific Northwest
coast of the United States, the herbivorous gastro-
pod Lacuna variegata Carpenter and its congeners
appear to be important grazers of epiphvtic algae
(Nelson 1995).

This study considers whether the interaction be-
tween algal epiphytes and Lacuna can be modeled
with a variation of the Lotka-Volterra predator—prey
equations. To demonstrate that Lacuna has a signif-
icant impact on epiphytes, the effect of three den-
sities of Lacuna on epiphyte biomass and productiv-
ity was measured. This study then tests several com-
mon functional forms for grazing and epiphytic pro-
ductivity terms of the model with respect to changes
in the density of epiphytes and grazers. The fit of
the various forms is evaluated by examining the co-
efficient of determination () and residual analyses
of regression models. Predicted values for maximum
grazing rate, maximum epiphytic productivity, and
epiphytic carrying capacity under the alternative
forms are evaluated for consistency with biologically
meaningful values. If one of the alternative forms of
the modeling terms fails to fit the data well or pro-
duces biologically unrealistic parameter values, the
form is rejected.

The following modified Lotka-Volterra equations
are proposed to describe the interaction between
algal epiphytes and grazers in seagrass meadows:

oE/8t = r.E(1 = E/K,)

- 7EG/(E + @) — d E (la)
and

d3G/dt = =1,G + PEG/(E + a) (1h)

where E is the biomass of epiphytes, G is the biomass
of grazers, t is time, r, is epiphytic productivity per
unit biomass, K. is the carrying capacity for epi-
phytes, 7 is the maximum feeding rate per unit graz-
er |)l()llhh\ a is the biomass of epiphytes at which
the lu(hng ate 18 Y2 the maximum, d_ is the pro-
portion of epiphytic biomass lost due to leafl slough-
ing, r, is the rate at which biomass is lost in the
absence of food, and @ is grazer assimilation effi-
ciency.

Biomass, rather than the number of individuals,
is used to quanufy both state variables (E and G)
Individual snails and epiphvies can appear in a
range of sizes and, at least for epiphytes, shapes. The
model assumes that biomass represents a “typical™
combination of shapes and sizes. Although this may
be unrealistic, it seems more realistic than equating
individuals of vastly different sizes and shapes. Woot-
ton and Power (1993:1386) point out that measur-
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ing biomass is advantageous because it puts “the dy-
namics of all trophic levels on similar scales™ and
“account[s] for changes due to storage and growth
as well as demographic processes.” Settlement of al-
gae on eelgrass and of the planktonic larval stage of
the grazer is ignored by this model. However, the
contribution of such settlement to biomass or pro-
ductivity is pmhdl:lv minimal (Borum 1987). This
model treats all epiphytic algae as being equivalent.
This simplification is necessary to facilitate model
evaluation, but may not be realistic. For example,
the grazer may prefer one ﬁpcci(-‘a over another, al-
though the grazer of interest in this study will eat
all available epiphytic algal species. Some authors
have demonstrated food preferences among grazers
of epiphytes (Jernakoff et al. 1996), but other anal-
yses indicate that als,:ll composition does not signif-
icantly affect grazing rates (Cattaneo and Mousseau
1995).

The functonal form of ecach of the model’s terms
will be evaluated. The first term in equation (la) is
the commonly used Verhulsi—Pear] logistic equation
(reviewed in Pielou 1969, May 1973) used to de-
scribe productivity, Alternative forms are listed in
Table 1A and are considered. The second terms in
both equations (la) and (1b) describe gra/iug and
are equivalent if assimilation efficiency is constant
regardless of the density of epiphytes or snails. The
functional form of the grazing term (the second
term in equations [la] and [1b]) is from Holling
(1959, 1966). Alternative forms are listed in Table
1B and are also tested. The third term in (la) im-
plies that the rate of epiphytic loss due to leaf
sloughing is a fixed portion of the epiphytic bio-
mass, regardless of the density of epiphytes or graz-
ers. If the rate at which leaves are sloughed is con-
stant, then the rate of epiphytic loss is simply the
sloughing rate multiplied by the fraction of the com-
munity found on the oldest (and thus next to be
sloughed) leaf in a shoot. There is no a prior reason
to expect that this fraction is constant over a variety
of epiphytic and snail biomasses, as the mndc]ms.{
equations assume, so the etfect of the density of epi-
phytes and grazers on the portion of the epiphytic
community on the oldest leal is evaluated. There
may be times when the rate of leaf sloughing is not
constant (e.g. very low irradiance conditions [Back-
man and Barilotti l(hh] or at the time of a shift in
production from “winter leaves™ to “‘summer
leaves’ and wice versa [Phillips 1972]). Therefore,
the general scope of this model will be limited to
conditions under which the rate of loss of eelgrass
leaves is more or less constant.

AMATERIALS AND METHODS

Effecis of Lacana densify on qn'hhuu comieenaty fusietion, The ef-
feet of thiee snnldensities (0,5, and 10 snails: [ 10 cm eclgiass] ')
[R11] tpz]_)!u tic commupnity function was tested inomicrocosms con-
taining the snails and one Tcm length of eelgrass leal. The mas-
imunn density tested (1 snail-[em eelgrass| ' is the highest nat-
wral density observed in the tield and is found only on the distal,
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Fr. 1. Site maps. A and B mark the location of the subtidal
celgrass meadows al Brown Islaned and Turn Cove, respectively,
Fhe meadow ar Argyle Lagoon (C) is cut ol from open water by
a tidal stream; thus, it is perpetually under 051 m water-

mosi heavily epiphytized portion ol the blade. Microcosms were
used incthis study beeanse Lacena is too small 1o be meluded or
excluded by caging. Any cage with a mesh size small enough 1o
contain Lacuna will greatly veduce water flow and Tight aroud
thie host celgrass plant and the epiphvtic communiy.

Specimens were collected from the vicinity of Friday Harboy
Laboratories, San Juan Islind, Washingron: US.A Heavily epi-
phvtized eelgrass shoots (selecred Tor high apparent epiphviic bio-
mass) were collected from a subtdal (ca. = 1.5 m MLLW) mead-
ow in Turn Cove (Fig, |, 48°32° N 122°58" W) an 5 Auguost [958,
Ihe epiphytic commumity consisted almost enurely ol diatoms,
Ome 10«cm segment was cut from the distal region ol the oldest
leal on each shoot. Only segments with no brown or necrotic
spots were selected. Specimens of Lacania variegatn werd collecred
from a dense population found along a transect line through o
subtidal eelgrass meadow near Brown [sland in Fridav Harbor
(Fig, 1. 48732" N, 122°5%" W), Every snail seen along the line was
collected. Smails and epiphvies were colleated from different sites
hecanse there were virtually no epiphytes ar the Brown Islasd site
and an msubhcient number of snails at the Toum Cove site.

Blade segmernts and snails were incubated for 10-12 davs i 20
replicate 500-mL Edenmeyer flasks per snail density (60 total mi-
crocosms). The flusks were capped with Nvtex screen and set up
as Now-through systems. Unfiltered seawater was pumped into
each flask, vin Tygon wbing penciaing the sereen cap, and
Howed o through the sereen. The volume of the [lask was
turned over ~ 130 times per hour, The (lasks were subimerged in
a clear plexiglass sea table and left outdoors, The phatoperiod
was approximately T410 T LD The sea table was exposed 1o un-
filtered sunlight at 1800-2200 pmol photonsam “s ' at noon
euch dav (hased on the observations of T AN for the same site
and season during other vears), Water temperature was main-
tained ar 12° C by the flowing seawater.

Following the incubation period and  productviny ineasure-
menty (described below), epiphiviic biomuss on the blades was
measured as div miss and chlorophyll o One side of cach vel-
prass: segment was cleaned with a glass microscope shide onto
preweighed filter paper (9 cm Whatman #1). Filter paper and
l'|1iph_\l1‘\' were died to constant weight. One-halt of the ather
sidde was cleaned with a small piece ol filter paper, Chlorophyvlla
was extracted from this Alter paper in 10 mloof 90% acetone,
and the Chl o coment was calculated based on light absorbanee
At 630, 664, and 730 nin (Lobbair 1985).

Productivity was deterinined by measuring photosynthesis using
an oxygen clectrode (YST model 57204 probe. YSI model 58 me-
ter, Yellow Qlu'iu‘g\' Instruments; Yellow Sl,“uiuy.s_ (O hio) in 300anl
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biological oxvgen demand (BOD) boules (Wheaton, Millville,
New Jersey) at 127 C) Felgrass segments (with the epiphytic com-
munity intact) were mounted through slits in short segments of
fiber optic stands o keep them apright. All phiotwsynthetic mea-
surements were made with measured photon Hux densities ol
1250 pmol photons-m “s7 ! Measurements were carried ont in
BOD bottles placed in a temperatre-controlled aquarinm for ~1
h at a fixed distance from a light source o provide constant pho-
won flux density and emperature (12° C). Prior 1w productivity
measurements on experimental organisms, photosvnthesis versus
photon flux density curves were determined for eelgrass segments
with the epiphyvtic communit intact and removed. Photosynthesis
was saturated at 500 pmol photons-m s ! and was not photo-
inhibired ar 1500 pmol photons-m “s ' for both eelgrass and ep-
iphvtes,

The reduction in light reaching the eelgrass blade was estimai-
ed by seraping a given mass of epiphvies onto a glass slide and
comparing absorbance ol i clean slide with treated slides. Scrap-
g with a glass slide removed virtally all of the epiphytic com-
munity. The wrea of the glass slide over which the epiphvies were
spread was at most equal o the area from which they had been
removed, Even with epiphytic biomasses much higher (up o 6
times) than those observed in this portion of the sy, a photon
Hux density of 1250 pmol photonsam *s ' reaching the epiphytic
community was sufficient to photosynthetically lightsatrate the
underlving blade.

Posttreatment productivity of the eelgrass segment with and
withowt attached epiphytes was determined. Productivity of the
epiphyvtic community was then caleulated as the ditterenice be-
wween the two measuwrements, This ealeulation assumes that the
productivity of the eclgrass segment was the same with and with-
out epiphvtes. Light reduction has been ruled om as a facton
reducing eclgrass productivity in the presence of epiphvtes, How-
ever, algal epiphytes may Timit eclgrass productivity by reducing
HCO, . availability, Vigorous mixing of the seawater in the BOD
battles should have prevented depletion of HCO, i the water
adjacent 1o the blade. Oxygen evolition is not nsually used as a
methad of measuring celgrass photosynthesis because of the pres-
ence ol gases stored in the plants aerenchyma tissues, In this
case, however, the leaf segments had been submerged for at least
10 days, the aerenchyma tissue appeared completely flooded, and
no gises were trapped in the tissue.

Analvsis of variance (ANOVA) was used to test for differences
between mean biomass and productivity at the three snail densi-
ues. It significant ditferences (a = 0.05) were lound, Ryan’s ()
muluple comparison test was used o distinguish specific weat
ment means (Day and Quinn 1989). If no significant differénce
wis lound, the power of the test {i.e., the prulmhi]il\ of not failing
o reject afalse hvpothesis) was caleulated.

Productivity of epefhvtes at diffevent epipiytie denstties. To test the
funcrional form of the frst term in equation (1), the effect of
bromass on productivity in intact epiphvtic communities was ex-
amined. The eelgrass segments collected from the microcosms
desevibed earlier provided measures of productivity for epiphviic
communities at a variety of densities (mean = 1 SD s (L0411 =
00454 g drv weight [gdw]-[10 em eelgrass] ', N = 56). Four
replicates with no detectable biomass following trearment in the
microcosms were removed from this analvsis

The models listed in Table 1A were evaltated for fiv (41, nor-
mlity of error terms. and constaney and random distribution of
variance. The exponential model assumes that productivity is pro-
portonal to biomass and is evaluated via linear regression. The
proposed logistic model can be converted to w muliple linea
regression maodel as:

P=iE - (r/K)E. 2)

All other models were fit using nonlinear regression (Gauss—
Newton method, Neter et al. 1983), Normality of ervor terms wis
eviluated for all models using D'Agostino’s test (Zar 1984). Ho-
mogeneity of variance was evaluated by Spearman’s rank corre-
lation (Zar 1984) performed on both the actual and absolute val-
ues ol residuals versus epiphviic biomuass, A “runs™ est was per-

Tasre 1. Alternative Jorms of model teyms.

Muodel Foyrm

A. Epiphyte growth models
Logisuc (Piclon 1964,
May 1973)

Exponential (Lotka 1925) P =

Smith (1963) P = r,E(K, = E)/(K, + €E)
Schoener (1972) B = rE[(K/E) = 1]
Gompertzs (1825) P = {r.EYIn{K, /E)

B. Grazing rare models

= (1 — exp(—ck))
=711 = exp(—=cHG "]
= 7[1 = exp(=cH'G!"")]

Ivlev (1961)
Wate T (1959)
Wan 11 (1959)

l[ul!il!g (1959, 1966) F = sE/(E + «)
Takahashi (1964) F = B2/ (E* + o)
Constant F=r
Linear (Lotka 1925 F=aE
Rosenzweig (1971) F = aE=

F

F

F

formed on the residuals to determine if they were randomly dis-
tributed (Neter eval. 1983).

Grazing vate -af vaniens epiphytee dansities. The models described
in Table 1B were tested by measuring the feeding rate of Lacuna
vanegata in response to a varving density of epiphytes, Snails were
collected from the Brown Island site on 11 August 1992, Ten
snails were placed in 20 replicate 500-ml. polystyrene cell culiure
flasks (Sigma Scienufic Products, St Louis, Missouri) (mean = 1
SD = (L1113 gdw = 0.0195 gdw snails per microcosm, N = 20).
Five 10 cm sections of eelgrass blides were placed in each micro-
cosm. Air was pumped into the medium via Tygon tubing passed
tll]’nllgh a hole drilled in the top of the flask. Care was taken to
provide a variety of epiphytic densities among microcosms, Av-
crage epiphytic biomass per microcosm was 001653 = 0,194 gew,
N = 20, caleulated by adding the quantity consumed by spails
(see below) to the remaining epiphytic biomass at the end of the
treatment, Microcosms were incubiated for approximately 24 hat
117:C (the temperature of the seawater in which the snails were
collected). Following incubation, the snails, eelgrass, epiphytes,
and snail leces were removed, dried 1o constant weight, and in-
cinerated. The mass of food consummed was caleulated based on
the quantity of feces produced aned the ash content of the feces
and food as follows:

tood consumed = (ash content of feces) X (weight ol feces)
* (ash content of lood)~! (3)

Each model was then fit to the data using linear or nonlinear
least-sepuares regression and was evaluated for fit, normality of
coror terms, and honmiogeneny and random distribution of vari-
ance using the methods described previously,

The vange of snail biomass was limited. This is wivial when
testing most models, because most assume that the grazing rawe
is proportional to grazer biomass. However, feeding rate per unit
ol grazer biomass decreases as snail biomass increases in Watt's
(1934) muodels. Thus, while these madels may seem appropriate
for the range of snatl biomasses tested, they mav fail at higher or
lower biomasses,

The models tested for the second wem in equation (1a) are
also appropriate tor the second erm in equation (1b) if assimi-
lation efficiency is not related w the density of ¢piphytes or snails,
Ihe procedure described provides the ash content of the epi-
phytes and feces. The assimilation efliciency can be caleulated
(following Parsons er al. 1988) as:

assimilation etficiency = 1 — {{epiphvte ash content)

* (lecal ash content) '}, (1)

Assimilation elficiency was regressed against the biomass of snails
and epiphytes (separately) 1o test for potential correlation.
f’rr:]nufnm of the f}lﬂ]ﬁ{\‘.’u community on the aldest leaf at various
densities of epiplytes and snails, To test for velationships between
epiphyte or snail density and the proportion of the epiphyviic com-




746 TIMOTHY A, NELSON

Tasie 20 Effects of suail density on menswres of eeldvass and epifphyte comtatenty funetion.

Sunune] el nine Camatlls per nricroeosn)

Commmunty Lot ] T
Epiphvie areal production % | .t = 0.745 = 0.741 (249 = ().987
(mg O h L0 e eelgrass] 1
Epiphyte biomassspecific production (NS} A6 £ H3.3 = 170 b330 = 1B
tmg Ouh L adw epiphyies] 1)
Zastera productvity NS 0126 + 0176 (160 = 0139 (186G = 0125

(mg Oph S 10 em] )
Epiphyvte biomass

(mg div weight [ 10 cin eelgrass] Ty Th3 = 36.6 = 0.3 1.3 = 157
(g G @ [10 em eelgrass] )r== 162 = G4 = 523 109 = 164
CValies arve treitment means & 1 SD, with N o= 20, 4, % ani *oandhcate that treamment means diltered significantly across all

treatment levels at P

0,05, .01, and 0001, respectively. NS indicares that teatment means are not signiticantly different. Tn all cases

where treatment means differed significantdy. the 5- and Hsnail treatments were not signibcantly ditferent lrom each other, but the

(ksnail eatment was significantly different than treatments with snails.

minity on the oldest leaf of 4 shoot, eelurass shoots were collect-
ed from Argyvle Lagoon, San Juan Island, Washingion (Fig, 1,
19317 N, 123701 W) and the Brown Ishind site. At Argyle La-
goon, grazers were markedly absent and the heavy epiphytic load
was composed primarily of diatoms. The Brown Island site had
abundant gaswopod grazers (Lacina vmita Montague and L. var-
tegetn) and less epiplvtic cover. Epiphvies were removed [rorm 20
shioots collected randomly along a tansect pacallel w the long
axis of the eelgrass meadow av cach site: The epiphytic commu-
nity was first scraped off the oldest blade with a microscape slide
onto a picce of preweighed filter paper. This reatment removes
virtwally all epiphytes, including tghtlvadhering diatom species
(e, Goceonets scufelliom). The age structure of the blades can be
determined because Zostera produces aliernate new leaves an the
center of the shoot. This procednre was repeated for the vemain-
g blades. The samples were dried to constant weight. The av-
erages of the portion of epiphytic biomass on the oldest blade at
each site were compared with Stident's Hest on square rootarc
sine-transformed data (where X" = wesin Vx, Zae 1984) 10 ox-
amine the elfect of snail abundance, The proportion on the old-
est blade was regressed on total epiphytc biomass per shoot (fol-
lowing the wansformation of data) W test orany elect ol epi-
phytic density.

RESUL.TS

Effects of Lacuna density on epiphytic commueiity fiene
tion. The presence of snails at low and hiqh densi-
ties significantly altered epiphytic biomass in micro-
cosms (F,-; = 14.51, P < 0.001). Mean epiphytic dry
weight was 62% and 94% lower in low and high snail
density treatments, respectively (Table 2). Mean bio-
mass measured as Chl a was 49% and 84% lower,
respectively, in the low and high snail density trear-
ments (F, ., = 15.13, P< 0.001). The two treatments
with snails were not significantly ditferent from each
other but had significantly lower epiphytic biomass
than the ungrazed treatment (Table 2).

Epiphytic productivity decreased significantly with
increasing snail density (Foxy = 12,78, P < 0.001;
Table 2). Mean biomass-specific productivity, how-
ever, tended to increase with the presence of grazers
(Table 2). Although this vend was not significant
(K., = 0.046, P> 0.50), the power of the test was

very low (<30%).

Mean lightsaturated photosynthesis of the Zostera
leaf segment beneath the epiphytic community
tended to increase with increasing snail biomass

(Table 2). Again, this trend was not significant (F, .,
= (),820, P = 0.50), but the power was low (ﬂfﬁt)‘/‘)
Following the ~10 day incubation period, segments
from the grazed treaunents were greener and had
fewer necrotic regions than segments from the un-
grazed treatments.

Productivity of epiphytes at different epifhytic densities.
Epiphvtic productivity increased with increasing epi-
phytic biomass, although biomass-specific productiv-
ity tended o drop as biomass increased (Fig. 2). The
logistic, exponential, Smith (1963), and Gompertz
(1825) growth models performed equally well based
on fit and residual analyses (Fig. 2, Table 3, » =
55% for all). Schucnel 5 (I‘T" form did not fit
these data as well (# = 37%). Residuals were ran-
domly distributed for all models except Schoener's
(1972) model (P = 0.0002). Residuals were not nor-
mally distributed in the txpnncminl model (0.02 =
P = 0.01) and Schoener’s (1972) model (2= 0.01).
In all models tested, there was a trend for increasing
variance of residuals with increasing epiphytic bio-
mass (Fig. 2, Table 3). This pattern suggests that the
models may be inappropriate or that samples were
drawn from a multimodal population or separate
populations.

For the models that fit the data best and had ap-
propriately distributed residuals, predicted values
for r, varied from 568 * 251 mg O, (gdw epi-
phytes) "-h ' using Smith’s (1963) model to 27.1 =
6.24 mg O.-(gdw epiphytes) “h ' using Gompertz's
model (1825) (N = 56 for all means = standard
deviations, see Table 4). Using the proposed logistic
model, r, was 24.1 * 3.77 mg O, (gdw epi-
phytes) “h ' and the predicted carrving capacity
(K.) was 0.429 = 0.205 gdw: (10 cm eelgrass) ". This
value was 2.5 times greater than the maximum epi-
phytic bmmdss and 10.5 times greater than the ay-
erage epiphytic biomass observed on the tested eel-
grass segments. Predicted carrying capacities were
even higher for Gompertz's (1825) model (2.29 =
311 gdw-[10 cm eelgrass] ') and Smith’s (1963)
model (1405 = 921 gdw-[10 cm eelgrass] ') (N =
56 for all means * standard deviation, see rahlt‘ 4).
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B) exponenual (Lotka 1925), C) Smith (1963), D) Schoener (1972),

Grazing rate at various rpr/rintn densities. Grazing

rate increased with increasing (pll)h\[( biomass. If

feeding rate were constant over various epiphytic
densities, then the regression coefficient of a linear
regression of feeding rate on epiphytic biomass
would be zero (Fig. 3). The data indicate that this
coefficient is significantly greater than zero (t =
4.63, d.f = 18, P < 0.0005). The linear model, how-
ever, does not provide a satisfactory fit to the data
(1 = 38%), and the residuals are not distributed
normally (£ < 0.05). Watt’'s (1959) second-model
form also shows a worse fit than the other models
considered (¥ = 62%), and residuals show a trend
toward heterogeneity of variance (P = 0.08). Least-
squares regression indicates the value of the param-
cter b in this model is negative and thus out of the
intended and biologically meaningtul bounds of this
model. All of the other models showed reasonable
fits to the data (Fig. 3, Table 3; 68% = »#* = 73%).
The Holling (1966) model had the hlgrh( st # value.
The absolute values of the residuals demonstrated a

and E) Gompertz (1825) models

trend toward heteroscedasticity (P = 0.09) under
the Takahashi (1964) model, and the signed values
of the residuals showed a similar vend (P = 0.09)
under the Rosenzweig (1971) model.

The three models that are most appropriate
(Holling 1966, Ivlev 1961, and Watt's first model
[1959]) predict that feeding rate will increase with
increasing epiphytic biomass until some maximum
rate (1) is reached. The predicted value of 7 for
these models ranges from 0.250 = 0.024 gdw con-
sumed: (gdw snails) d ' under Wart’s (1959) first
model to 0.301 * 0.037 gdw consumed: (gdw
snails) '-d ' under the Holling (1966) model (Ta-
ble 5). The Holling (1966) model explicity employs
a haltsaturation constant (a) indicating the epi-
phytic density at which the feeding rate is expected
to be half the maximum rate. An equivalent value
can be calculated from the other two models being
considered. For the Watt (1959) form, a value for
grazer biomass must be known. For comparative
purposes, that value will be assumed to be the mean
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Tasve 3. Swmmary of fit iinid appropriateness of alterative mioded farms
for eiphyte growth and grazing

Constimcy o

Ve
I ADy
Tt thigned Noa- Ramdome
Misdel Firte salioest walues)  omaliy ficss

Epiphvte growth models

Logistic (May 1978) 5% ¥ NS NS
Exponential (Lotka 1925) 5% NS L NS
Smith (1963) 8o A L NS NS
Schoener (1972) 37% : bRk RS :
Gompertz (1825) hh% * NS NS
Grazing models
Holling (1954, 1966) 73% NS NS NS NS
Takahashi (1964) H3% B NS NS N§
Linear (Lotka 1925) 0% NS NS ® NS
Rosenzweig (1971) (8% NS [ NS NS
Iviey (1961) 2% NS NS NS NS
Wartr 1 .(1959) 2% NS NS NS NS
Watt 11 (1959) 6HR% B NS NS NS

v and 0 indicate departures from the null hvpothesis of
agiven test at P = 0,05, 0.01, and 0.001; respectively. B indicates
borderline cases (L1 = P = (L05). NS indicates no significant
departure from the null hypothesis (7<= (1.1),

grazer biomass used in this study, 0,113 gdw. Be-
cause of this assumption, a standard deviation can-
not be calculated for this form. The calculated half-
saturation constants varied from 0.0649 gdw epi-
phytes under Watt’s (1959) first model to 0.0880 *
0.0298 gdw epiphytes under the Holling (1966)
model.

The assimilation efficiency observed averaged
37.1% of the total food ingested and did not appear
to vary predictably with either snail (* = 1.1%,
F,.,‘“”,, 0 96, P = 0.343) or epiphyvuc biomass (r
= 3.6%, F- 40 = 0.59, P= 0.454) (Fig. 4). Because
the diatomaceous diet of the snail has an extremely
high ash content (55%), the assimilation efficiency
appears low. The assimilation efficiency of organic
matter averaged 70%.

Pmprm'um of the epiphytic communaty on the oldest leaf
al various densities of epiphytes and snails. Despite dif-
ferences in (‘plph\ﬂ.‘ and snail biomass at Brown Is-
land and Argyle Lagoon, the proportion of the epi-
phvtic community on the oldest leaf of a shoot was
similar for the two sites. Total epiphvﬁc biomass was
greater at \u,rvlc agoon, averaging (0.545 * (.282
gdw-shoot "', than at Brown Island, which averaged
0.351 = 0. ‘%";(l ;,du -shoot ' (N = 20 for both sites, ¢
= —2.00, d.f. = 37, P = 0.053). Shoots at Argyle
Lagoon and Brown Island had 52.9% and 47.2%,
respectively, of the epiphytic community on the old-
est leaf. There was not a significant difference be-
tween the average proportion of the e p:ph\lu com-
munity on the oldest leaf at the two sites (¢ = 1.12,
d.f. = 3-1_. P = 0.27). The variance in the proportion
of the epiphvtic community on the oldest leaf, al-
though higher at the \rgwh Lagoon site (0.018 at
Brown Island vs. 0,033 at Argvle Lagoon), was not

Iante 4. Estometed Pirdrivmeter valies for r'[:i;)h\l‘r' groith mindels?
Intiise growth e Caniying capnn
Minde| [ O egidw! V1 (uelwd
Logistic (Mav 1973) 21 £ 357 0,424 = 0.205
Exponcntial (Lotka 1925) 172 = 133 NA
Smith (1963) 27.1 = 6.23 1405 = 921
Schoener (1972) V0377 = 2.54 223 £ 1416
Gomperiz (1825) .68 = ‘..’..'1| 2 ‘J'.' x> J%.ll

CAllvilues are means = 1 SDwith a swmuple size ol N = 56 NA
indicates o parameter that was not used in the model,

significantly different (F = 1.85, d.f. = 19, 19, P =
0.200) between the sites.

The proposed linear relationship between epi-
phytic biomass on the oldest leaf and t-piph\m bio-
mass appears appropriate (Fig. 5, +* = 88%). The
proportion of the epiphytic community on the old-
est leaf is not affected by total epiphytic biomass.
Regression of the proportion of the epiphytic com-
munity on the oldest leaf on the total (‘plp]l\ll( bio-
mass per shoot showed no pattern at the Brown Is-
land site. The slope of the line was not significantly
different from zero (¢t = 0.72, d.f. = 18, P = 0.478),
and the regression explained almost none of the
variance in the dependent variable (r = 0.281%)
At the Argyle Lagoon site, the regression also failed
to explain the majority of the variance (¥ = 20.5%),
but the slope was significantly different than zero
(slope = 0.215, ¢ = —2.15, d.f. = I8, P = 0.045).
However, three of the data points had much higher
(‘plph)’[l( biomasses than the others, which gave
them inordinate influence on the regression results.
If these three points are removed, the slope of the
best-fit line is not significantly different from zero (1
= —1.39,df. = 15, P= 0.186, * = 11.4%). Because
the mean and variance are not significantly different
for the two sites, the data were combined. Using this
combined data set, no correlation between epiphytic
biomass and the proportion of the epiphytic com-
munity on the oldest leaf could be detected (¢ =
—0.07, d.f. = 15, P = 0944, ¥ = 0.00%).

DISCUSSION

Effects of Lacuna density on epiphytic community fune-
tion. That snails in the genus Lacuna can reduce
epiphytic biomass is suggested by the observation
that, in meadows with abundant snails (Brown ls-
land in August 1988 and August 1992), the epiphytic
fouling of eelgrass blades appeared minimal (Nel-
son 1995). Two meadows that lacked Lacuna (Turn
Cove in 1988 and Argyle Lagoon in 1992) had large
quantities of epiphytes (Nelson 1995, see also King
1965). This site-specific difference occurs over a rel-
atively small geographic scale (no two study sites
were more than 1.5 km apart). The data presented
from microcosm studies support the hypothesis that
high densities of Lacuna variegata can dramatically
reduce epiphytic biomass.

Several species of mesograzers are reported to in-
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(1964), ) constant grazing rate, D) linear (Lotka 1925), E) Rosenzweig (1971), F) Ivlev (1961), and G & H) Watt (1959) models

crease Zostera marina growth by reducing epiphytic
biomass (reviewed in Jernakoff et al. 1996). If algal
epiphytes have a net negative effect on the growth
of subtidal eelgrass, as suggested in the literature
{reviewed in Harlin 1980, Orth and van Montfrans
1984, van Montfrans et al. 1984, Jernakoff et al.
1996), then L. variegata should indirectly increase
the fitness of Z marina. A large epiphytic load is
thought to accelerate senescence in seagrass blades

(Bulthuis and Woelkerling 1983). The presence of

a large quantity of epiphytes in the treatment with

0 01 0.2 0.3 0.4 0.5 0.6 0.7

0 01020304 05 06 0.7 08

Epiphytic Biomass (g dw e (50 cm eelgrass)™)

Plot of grazing rate versus &']!i[_}ll\‘h‘ biomass, Lines in A-H represent fits based on the A} Holling (1959, 1966). B) Takahashi

no grazers may account for the loss of eclgrass pro-
ductivity and the necrotic appearance of the blade
segments in this treatment. Although not statistically
significant, this loss of productivity is an enduring
result of the presence of epiphytes: the epiphytic
community was removed prior to measuring the
photosynthetic capability of the blade. The eelgrass
segments appeared to be degraded permanently by
the presence of a dense epiphytic community in this
treatment.

The observed pattern of an increase in the epi-
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TABLE B,
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Estemated pavameter valups for swail prazing models.”

Maximum greng raty

Muolel

L

[

Hall satriration constant
Lee dr egpuavidlent )

{irthw)

Holling (1959, 1966} 0.301 = 0,047 RS8O = 0.02495
Takahashi (196:1) 0.238.=0.022 L0575 = 00120
Linear (Lot 1925) 32+ 8H NA
Rosenzweig (1971) 3 = (Lol NA

Ivlev (1961) 0,252 + 0024 LOGT = D.020949
Wart 1 (1954%) 0.2500 = (1024 00644

Wart 11 (19549) 0214 #0018 (.003492

CAll values are means = 1 8D with a sample size of N = 200 NA
indicates a parameter that was not used in the model.

phytic biomass-specific productivity and a decrease
in areal productivity with increased grazing activity
is consistent with the model’s assumption that there
will be reduced cmnp(‘mmn at lower epiphytic bio-
mass and that this increase cannot make up for the
effect of the missing biomass on areal productivity.
Similarly, Rosemond et al. (1993) found that high
levels of grazing by snails reduced both biomass and
areal productivity in stream pcn])hunn In contrast,
Power (1990) noted that “moderate™ levels of graz-
ing by armored catfish increased stream periphyton
areal and biomass-specific productivity by increasing
light availability. High grazing levels, however, re-
duced both measures of productivity.

Productivity of epiphytes at diffevent epaphytic densities.
Two of the tested models can be ruled out due to
poor fit or lack of normality in the residuals (Schoe-
ner's [1972] form and the exponential form). Of
the three It-m.lmms; models, the logistic model pro-
vides a minor improvement in » (55.3% vs. 55.0%)
over the exponential and Gompertz (1825) models,
although the difference appears trivial. All models
were flawed in that variance tended to increase with

0.8

v =0.479x + 0.00974 +
2 = 88%

0.7 P

Biomass of Epiphytes on the Oldest Leaf (g dw)

ﬂ n I L L L A

0 0.2 0.4 06 L8 i 1.2 14
Biomass of Epiphytes on All Leaves of a Shoot (g dw)

Fie. 5. The hinear velationship hetween epiphytic bionyss on

the oldest leat of an celgrass shoot versus wotal epiphyviie hiomss
per shoot can be seen in this figure,

in predicting productivity based on a function of
biomass might reasonably be expected to increase
as biomass increases.

Smith’s (1963) model, although fitting the data
well, results in biologically unfeasible parameter val-
ues. It makes an unrealistic prediction that the car-
rying (dpdtll\ of epiphytes on a 10-cm segment of
eelgrass is 1405 gdw. During the 2 years a local
meadow was monitored, the nm\nnum epiphytic
biomass was less than 200 gdw-m “ (Nelson 1945,
Nelson and Waaland 1997). Thus only Gompertz's
(1825) model and the logistic model remain as the
best fits explored here. The predicted carrying ca-
pacity under Gompertz's model is improbably high.
Because the logistic form is also commonly used to
model population growth rates (May 1973), it secems

increasing biomass. This is not unexpected: errors the more reasonable choice.
0.80 A
"2‘ - . - . . a
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E . .
=
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=
=
= ).65
— 0.65
E
@
<
— L] =
= 0.60 . ® . * .
g
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Fie, £ Plot of assumilation efficiency versus snail bivmass (A) and epiphviic biomass (B). The quantite of mgested material assimilaved

by the snails does not viny predictably with, either epiphyiic biomass o siyt] biofnass, (Assimilation efficiency data were aresine-trans-
formed prior 1o the analvsis. )




The measure of productivity used in this study is
light-saturated photosynthesis. The usefulness of
light-saturated photosynthesis as an estimate of over-
all productivity can be argued. At less than saturat-
ing photon flux densities, the higher Chl « content
scen in high biomass communities might be advan-
tageous, leading to higher productivity. However,
epiphytic biomass appears to respond more to
changes in the quantity of time spent under light-
saturated conditions than to changes in photon flux
density (Nelson and Waaland 1997).

Grazing rale at various epiphytic densities.. The anal-
yses of snail grazing rate versus epiphytic availability
demonstrate that grazing rate increases initially with
increasing epiphytic density, asymptotically ap-
proaching some saturation rate. Based on poor fit
and residual analysis, five models can be ruled out
(constant, linear, Takahashi [1964], Rosenzweig
[1971], Watt's second model [1959]). The Holling
(1966) equation provides the best fit to the data.
However, the Ivlev (1961) form and Wats' first
model (1959) should not be rejected out of hand,
hecause they provide a reasonable fit and are sup-
ported by examination of the residuals. The Holling
(1966) form is used more commonly than alterna-
tive forms (May 1973) and is easier to interpret bi-
ologically than the two other forms that the data
SUpport.

Cattaneo and Mousseau (1995) have demonstrat-
ed that grazing rate increases with increasing food
density for a wide variety of freshwater periphyton
grazers, dllhuugh thev note that crowding can de-
crease the grazing rate. Power (1992) similarly notes
that the Holling (1966) and related forms will be
inappropriate if predators employ interference com-
petition when crowded. Lacuna does not appear to
employ overt interference competition: when re-
sources are limiting, individuals will remove periph-
yton from the shells of other snails without obvious
aggression, Power (1992) provides several other
conditions under which the proposed grazing term
would be inappropriate: 1) if predators compete for
resources other than food, 2) if predators cause prey
to hide or become better defended, or 3) if there is
a time lag for predator response. The first two pos-
sibilities are unlikely for snails of the genus Lacuna
and their algal prey. There may be a time lag for
the predator population to respond, because the life
cycle of the snail includes a planktonic veliger stage.
However, eggs are laid throughout most of the year,
and a ready supply of veligers is always at hand. The
exception might be in late winter and early spring,
prior to observed spring epiphytic blooms (King
1965, Nelson 1995), when eggs are not always laid.
Because assimilation efficiency appears to be con-
stant over changes in epiphytic biomass or snail bio-
mass, the same functional form can be used for graz-
ing terms in both model equations (la) and (lb).

Proportion of the epiphytic communaty on the oldest leaf
al various densities of epiphytes and snails. Harlin
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(1980) notes that leal sloughing and grazing are
mechanisms that reduce the epiphytic load on eel-
grass blades. Because the presence or absence of
snails had no effect on the proportion of the epi-
phytic community on the oldest leaf, it appears that
Lacuna density does not influence the effectiveness
of eelgrass sloughing as a means of removing epi-
phytes. This also suggests that the sloughing term
used in the mathematical model should be indepen-
dent of grazer biomass. Similarly, the data indicate
that epiphytic biomass does not affect the propor-
tion of the epiphytic community on the oldest leaf.
However, the biomass of epiphvies or grazers may
influence the rate at which eelgrass leaves are
sloughed. Further research is necessary to address
this question,

Conelusions. Grazing snails in the genus Lacuna
are critical to the productivity and biomass of epi-
phytes and eelgrass. They are capable of removing
large quantities of epiphytes at densities well below
their maximum observed field density, which reduc-
es not only epiphvtic biomass, but areal pmduul\m
as well. Biomass- specific productivity may increase
with increasing grazer density, as competition within
the epiphytic community is reduced. The host plant
appears healthier in the presence of the snails,

The model proposed to describe the interaction
between epiphytes and grazers is the most promis-
ing of all tested models. Although not all alternative
torms can be ruled out definitively, the form pro-
posed in equations (1a) and (1b) provides the best
fit under the conditions tested. This model may not
be appropriate at times when high epiphytic bio-
mass increases the sloughing rate of eelgrass leaves
or for snail densities much higher or lower than the
range considered here. Grazers may remove periph-
vton by mechanisms other than ingestion (e.g.
“bulldozing™) (Cattaneo and Mousscau 1995). If
such removal is significant, and it it does not follow
the same functional form as ingestion, then the
model should be altered to account for this activity.
The precision of predictions of epiphytic productiv-
ity decreases with increasing epiphytic biomass in
most of the models tested. Although data transfor-
mations (e.g. log transforms) may remove this prob-
lem from the statistical analysis, the inability to pre-
dict epiphytic productivity precisely will still be prob-
lematic.
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