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ABSTRACT- We examined the relative importance of bottom-up (nutrient availahility) and top-down
{grazing) factors in regulating phytoplankton assemblages in tidepools on a rocky shore near Halifax,
Nova Scotia, Canada. We manipulated the concentration of nutrients and density of micrograzers in
pools in the high intertidal and splash zones in 3 repeated, 1 to 2 wk experiments in November 1992
and June and August 1993. For each experiment, we set up 4 orthogonal treatments in enclosures in
each of 3 or 4 pools: (1) micrograzers removed and nutrients enriched, (2) micrograzers removed and
nutrients at natural levels, (3} micrograzers at natural densities and nutrients enriched, and (4) both
micrograzers and nutrients at natural levels. For each treatment, we measured the change in abun-
dance over 1 wk intervals of 5 taxonomic groups of phytoplankton: centric diatoms, pennate diatoms,
cryptomonads, prasinophytes, and chlorophytes. We examined the effects of nutrient concentration,
grazer density, and pool on the phytoplankton assemblage using multivariate analysis of variance.
There were significant effects of grazer density in June and August, and of nutrient concentration in
August, which varied among phytoplankton groups and tidepools. In 1 pool in June, reduction in grazer
density had a negative effect on pennate diatoms, cryptomonads and chlorophytes in the first week of
the experiment, but a positive effect on pennate diatoms n the second week. In another pool in the
second week, grazer reduction had a positive effect on prasinophytes but a negative effect on chloro-
phytes. In 1 pool in August, nutrient enrichment had a positive effect on prasinophytes in the first week
of the experiment, and grazer reduction had a negative effect on cryptomonads and chlorophytes in the
second week. In another pool in the first week, nutrient ennichment had a negative effect on chloro-
phytes. Based on the frequency of significant effects, we concluded that grazing is more important than
the nutrient regime in regulating phytoplankton assemblages in tidepools. The large variability among
tidepools in the response of phytoplankton to our manipulations supports our previous suggestion that
regulation of these assemblages occurs at the scale of the individual pool rather than the intertidal
zone.
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INTRODUCTION
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Plant communities often are regulated by top-down
factors such as herbivory and bottom-up factors such
as nutrient concentration. Top-down regulation occurs
when plant community structure (species composition
and abundance) depends upon activities at higher
trophic levels, whereas bottom-up regulation occurs
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when the structure depends upon resource availabil-
ity. The importance of top-down and bottom-up factors
in community regulation has been studied most exten-
sively in lake systems (see Kerfoot & Sih 1987 for
reviews). Some experimental and modelling studies
have shown that top-down factors are most important
in determining algal biomass, concentration of chloro-
phyll a, and phytoplankton size-distribution, either
directly through grazing or indirectly through in-
creased nutrient supply by excretion (e.g. Lynch &
Shapiro 1981, Carpenter & Kitchell 1984, Vann &
Findlay 1990, Hansson 1992). Other studies have
shown that zooplankton grazing is not important in
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regulating phytoplankton biomass (e.g. Threlkeld
1988, McQueen et al. 1989) but rather that concentra-
tion of chlorophyll & is directly related to nutrient con-
centration (e.g. McQueen et al. 1989, Hansson 1992).
Lynch & Shapiro (1981) showed that nutrient enrich-
ment can result in shifts in numerical dominance of
phytoplankton species. In an empirical model of top-
down and bottom-up forcing on the trophic structure of
oligotrophic and eutrophic lakes, McQueen et al
(1986) showed that phytoplankton production is deter-
mined primarily by nutrients and that the effect of her-
bivores is dependent on herbivore size. It is becoming
increasingly evident that the relative importance of
top-down and bottom-up regulation of primary pro-
ducers in a given community probably varies with sea-
son, the structure of the food-web, and phytoplankton
and grazer species composition (e.g. Vanni 1987,
Vanni & Temte 1990, Hansson 1992). Hunter & Price
(1992) provided a model of top-down and bottom-up
community regulation which incorporated the inherent
heterogeneity in natural systems.

In marine systems, the importance of nutrients and
grazers in regulating phytoplankton abundance and
community structure is well documented (see Harrison
et al. 1983, Hecky & Kilham 1988, Reid et al. 1990, Ger-
vais 1991, Morales et al. 1991, Wassman 1991 for
reviews). However, the relative importance of these 2
factors still remains unclear, mainly because of the dif-
ficulty in conducting experimental manipulations in
the ocean. Recently, Kivi et al. (1993) manipulated the
nutrient regime and abundance of grazers in factorial
experiments in enclosures in the Baltic Sea and found
that the relative importance of bottom-up and top-
down regulation of the phytoplankton assemblages
varied with season.

Community organization of rocky intertidal shores
has been studied extensively, and the importance of
top-down regulating factors is well established (e.g
Paine 1966, Dayton 1971, 1984, Connell 1972, 1983,
Menge 1976, Lubchenco & Menge 1978, Petraitis 1983,
1987, Sousa 1984, Underwood & Denley 1984, Jer-
nakoff 1985). Filter-feeders such as mussels and barna-
cles are often the dominant space occupiers on these
shores. One of their food sources is phytoplankton, the
abundance and species composition of which can be
greatly affected by nutrient concentration. However,
the effect of nutrient availability in the regulation of
rocky intertidal communities remains largely un-
known. Menge (1992) suggested that this gap in our
knowledge is partly the result of the difficulty in exper-
imentally manipulating the concentrations of nutrients
in these systems. On shores with colonies of seabirds,
guano can be a source of increased nutrients (Ganning
& Wulff 1969, Bosman & Hockey 1986) and a few
descriptive studies have suggested that the supply of

guano may affect the abundance and community com-
position of macroalgae (Bosman & Hockey 1986, 1988,
Wootton 1991). In an unreplicated experiment, Bosman
et al. (1986) observed an increase in chlorophyll a of
benthic microalgae when they increased the supply of
guano to the high intertidal zone of a rocky shore in
South Africa.

In a previous study, we found that phytoplankton
assemblages of tidepools do not show zonation along
the intertidal gradient, but vary greatly among pools
within intertidal zones in relation to the particular
physical characteristics and biological processes
within each pool (Metaxas & Scheibling 1996). In this
study, we examine the relative effects of bottom-up
and top-down factors on the composition and abun-
dance of phytoplankton assemblages in tidepools on a
rocky intertidal shore. Tidepools facilitate the study of
these processes because (1) they provide a habitat for
plankton during the entire tidal cycle, (2) they have
well-defined boundaries, and (3) they are of manage-
able size to carry out manipulations. We manipulated
the concentration of nutrients and the density of micro-
grazers in factorial experiments in tidepools. To our
knowledge, this is the first study to examine experi-
mentally the relative importance of bottom-up and top-
down factors in regulating the assemblages of primary
producers on rocky intertidal shores.

MATERIALS AND METHODS

Study site and biological assemblage. In a previous
study (Metaxas & Scheibling 1996), we examined
sources of variability in the spatial distribution of
phytoplankton assemblages, and the biotic (planktonic
and benthic grazers) and abiotic (nutrients, tempera-
ture, salinity, and pH) factors that regulate these
assemblages, in tidepools on a rocky shore at Cran-
berry Cove, near Halifax, Nova Scotia, Canada (44°
28" N, 63° 56' W), between March 1991 and November
1992. The site consists of granitic platforms with a 10 to
30% grade and has a southern exposure to oceanic
swells which reach wave heights of up to 10 m during
autumn storms. The tidepools (maximum dimension
210 14 m, depth 0.13 to 0.64 m) were located across the
intertidal gradient, with 4 pools in each of the mid (iso-
lation period per tidal cycle 6 £ 2 h, mean + SD), high
(11 £ 1 h) and splash (> 12 h tidal cycle, up to 2 mo)
zones. Flushing rate (volume of water exchanged over
half a tidal cycle) ranged from 78 to 86 % for mid pools,
32 to 36 % for high pools and 6 to 31 % for splash pools,
depending on weather conditions.

Pennate diatoms (mainly Amphriprora spp., Cylin-
drotheca closterium, Licmophora spp. and Nitzschia
spp.), cryptomonads (mainly Cryptomonas sp.) and
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chlorophytes (mainly Dunaliella tertiolecta) were the
dominant phytoplankton in the pools throughout the
year, reaching abundances of 10° to 107 cellsI"! in June
and July and decreasing to 10° to 10° cells 1! between
October and April (Metaxas & Scheibling 1996). Cen-
tric diatoms were introduced into pools during the
spring and fall blooms in the surrounding seawater
(Chaetoceros spp. and Skeletonema costatum, in
spring, and Rhizosolenia spp. in fall), reaching abun-
dances of 10°to 10° cells 1!, but were absent from pools
during the rest of the year. There was little indication of
vertical zonation of the phytoplankton assemblages
along the intertidal gradient: differences among inter-
tidal zones rarely explained more than 30 % of the spa-
tial vanability in phytoplankton abundance. However,
all groups of phytoplankton varied significantly among
pools within intertidal zones throughout the year, and
differences among pools explained up to 96% of the
variability in phytoplankton abundance.

Micrograzers (motile invertebrates retained by a
60 pm sleve) were grouped as benthic and planktonic
according to their functional morphology and mode of
feeding (Metaxas & Scheibling 1996). The major
groups of planktonic micrograzers were calanoid cope-
podites and nauplii (the genera Acartia, Calanus, Para-
calanus, Pseudocalanus and Temora in mid pools, and
Eurytemora affinis in splash pools), marine cladocer-
ans (Podon polyphemoides and Evadne nordmanii
and marine rotifers (the genera Brachionus and Syn-
chaeta) (Metaxas & Scheibling 1994a). The major
groups of benthic micrograzers included harpacticoid
copepodites and nauplii (Families Harpacticidae, Tis-
bidae, Thalestridae and Diosaccidae), foraminiferans
and nematodes. The abundance of calanoid copepods,
rotifers, harpacticoid copepods and nematodes in-
creased in summer, mainly in high and splash pools
(10° to 107 ind. m™3). Cladocerans and foraminiferans
were rare to absent in tidepools for most of the year but
showed pulses in abundance (10* to 10° ind. m™) in
some high and splash pools in late summer and fall. As
with phytoplankton, planktonic and benthic micro-
grazers did not show zonation in abundance
along the intertidal gradient but varied signifi-
cantly among pools within zones. This among-
pool variability was the result of large, single-
taxon populations of micrograzers that were
established in individual high and splash pools
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tidal gradient but was highly variable among pools
within zones throughout the year

Multiple regression analysis indicated that the
phytoplankton assemblage in these tidepools was pri-
marily regulated by the nutrient regime and the grazer
field (rather than the physical characteristics of pools),
and that these factors operated more at the scale of the
individual pool than the intertidal zone.

Experimental design. To examine the effects of
nutrient addition and grazer removal on the phyto-
plankton assemblages, we repeated the same experi-
ment in 3 different months in enclosures in tidepools in
the high and splash zones at Cranberry Cove. We used
pools in these zones because they had sufficiently long
isolation periods and low flushing rates to enable us
to determine experimental effects on resident phyto-
plankton assemblages (see ‘Study site and biological
assemblage’). The physical characteristics of the
5 pools used in this study, a subset of those described
in Metaxas & Scheibling (1996), are summarized in
Table 1. We conducted the first experiment between
15 and 21 November 1992 in 4 pools (Pools 1, 3, 4 and
5), the second between 20 June and 3 July 1993 in
3 pools (Pools 1, 3 and 5), and the third between 1 and
15 August 1993 in 4 pools {Pools 1, 2, 3 and 5). The
lower number of pools used in June was because of
losses of experimental enclosures during storms. We
set up 4 experimental treatments in each pool in a
factorial design: (1) grazers removed and nutrients
enriched (G-N+); (2) grazers removed and nutrients at
natural levels (G-No); (3) grazers at natural densities
and nutrients enriched (GoN+); and (4) both grazers
and nutrients at natural levels (GoNo). We used the
water column outside enclosures as a natural control to
examine the artifactual effect of enclosures on the
phytoplankton assemblages, as well as treatment effi-
cacy. We used 2 replicates per treatment or natural
control in November, and we used 3 replicates in June
and August. We randomly allocated all treatments to
replicate enclosures; we selected random locations
within a pool as natural controls.

Table 1 Physical characteristics of 5 tidepools used in the experi-
ments at Cranberry Cove, Nova Scotia, Canada. Pools 1 and 2 are
located in the high intertidal zone and Pools 3, 4 and $ are located in
the splash zone. (c.d.} chart datum; (-) no input during 12 h tidal cycle

and persisted interannually.

The concentration of macronutrients increased
from spring to summer and decreased in fall
in high and splash pools (nitrate+nitrite and
phosphate 0.1 to 10 uM, ammonium 0 to 5 pM,
silicate 1 to 30 uM) (Metaxas & Scheibling
1994b, 1996). The concentration of macronutri-

Pool

Qv W N~

Surface Maximum Volume Isolation Height
area (m?) depth (m) (m?) period (h) above c.d. (m)
24.23 0.641 7.28 12 2.6
11.84 0.134 0.68 10 2.9
8.85 0.308 1.15 - 3.4
7.47 0.320 0.71 - 3.9
3.94 0.425 0.94 - 4.5

ents also showed little variation along the inter-
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The enclosures were made of clear acrylic pipe
12 cm in inner diameter (12.7 cm outer diameter) and
12 ¢m in height. These enclosures were set into bases
made of 3 cm high rings of plastic sewer pipe (13 cm
inner diameter} cemented to the rock bottom of the
pools with an epoxy putty (A-788 Splash Zone Com-
pound, Z-SPAR, Koppers Company Inc., Los Angeles,
CA) We affixed a ring of closed-cell polyethylene
foam to the bottom end of the acrylic pipe with silicone
glue to provide an 'o’-ring seal between the enclosure
and the base. We lowered the enclosures slowly into
the cemented bases to minimize disturbance of the
water column, and firmly attached them with cable
ties. The top of each enclosure was loosely covered (to
allow gas-exchange) with a clear plastic sheet attached
with elastic bands. The bottom of the enclosure was
the undisturbed natural substratum. Each enclosure
was positioned at 8 cm depth in the pools, contained 11
of seawater and did not receive any input during the
experimental period. Incident light, measured at mid
depth in the water column using a Biospherical Instru-
ments Inc. (San Diego, CA) QSL-100 light meter, was
1295 + 764 (mean + SD, n = 2) inside and 1411 =
349 pmol m~% s ! outside the enclosures.

We set up the treatments once the enclosures were
in place. We removed both planktonic and benthic
micrograzers by hand-pumping the seawater from the
enclosure through a 60 pm net. We visually inspected
the sides and bottom of the enclosures and removed
adherent micrograzers. We then poured the filtered
water back into the enclosure. We enriched nutrients
(silicate, phosphate and nitrate) by adding small vol-
umes (1 to 2 ml) of nutrient stocks (Na,SiO;-9H,0,
Na,glyceroPO,, and NalNO,) to match the nutrient lev-
els in a widely-used growth-medium (ES) for phyto-
plankton culturing (Harrison et al. 1980). These nutri-
ent levels allow non-limited growth of phytoplankton
for 7 to 10 d (approximately the duration of our experi-
ments) in batch cultures (such as the enclosures)
(Harrison et al. 1980) We stirred the water in the
enclosures to ensure initial homogeneous mixing of
nutrients. We collected a 60 ml sample of seawater
from each enclosure and control location at the begin-
ning (immediately after the treatments were set up)
and end of each experiment with an acid-washed (1 N
HCI) polypropylene syringe. We filtered these samples
through 0.80 pm Millipore® filters into acid-washed
polypropylene containers in the field and froze them
for subsequent nutrient analysis. We measured
nitrate+nitrite, silicate and phosphate concentrations
in each sample using a Technicon AA2 autoanalyzer.
We determined ammonium concentration according to
Parsons et al. (1984) on a Jenway 6100 spectrophoto-
meter At the end of each experiment, after all sam-
pling was completed, we collected the micrograzers

from each enclosure by hand-pumping all of the sea-
water through a 60 pm net and manually removing any
adherent micrograzers from the sides and bottom of
the enclosures. We rinsed the contents of the net into
containers and fixed the samples with 4% buffered
formaldehyde. Similarly, we collected 1 | samples at
each of the control locations in the pools to determine
natural densities of micrograzers. We enumerated
micrograzers using a Leitz Labovert inverted micro-
scope and identified them according to Smith (1964),
Brinkhurst et al. (1976), Barnes (1980) and Gardner &
Szabo (1982).

We collected a 20 ml sample of phytoplankton with a
polypropylene syringe at mid depth within each enclo-
sure and from control locations. We collected phyto-
plankton samples at the beginning and the end of each
experiment on all dates, as well as at the mid points (i.e.
after 7 d) of the experiments in June and August. We
placed the phytoplankton samples in a plastic container
and rinsed the syringe into the same container with
20 ml of distilled water. We preserved the samples in
Lugol's solution and stored them in the dark for subse-
quent enumeration. Before counting, we inverted the
phytoplankton samples 50 times and we allowed sub-
samples to settle overnight in 25 ml settling chambers
(Lund et al. 1958). We enumerated phytoplankton us-
ing a Leitz Labovert inverted microscope and identified
them according to Cupp (1943), Hendey (1964), Sour-
nia (1986), Ricard (1987) and Chrétiennot-Dinet (1990).

Statistical analyses. We examined the effect of
enclosures on the density of micrograzers at the end of
each experiment, and on the concentration of nutrients
at the beginning and end of each experiment, using
2-factor analyses of variance with Treatment (natural
control, unmanipulated enclosure) as a fixed factor and
Pool as a random factor. To assess the possibility of an
increase in the concentration of nutrients in the water-
column of the pools over the experimental period due
to leakage of the enclosures, we examined changes in
the concentration of nutrients in the natural controls
over the same period using 2-factor analyses of vari-
ance with Time (beginning, end) as a fixed factor and
Pool as a random factor. For both of these analyses, we
tested the effects of the main factors Treatment and
Time against the residual mean square error when the
interaction terms that included the random factor
(Treatment x Pool, Time x Pool} were not significant at
o = 0.250.

To test the efficacy of our treatment manipulations,
we examined differences among treatments in the
density of micrograzers at the end of each experiment,
and in the concentration of nutrients at the beginning
and end of each experiment, using 3-factor analyses
of variance with 2 fixed factors, Grazer Density (nat-
ural, reduced) and Nutrient Concentration (natural,
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enriched), and 1 random factor, Pool (3 or 4 pools
depending on date). We tested the main effects and the
interaction terms of the fixed factors (Grazer Density,
Nutrient Concentration, Grazer Density x Nutrient
Concentration) against the residual mean square error
when the interaction terms that included the random
factor (Grazer Density x Pool, Nutrient Concentration x
Pool and Grazer Density x Nutrient Concentration x
Pool) were not significant (Underwood 1981) at o =
0.250; otherwise we tested them against the mean
square error of the appropriate interaction term. For
the analyses, micrograzers were grouped separately as
benthic and planktonic according to their functional
morphology and mode of feeding (see Metaxas &
Scheibling 1994a, 1996).

For statistical analyses, phytoplankton were as-
signed to 5 taxonomic groups: centric diatoms, pennate
diatoms, cryptomonads, prasinophytes and chloro-
phytes. Because of large variability in phytoplankton
abundance among pools (see Metaxas & Scheibling
1996) we examined differences among treatments in
the change in abundance of each group, calculated as
In (final abundance /initial abundance). We calculated
change in abundance separately for the first and sec-
ond weeks of the experiments. For each sampling time,
we examined differences in change in abundance of
the phytoplankton assemblage using 3-factor multi-
variate analysis of variance (MANOVA) with Grazer
Density (natural, reduced), Nutrient Concentration
{natural, enriched), and Pool (3 or 4 pools depending
on date) as fixed factors. When there was a significant
2-way interaction with the factor Pool (Nutrient
Concentration x Pool and Grazer Density x Pool), we
did 1-factor MANOVA within each Pool. If there was a
significant effect of Grazer Density or Nutrient Con-
centration, we did 1-factor ANOVA for each phyto-
plankton group within that Pool. We also examined the
effect of enclosures on change in the abundance of the
phytoplankton assemblage using 2-factor MANOVA
with Treatment (natural control, unmanipulated enclo-
sure) and Pool (3 or 4 pools depending on date) as fixed
factors and proceeding in the same sequence as above.
We fixed the factor Pool, because the large number of
dependent variables relative to the number of observa-
tions provided too few degrees of freedom for a mixed
model MANOVA. However, in all cases we detected
significant interactions with the factor Pool which led
us to do separate MANOVAs for each Pool. Therefore,
the assignment of Pool as a fixed (rather than random)
factor Is inconsequential to the overall analysis be-
cause the tests of the main factors Grazer Density and
Nutrient Concentration were never relevant in the
3-factor MANOVA.

For all statistical analyses, nutrient concentration
and grazer density were In(x+1)-transformed to re-

move heterogeneity of variance, as detected using
Cochran's test (p < 0.05). Although the original experi-
mental design was orthogonal and balanced, we lost
some replicate enclosures during the experiments in
June and August. To maximize degrees of freedom at
the expense of an unbalanced design, we carried out
least-squares ANOVA and a posteriori comparisons
(using Student-Newman-Keuls tests) of arithmetic
means for treatments with equal sample sizes and of
harmonic means for treatments with unequal sample
sizes (Winer 1971). The null hypothesis was rejected at
p < 0.05 for all statistical tests.

RESULTS
Experimental manipulations
Experimental artifacts

We detected artifactual effects of our experimental
enclosures on the change in abundance of phytoplank-
ton in August, but only during the first week of the
experiment (Table 2). At this time, prasinophytes in 1
pool (Pool 2) increased in the procedural control (GoNo
treatment) but did not change significantly in abun-
dance in the natural control. Also, chlorophytes in 2
pools {Pools 1 and 2) increased in the procedural con-
trol and decreased in the natural control, while crypto-
monads in another pool (Pool 5) showed the opposite
trend. There were no artifactual effects in the experi-
ments in November and June.

We also detected artifactual effects of our enclosures
on the density of micrograzers and/or the concentra-
tion of nutrients in each of our experiments (Figs. 1 &
2). The density of benthic micrograzers was greater in
the procedural control than in the natural control in all
pools in November (Table 3). Conversely, the density
of planktonic micrograzers was less in the procedural
control than in the natural control in June and August,
but only in some pools (Table 3). There were some sig-
nificant differences in the concentration of manipu-
lated nutrients between natural and procedural con-
trols, but these were not consistent among nutrients or
between the beginning and end of experimental
periods {Table 4). In June and August, the concentra-
tion of ammonium, which was not manipulated, was
greater in the procedural than in the natural control in
2 pools (Pools 3 and 5) at the end of the experiment.

The concentrations of manipulated nutrients in the
natural controls varied little over the expernimental peri-
ods. We detected significant interactions between Time
and Pool for silicate and phosphate in June (silicate F; |,
=12.78, p=0.001; phosphate F; ;, =118.1, p < 0.001) and
August (silicate F, 14 = 5.80, p < 0.01; phosphate Fy 15 =
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Table 2. F-values of significant multivariate (MANOVA, Wilk's A) and univariate (ANOVA| analyses of vanance of percentage

change in abundance of different phytoplankton groups (Ce: centric diatoms; Pe: pennate diatoms; Cr: cryptomonads; Pr:

prasinophytes; Ch: chlorophytes) between procedural controls (GoNo) and natural controls (C) in the experiments in November

1992 and June and August 1993. The first line for each period for each date shows the results of MANOVA followed by results of

ANOV'A for each phytoplankton group. Where there was a significant Treatment x Pool interaction in the MANOVA, results of

ANOVA are given for each phytoplankton group for each Pool. Comparisons show the direction of significant difference. Degrees
of freedom are shown in parentheses. For significant F-values (p < 0.05): ***p < 0.001, "*p < 0.01, "p < 0.05

Date Period (d) Pool Group . Factor _ Comparison
Ireatment Pool Treatment x Pool
Nov 1992 1-7 All All 04345 3.05% 1214 EdF
Jun 1993 1-7 All All 1.05, 5 553" 41 2.40 1,
8-14 All All 0.674 4 471" 8 1s 1.235.18)
Aug 1093 1-7 All All 981 41y 597 aan 472077
1 Ch 1127777 4 GoNo > C
2 Pr 380.8" 71 4 GoNo > C
2 Ch 7.92° 4 GoNo > C
5 Cr 2545 4 GoNo < C
8-14 All All 283413 0.88,,2 24 0.9312.44

Table 3. F-values of significant analyses of variance of the density of micrograzers between procedural controls (GoNo) and nat-
ural controls (C) at the end of the experiments in November 1992, and June and August 1993. Comparisons show the direction of
significant difference. Degrees of freedom are: November 1992: Fyioncponl Fpoo =30 81 prp e > 0.250, Frosimen = 1, 8;
I Prreamentxpot < 0-250, Frisamene = 1, 3; June 1993: Froumenspiotr Fraot = 20 9 U Drpeaiment poat > 0250, Frieamen = 1, 9

U Prrament oot < 0-2900 Fricamen = 1, 2; August 1993: Froamentcpootr Froot = 30 145 if Drpyoaiment «Posl > 0.250, Froogmen = 1, 14
Date Group Treatment x Pool Pool Treatment Comparison
Nov 1992 Benthic 0.28 3.64 10.92° GoNo > C
Jun 1993 Planktonic 6.02" 12.45*" 0.75¢ Pool 1: GoNo < C
Aug 1993 Planktonic 25.98"*" 70.45"" 0.91¢ Pools 2, 3: GoNo < C
'The factor Treatment was tested against the interaction Treatment x Pool

Table 4. F-values of significant analyses of variance of the concentrations of nutrients between procedural controls (GoNo) and
natural controls (C) at the beginning (Beg) or end of the experiments in November 1992 and June and August 1993. Comparisons
show the results of Student-Newman-Keuls comparisons of treatment means. Degrees of freedom are: November 1992:

Friaiment« poote Froot =30 8i i Prouiment s poot = 0-250, Frioammen = 10 8 i P oiments poot < 0-250, Frragmen = 10 3; June 1993: Frioamen « 0
Froar =2, 951 Prratment < poot = 0250, Fricamment = 1, 95 if Prgrnsiment « oot < 0-250, Frragment = 1, 2; August 1993: Frreuiment « Pools Froal =3, 14;
U Prmmentepon > 0:250, Frogumen = L0145 Pry i pon < 0250, Friymen = 1, 3. For significant F-values (p < 0.05): ***p < 0.001;
**p<0.01, "p<0.05
Date Nutrient Time Treatment x Pool Pool Treatment Comparison
Nov 1992 Silicate Beg 1.04 2.31 6.36" GoNo > C
Jun 1993 Silicate Beg 537" 41.08°°" 0.14¢ Pool 3: GoNo > C
Pool 5: GoNo < C
End 6.56" 6.40" 0.80¢ Pool 3: GoNo < C
Ammonium End 7.86" 12.09°" 5.57¢ Pools 3, 5: GoNo > C
Aug 1993 Silicate End 6.14°* 13.49** 0.57¢ Pool 1. GoNo > C
Pools 2, 5: GoNo < C
Phosphate Beg 3.50" 101.8°"" 0.60¢ Pool 1. GoNo > C
Pool 2: GoNo < C
Phosphate End 1.51 2.19 5.96° GoNo > C
Ammonium End 579 8.89°* 6.01°¢ Pools 3, 5: GoNo > C
°The factor Treatment was tested against the interaction Treatment x Pool
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6.14, p < 0.01). The concentration of both of
these nutrients decreased between the begin-
ning and the end of the experiments, but not in
all pools. In November, we did not detect a sig-
nificant change in concentration for any manip-
ulated nutrient (in all cases F; 3y <5.32, p > 0.05).

Efficacy of experimental manipulations

In November, there were few reductions in
the mean densities of planktonic and benthic
micrograzers in the grazer removal treatments
(G- = pooled G-No and G-N+) relative to
treatments where grazers were not manipu-

lated (Go = pooled GoNo and GoN+). We at- -
tribute the lack of a manipulation effect to the -
low natural densities of both groups of grazers g
in the pools at that time (Fig. 1, Table 5}. How- -
ever, in June and August, when micrograzers ﬁ
were more abundant, the mean densities of g’
both groups were lower in the grazer removal 151

treatments in most pools. A notable exception
was Pool 3 in June, where mean densities of
micrograzers were greater in the grazer re-
moval treatments than in treatments where
grazers were not manipulated. Marine water-
boatmen (corixids) were abundant in this pool
but they were removed in our manipulated
treatments. These corixids are carnivorous and
probably consumed more micrograzers in the
treatments where grazers were not manipu-
lated, resulting in lower grazer densities in
these treatments than in the grazer removal
treatments. In August, we manually removed
corixids from all treatments in this pool.

Despite the observed reductions in plank-
tonic and/or benthic micrograzers in most
grazer removal treatments, few of these were
statistically significant (Table 6). However,
large among-pool variability in grazer density
required us to test the effect of grazers against
the interaction term, Grazer Density X Pool,
resulting in low error degrees of freedom and
low statistical power.

At the beginning of all experiments, the con-
centrations of silicate and nitrate+nitrite were
1 to 2 orders of magnitude greater in the nutri-
ent-enriched treatments (N+ = pooled GoN+
and G-N+) than in treatments where nutrients
were not manipulated (No = pooled GoNo and G-No)
(Fig. 2, Table 7). The concentration of phosphate was 2
to 5 times greater in the nutrient-enriched treatments
in June and August, but did not differ significantly
between the nutrient-enriched and unmanipulated
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Fig. 1. Mean densily of micrograzers at the end of the expenments
in November 1992 and in June and August 1993 in the different
treatments. C: natural controls; GoN+: treatments with natural
density of grazers and enriched concentration of nutrients; GoNo:
treatments with natural density of grazers and natural concentra-
tion of nutrients; G-N+: treatments with reduced density of grazers
and enriched concentration ot nutrients; G-No: treatments with
reduced density of grazers and natural concentration of nutrients.
Error bars represent standard deviations (November and August:
n=4;June: n=3)

treatments in November. Differences between nutrient
treatments were maintained until the end of the exper-
iment for silicate and nitrate+nitrite in most pools in
November and August, and for phosphate in 1 pool in
June.
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Table 5. Mean density + SE (n is given in brackets) of micrograzers (ind. 1) in Effects of grazer density and nutrient
the treatments where grazers were not manipulated (Go = pooled GoNo and concentration on the abundance of
GoN-) and in the grazer removal treatments (G- = pooled G-No and G-N-} in h 1
ankton
different pools in experiments in November 1992 and in June and August 1993. phytoplank
In pools where there was no overlap in the standard errors of the mean densities _
between Go and G-, the percentage reduction (or increase in the case of Pool 3 The effects of grazer density and nu-
in June) in the G- treatment relative to the Go is given trient concentration on the phyto-
plankton assemblage varied among
Date Pool  Micrograzers Go G- Reduction (%) experiments, between weeks within
experiments, and among pools. In No-
Nov 1992 1 Planktonic 23+ 13 (4) 5+4 (4) 76 vember, when pennate diatoms and
thi 14 +4 (4 16+6 - )
Benthic 4xd () 6x6) chlorophytes dominated the phyto-
3 Planktonic 10+ 3(4) =24 , lankton in the pools (Fig. 3), there
Benthic 25 + 3 (4) 13+ 2 (4) 47 p o b i g g o
4 Planktonic 241 (4) 1204 (4) _ were no 51gm lcant e. ects of either
Benthic 9+ 1(4) 5472 (4) 44 grazer density or nutrient concentra-
5 Planktonic 241 (4) 1105 (4) _ tion on the assemblage (MANOVA,
Benthic 335 (4) 51+ 10 (4) - Foaag = 1.32, Fayg 0= 1.24, Foonog =
Jun 1993 1 Planktonic 627 + 373 (6) 123 = 98 (6) 80 0.66, Fppnz,34 = 2.04, Feupjiz 34) = 0.54,
Benthic 260 + 89 (6) 89 + 23 (6) 66 F\-}_12,34] = 1.14, Fonppiz oz = 0.37 in
3 Planktonic ~ 297 =70 (5) 890 =281 (5)  300° all cases p > 0.05).
Benthic 23 + 10 (5) 30+ 12 (5) - In June, when pennate diatoms, cryp-
5 Planktonic 33 £22(5) 2+ 1 (4) 95 tomonads, chlorophytes, and prasino-
Benthic 77 £19(5) 41+8(4) 54 phytes were abundant (Fig. 4], there
Aug 1993 1 Planktonic 0+0(6) 2+1(4) - was a significant effect of grazer density
Benthic 357 (6) 196 (4) 47 on the phytoplankton assemblage
2 Planktonic 15+ 4(6) 10 £2(6) - over both weeks of the experiment, but
Benthic 142 = 68 (6) 20£9(6) 86 this effect varied among pools (Table 8).
3 Ela“tit_omc 32 * ;4 4(4) 1613 = ; (2] 66 In the first week, we detected an effect
+ + —
entie £30) 3 £604) of grazer density in 1 pool (Pool 3)
5 Planktonic 598 £ 191 (5) 291 =+ 107 (4) 51 where the abundance of nnate di-
Benthic 41:13(5)  38+11(4) pe ‘
atoms, cryptomonads and chloro-
“Increase as opposed to reduction phytes decreased in treatments with
reduced grazer densities (i.e. the treat-

ments where grazers were not ma-
nipulated, see 'Efficacy of manipula-

Table 6. F-values of analyses of variance of the density of micrograzers in the different treatments in the end of the experiments
in November 1992, and June and August 1993. Factors are Grazer Density (G), Nutrient Concentration (N) and Pool (P). Com-
parisons show the results from Student-Newman-Keuls comparisons of treatment means. [Go = treatments with natural density
of grazers (pooled GoNo and GoN+}; G- = treatments with reduced density of grazers (pooled G-No and G-N+); N+ = treatments
with enriched nutrient concentrations (pooled GoN+ and G-N+); No = treatments with natural nutrient concentrations (pooled

GoNo and G-No).] Degrees of freedom are: November 1992: Fe..n.p, Foip Faop, Fp=3, 16, f Proonep cop nep 2 0250, Foon 6o =
1,16, 1 Preonep cop nop < 0.250, Froon 6w =1, 3; June 1993: Founep, Foup Fron Fo= 2, 1450 pree cop nop > 0250, Froon v =1,
14; 3 Precver cop nop < 0.250, Foun oo no= 1, 20 August 1993: Fronup Foone Faope Fp = 30 22, 1 Pre v cp nep > 02250, Foong 6
=1, 22,8 pre g con e < 02500 Fgun, o = 1, 3. For significant F-values (p < 0.05): ***p< 0.001; *"p < 0.01; "p < 0.05
Date Group GxNxP GxP N x P G x N P G N Comparison
Nov 1992 Planktonic  0.55 1.89 1.84 0.45 10,41+ 1.79¢ 0.12¢ -
Benthic 1.16 4.57° 10.22°" 0.12 41.59"" 0.44° 0.68° Pool 3: Go > G-
Jun 1993  Planktonic  0.50 3.03 0.004 1.40 17.20""" 0.79* 1.12 -
Benthic 0.14 1.83 0.07 0.33 11.88°"" 1.08 5.03" N+ > No
Aug 1993 Planktonic  0.29 2.06 0.09 0.23 4367 1.00¢ 3.75 -
Benthic 0.54 2.04 1.10 0.02 3.89° 0.65 2.16 -
*G x N tested against G x N x P; G tested against G x P; N tested against N x P J
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Fig. 2. Mean concentration of nutrients at the beginning and
end of the experiments in November 1992 and in June and
August 1993 in the different treatments. Treatment abbrevia-
tions as in Fig. 1 Error bars represent standard deviations
{November and August: n = 4; June: n = 3)

tions') and increased in treatments with higher grazer
densities. In the second week, we detected an effect of
grazer density in 2 pools (Pools 3 and 5): the increase in
abundance of pennate diatoms (Pool 3) and prasino-
phytes (Pool 5) was greater in treatments with reduced
grazer densities (i.e. grazer removal treatments for Pool
5; treatments where grazers were not manipulated for
Pool 3) than in treatments with higher grazer densities,
while chlorophytes (Pool 5) showed the opposite trend.

In August, the same phytoplankton groups were pre-
sent as in June, although they were less abundant
{(Fig. 5). In the first week of the experiment, there was
a significant Grazer Density x Pool interaction, but the
effect of Grazer Density was marginally non-signifi-
cant in 2 pools (Pool 1 F, ; = 3.06, p = 0.09; Pool 3 F3 3=
3.30, p = 0.08). In the second week, there was a signif-
icant effect of grazer density in 1 pool (Pool 1) where
the abundance of cryptomonads and chlorophytes
decreased In the grazer removal treatments and
increased in treatments where grazers were not
manipulated (Table 9). There also was a significant
effect of nutrients in the first week, when prasino-
phytes increased in 1 pool (Pool 1} and chlorophytes
decreased in another pool (Pool 3) in the nutrient-
enriched treatments. In the treatments where nutrients
were not manipulated, the abundance of prasino-
phytes remained low and that of chlorophytes showed
a smaller decrease.

DISCUSSION
Experimental manipulations

The artifactual effects of the experimental enclo-
sures on the response variable, change in the abun-
dance of phytoplankton, and on both of the manipu-
lated variables, density of micrograzers and
concentration of nutrients, showed no consistent pat-
tern among experiments, between weeks within
experiments, or among pools. There were no signifi-
cant effects of the unmanipulated enclosures (proce-
dural controls) on the change in abundance of phyto-
plankton in experiments in November and June. In
August, most changes were greater in the procedural
controls than the natural controls, suggesting that the
observed responses of phytoplankton to our manipula-
tions were intensified in the enclosures. The experi-
mental effect of planktonic micrograzers may have
been damped, at least in some pools, in June and
August. The concentration of silicate at the beginning
of the experiment in November was greater in the
enclosures in all pools, probably due to procedural
contamination. Thus, the lack of a significant effect of
nutrient enrichment on change in phytoplankton
abundance in November may reflect insufficient dif-
ferences in the initial concentration of nutrients
between nutrient treatments.

There was no evidence of nutrient contamination of
the pools (i.e. the natural controls) during the experi-
ment through leakage from the nutrient-enriched
enclosures. Nutrient concentrations were similar
between the natural controls and the unmanipulated
enclosures at the beginning of the experiments (except
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Table 7 F-values of analyses of variance of the concentrations of nutrients in the different treatments at the beginning (Beg) and
end of the experiments in November 1992 and June and August 1993. The factors are Grazer Density (G), Nutrient Concentra-
tion (N} and Pool (P). Comparisons show the results from Student-Newman-Keuls comparisons of treatment means. [{Go = treat-
ments with natural density of grazers (pooled GoNo and GoN+); G- = treatments with reduced density of grazers (pooled G-No
and G-N+); N+ = treatments with enriched nutrient concentrations (pooled GoN+ and G-N+J; No = treatments with natural

nutrient concentrations (pooled GoNo and G-No).|] Degrees of freedom for November 1992: F. ...p, Foop
, < 0.250, Feon
< 0.250, Frion g,
wp < 0.250, Fi o o v = 1, 3. For significant F-values (p < 0.05):

EPEGanxp e nxp > 0:250, Feun, on = 1, 160 0 Priaisp cup N
U PeG v cap e > 0:250, Faun aon =1 145 1 Preup 6ap nss
22,3 Prioep cop nep > 0250, Foun oon = 10 225 0f prgan

Fxope Fp = 3, 16;
Fuop Fp=2,14;
e P Fp =3,

o n=1,3;for June 1993: Fi, . nop Foop
w=1.2; for August 1993: Fr;.n.p, Fe

"'p<0.00i; "p<001; "p<0.05

P G N Companson
3.02 0.02¢ 186.1°" N+ > No
0.99 3.50¢ 0.88¢ =
1.34 1.56° 92.11""*¢ N+ > No
1.00 0.60¢ 2.07¢ -
0.14 0.16 579" N+ > No
1.72 0.09 4.26 -
0.34 0.77¢ 14.21*¢ N+ > No
3.29" 0.00° 0.11¢ Go, G— N+ = No
0.78 0.45 3998 N+ > No
45.38°"" 2.54 2.60° Pools 1, 5: N+ > No
2.62 0.05¢ 146.0°°¢ N+ > No
41.18""" 0.06¢ 0.28¢ Pool 1: N+ < No
4.08" 0.03¢ 1.74+ All Pools: N+ = No
629.7""" 1.06¢ 1.12¢ Pool 1. N+ > No
Pool 2: N+ < No
Pool 1: Go > G-
2.41 0.48 0.28 -
10.38"" 0.02¢ 1.84 -
21.19°" 0.97 1031°"*¢ All Pools: N+ > No
81.41""" 2.72 7.62¢ All Pools: N+ > No
29.45""" 0.85 393.9* " All Pools: N+ > No
18.23"" 0.00" 0.32¢ -
1182 0.43 6.75" Pools 1, 3, 5: N+ > No
2.69 0.65 1.33 -
2.59 0.13 7.94" Pools 1, 3, 5: N+ > No
2.99 1.66 1.39 -

Time Nutrient GxNxP GxP Nx P G x N

Nov 1992

Beg Silicate 2.91 1.68 1.95 4.78¢
Phosphate 0.60 0.55 0.29 1.82¢
Nitrate 2.46 1.96 1.02 1.85¢
Ammonium 3.07 1.66 2.25 0.02¢

End Silicate 0.55 0.45 0.04 1.06¢
Phosphate 0.63 0.38 0.25 0.08
Nitrate 1.03 0.15 0.60 0.27¢
Ammonium 0.60 1.68 1.91 4.69°

Jun 1993

Beg Silicate 0.40 0.75 0.38 0.58
Phosphate 0.68 1.15 110.1°*" 1.02
Nitrate 1.14 1.63 2.10 0.12
Ammonium  0.26 4.41° 5.98" 2375

End Silicate 4.07" 2.76 1.60 0.00
Phosphate 695.2*** 652.0""" 679.8""" 1.02¢
Nitrate 0.39 0.73 1.01 0.23
Ammonium 0.33 1.93 0.13 0.01

Aug 1993

Beg Silicate 0.40 0.31 6.53"" 0.02
Phosphate 0.40 1.00 100.0"" 1.04
Nitrate 0.56 0.31 7.94"" 0.02
Ammonium  0.35 2.26 1.58 0.01

End Silicate 0.98 1.07 1032 0.15
Phosphate 0.53 0.43 0.55 2.03
Nitrate 0.62 0.45 421" 0.27
Ammonium 0.94 0.48 0.64 1.25

“G x N tested against G x N x P; G tested against G x P; N tested against N x P

for 1 pool in August where the concentration of phos-
phate was greater in the natural controls, although the
difference was small). Furthermore, the concentrations
of nutrients in the natural controls did not increase
over the experimental period during any experiment.

In all experiments, the mean density of planktonic
and benthic micrograzers in most pools was less in the
treatments where grazers were reduced than in those
where grazers were not manipulated. Also, the con-
centration of all manipulated nutrients at the begin-
ning of each experiment was greater in the nutrient-
enriched treatments than in those that were not
manipulated. Therefore, our experimental manipula-
tions of grazer density and nutrient concentration gen-
erally were effective.

Effects of grazer density on the abundance of
phytoplankton

Manipulation of grazer density affected the phyto-
plankton assemblage in June and August, and the
effect varied among phytoplankton groups. Reduction
in grazer density had a positive effect on prasino-
phytes, suggesting that this group is limited by graz-
ing, especially in summer when grazers are abundant
(Metaxas & Schelbling 1994a). Conversely, reduction
of grazer density had a negative effect on cryptomon-
ads and chlorophytes. Grazers may have beneficial
effects for certain phytoplankton groups by increasing
nutrient concentrations through excretion. For exam-
ple, Vanni & Findlay (1990) demonstrated that in-
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creased excretion by herbivorous fish resulted in
increased abundance of nutrient-limited phytoplank-
ton. Grazers also may enhance the abundance of
some phytoplankton groups by selectively feeding on
their potential competitors (e.g. when grazers were
reduced in Pool 5 in June, prasinophytes increased as
chlorophytes decreased). A reversal in the effect of
grazers on pennate diatoms in 1 pool (Pool 3) during
the experiment in June also may be related to com-
petitive interactions. Reduction of grazers had a nega-
tive effect on all phytoplankters in the first week and
a positive effect on pennates in the second, suggest-

ing that pennates increased more rapidly than their
competitors. The importance of grazers in influencing
the phytoplankton assemblage was greatest in sum-
mer, a period of low ambient nutrient concentrations
(Metaxas & Scheibling 1996) and potentially in-
creased competition for nutrients. Other studies also
have shown that a reduction in grazer density can
have a negative effect on the abundance of some
phytoplankton groups but not others, thereby chang-
ing phytoplankton community structure (Lynch &
Shapiro 1981, Vanni 1987, Vanni & Temte 1990, Rose-
mond et al. 1993).
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Effects of nutrient concentration on the abundance of
phytoplankton

Nutrient enrichment affected the phytoplankton
assemblage in August only, and the effect varied
among phytoplankton groups. Previous studies in
freshwater and marine systems have shown also that
nutrient regulation of phytoplankton assemblages is
more important in summer than in spring or fall
(Vanni & Temte 1990, Kivi et al. 1993). In August,
nutrient enrichment had a positive effect on prasino-
phytes in 1 pool, where nutrient levels before enrich-
ment (<2 pM for nitrate and silicate, <1 uM for ammo-

N+ No N+ No

treatments)

nium, and < 0.5 um for phosphate} may have been
limiting {Dortch 1990, Sieracki et al. 1993, Weeks et
al. 19934, b). and a negative effect on chlorophytes in
another pool. Experimental studies in lakes also have
shown different effects of nutrient enrichment on dif-
ferent phytoplankton species (Lynch & Shapiro 1981,
Vanni 1987). Because species have different nutrient
requirements, the composition of a phytoplankton
assemblage may be determined by the ratio of avail-
able macronutrients (Tilman et al. 1982). Thus, certain
species may only co-exist at particular nutrient ratios
and outcompete one another as the ratios change
(Tilman 1977).
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Table 8. F-values of multivariate (MANOVA, Wilk's A) and univariate (ANOVA} analyses of variance of percentage change in

abundance of different phytoplankton groups (Pe: pennate diatoms; Cr- cryptomonads; Pr: prasinophytes; Ch: chlorophytes) in

the different treatments in the first (1 to 7 d) and second week (8 to 14 d) of the experiment in June 1993. The factors are Grazer

Density (G), Nutnent Concentration (N) and Pool (P). The first line for each period shows the results of NNJANOVA for all pools

followed by results of MANOVA for each Pool. Where there was a significant N or G effect for a Pool, results of MANOVA are

followed by results of ANOVA for each phytoplankton group. Degrees of freedom are shown in parentheses. For significant
F-values (p <0.05): **"p < 0.001; **p <0.01; "p<0.05

Period (d) Pool Group N G
1-7 All All 0.27 4101 3.46° 414
1 All - 2.94, 4
3 All - 13.67° 4 4,
Pe - 9.58" ) 1
Cr - 5667,
Pr - 3371 10
Ch - 14.72°" 1y
5 All - 2.264 4
8-14 All All 1.994 14 4.91° 4,
1 All 0.57,4 1
3 All - 569, 7
Pe - 264977
Cr - 01211
Pr - 1.45( 10
Ch - 0.04;; 1
5 All - 3414y
Pe - 3214
Cr - 3.01 4
Pr - F17.17
Ch - 10.29*

GxN p N x P GxP GxNxP
146, 15, 289" 454 091, . 2.36% 445 1.5
06110 1127752 15354 584" 4 09544

Relative importance of grazers and nutrients in
regulating of phytoplankton assemblages in
tidepools

The phytoplankton assemblage responded to
changes in both top-down (grazer density) and bottom-
up (nutrient concentration) factors; however, the rela-
tive importance of these 2 types of factors varied
among phytoplankton groups, tidepools and experi-
ments. In November, neither of the 2 factors had an
effect on the phytoplankton assemblage; there was
little or no phytoplankton growth and the pools were
frozen by the end of the experiment. In June and
August, the assemblage responded more frequently to
manipulation of grazer density than nutrient concen-
tration, in terms of both the number of phytoplankton
groups and the number of pools. In other marine and
freshwater systems, the relative importance of nutri-
ents and grazing in regulating phytoplankton commu-
nity structure also varies with seasonal changes in the
dominant phytoplankton and zooplankton (Vanni &
Temte 1990, Kivi et al. 1993).

Under simultaneous top-down and bottom-up regu-
lation, an interactive effect of grazing and nutrient
availability on the phytoplankton assemblage is
expected, such that the greatest change in abundance

should be observed in the treatment where grazers
were removed and nutrients were enriched. Because
we did not detect any significant 2-way (Grazer Den-
sity x Nutrient Concentration) or 3-way (Grazer Den-
sity x Nutrient Concentration x Pool) interactions,
simultaneous regulation probably did not occur in our
system. Contrary to our results, Rosemond et al. (1993)
showed strong simultaneous control on chlorophyll a
in experimental manipulations in streams: nutrient
enrichment had a stronger effect in the absence of
grazers than in their presence.

There was large among-pool variability in the re-
sponse of the phytoplankton assemblage to cur grazer
manipulations, as indicated by the significant interac-
tions with Pool. Our results suggest that these differ-
ences among pools are related to differences in the dom-
inant grazers. Among the pools with a significant effect
of grazer density, planktonic-feeding copepods (Eury-
temora affinis) were dominant in Pool 3 (~1000 ind. 1"}},
whereas benthic-feeding nematodes (presumably
feeding on phytoplankton that have sunk to the bottom)
were dominant in Pool 5 (~100ind.1"!) in June, and ben-
thic-feeding harpacticoid copepods were dominant in
Pool 1 (~40ind. I"!) in August. In other pools, where dif-
ferent grazers were just as abundant, we did not detect
significant effects on the phytoplankton assemblage. For
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Fig. 5. Mean abundance of total phytoplankton and 4 phytoplankton groups in the different treatments in Pools (P} 1, 2, 3 and

at the beginning, middle and end of the experiment in August 1993. Treatment abbreviations as in Fig. 1. Error bars represent

standard deviations (n = 2 for GoN+ treatments in Pool 3, GoNo and G-N+ treatments in Pools 3 and 5, G-No treatments in Pools
2 and 3; n = 3 for all other treatments)

example, there was no effect of grazer density in Pool 1
in June or in Pool 5 in August when these pools were
dominated by planktonic-feeding rotifers at densities of
500 to 1000 ind. I'!. Our results also show that grazers
which can potentially regulate the phytoplankton as-
semblage must be sufficiently abundant to do so. For ex-
ample, there was no effect of grazer density in Pool 31n
August when the density of the dominant grazer, E. affi-
nis, was -40 ind. 1"! (cf. Pool 3 in June).

In earlier studies, we have shown that the main
source of spatial variability in phytoplankton assem-
blages, and in the factors that potentially regulate
these assemblages, is among tidepools within inter-
tidal zones (Metaxas & Scheibling 1994a, b, 1996,
Metaxas et al. 1994). On the basis of these descriptive
studies, we proposed that the nutrient regime and the
grazer field are the main factors that regulate the resi-
dent phytoplankton assemblages in tidepools and the
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Table 9. F-values of multivariate (MANOVA, Wilk's %) and univariate {ANOVA) analyses of variance of percentage change in

abundance of different phytoplankton groups (Pe: pennate diatoms; Cr: cryptomonads, Pr: prasinophytes; Ch: chlorophytes) in

the different treatments in the first (1 to 7 d) and second week (8 to 14 d) of the experiment in August 1993. The factors are Grazer

Density (G}, Nutrient Concentration {N) and pool (P). The first hne for each period shows the results of MANOVA for all pools

followed by results ot MANOVA for each Pool. Where there was a significant N or G effect for a Pool, results of MANOVA are

followed by results of ANOVA for each phytoplankton group. Degrees of freedom are shown in parentheses. For significant
F-values (p < 0.05): ***p < 0.001; ""'p<0.01; *p<0.05

109

Period (d) Pool Group N G
1-7 All All 1,404 2 13195
1 All 580% .5  3.06,;
Pe 2.52)) 10 S
Cr 0.31 1 =
Pr 2394 10 -
Ch 0.671 10y =
2 All 3.38, 4 0.14, 4
3 All 4.19% 4 3.301 4
Pe 218,14 -
Cr 0.11,
Pr 2.50,; 10y
Ch 6.12% 1y -
5 All 0.45. 5 1.89 7
8-14 All All 0.43; . F11 e
1 All - 8.31 14 7
Pe - 0.02,; 11
Cr - 13.25"" 1 10
Pr - 0.26,; 10
Ch - 40.46""
All - 0.61, 7
All - 0.86,5 7
All - 0.364,6

G x N P N x P GxP GxNxP
0510 oy 1164777 10y 2677 10 gg) 24577 (0 0gy 16212 94
0.57..-, 7.96" 7554 1154574 2417555 0613274

relative importance of these factors varies at the scale
of the individual pool (Metaxas & Scheibling 1996).
Our experimental results support this hypothesis, but
show that grazing may be more important than nutri-
ent availability in regulating phytoplankton in tide-
pools. Our experiments were conducted in high and
splash pools where single-taxon populations of plank-
tonic and benthic micrograzers persist interannually
(Metaxas & Scheibling 1994a). The composition of
phytoplankton assemblages in the pools appears to be
regulated by these large populations of micrograzers
that are specific to individual pools.
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