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ABSTRACT- Diel vertical movement is well documented for
many zooplankton. The ecology of small benthic herbivores
which use seaweeds as food and habitat, known as 'mesograzers', is similar in some regards to zooplankton, and we
hypothesised that mesograzers might also exhlbit diel patterns of movement on host algae. We studied 3 non-swimming species of mesograzer, the sea hare Aplysia parvula, the
sea urchin Holopneustes purpurascens, and the prosobranch
mollusc Phasianotrochus eximius. All exhibited diel movement on host algae. This behaviour occurred on different host
algae, despite variation in algal morphology and other characters. Possible factors causing diel movement by mesograzers include predation, nutritional gain, avoidance of photodamage, micro-environmental vanation near host algae, and
reproductive strategies. These are discussed with regard to
mesograzers a n d related to theories for diel vertical movement by zooplankton. The relative ease of experimental
manipulation of benthic seaweeds and mesograzers makes
them suitable as model systems to test theories for dlel vertical movement.
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Diel vertical movement through the water column by
aquatic invertebrates and fishes is a well-documented
phenomenon. Many zooplankton and invertebrate larvae ascend to surface waters in the evening and
descend to deeper waters at dawn (Roe et al. 1984,
Lampert 1989). Similar behaviour has been found for
infaunal benthic invertebrates (e.g. Alldredge & JQng
1985) and crustaceans from seagrass beds (e.g.Robertson & Howard 1978), with these animals descending
into the sediments or seagrass foliage at dawn. These
patterns of behaviour are thought to have fundamental
consequences for the movement and redistribution of
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nutrients across trophic levels in such systems (Kitting
et al. 1984, Longhurst & Harrison 1989).
Arguably, the dominant model to explain die1 vertical movement by zooplankton is avoidance of visually
feeding predators in surface waters during the day
(Zaret & Suffern 1976, Stich & Lampert 1981, Bollens &
Frost 1989).This model is supported by studies of both
demersal and pelagic zooplankton (Robertson &
Howard 1978, Alldredge & King 1985, Ohman 1990,
Osgood & Frost 1994), although the impact of predation on zooplankton v a n e s with nntogenetic stage,
food availability, and predator evasion or defence
mechanisms (Bryan et al. 1995, Morgan 1995, McClintock et al. 1996). Alternative explanations for diel vertical movement by zooplankton include conservation
of energy in association with vertical thermal gradients
(McLaren 1974, Williamson et al. 1996), escape from
physiological stress such as photodamage (Lampert
1989, Morgan & Christy 1996), and the exploitation of
phytoplankton rich surface waters at night (Enright
1977).
Predation on benthic invertebrates is also an important ecological and evolutionary force (Vermeij 1987),
and avoidance of diurnally active, visually feeding
predators has been suggested to be responsible for
nocturnal patterns of foraging by sea urchins (Nelson
& Vance 1979) and littoral amphipods (Buschmann
1990). Small benthic invertebrates which do not attain
a size which allows escape from predation should be
particularly susceptible. One diverse group that fits
this criterion are small herbivores or 'mesograzers'
(Hay et al. 1987), which use benthic macrophytes as
both a food source and habitat (Duffy & Hay 1991, Hay
& Steinberg 1992). Predation, especially by visually
feeding fishes, can strongly affect plant use by mesograzers, causing some to adopt algae as refuges (Hay
et al. 1989, Duffy & Hay 1994). Given that predation
may have a similar influence on both zooplankton and
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mesograzers, we thought that mesograzers may perform diel vertical movements on host plants, sheltering
amongst the basal fronds during the day and moving
up towards the canopy at night.
Materials and methods. Three species of mesograzers found on subtidal reefs at Bare Island (33"59'S,
151" 14'E) and Parsley Bay (33"511S,151" 17'E), near
Sydney, Australia, were chosen to test this hypothesis.
These were the sea hare Aplysia par-vula, small specimens of the sea urchin Holopneustes purpurascens,
and the prosobranch gastropod Phasianotrochus eximius. Species of algae sampled included: the red algae
Delisea pulchra (Bonnemaisoniales) for all mesograzers, Laurencia obtusa (Ceramiales) for A. parvula only;
and the brown algae Sargassum vestitum (Fucales) for
H. purpurascens, and S. linearifolium (Fucales) for P.
eximius. These algae were chosen because they are
common host plants for the mesograzers studied,
because they were abundant at the field sites, and
because they differ in morphology and growth form. D.
pulchra and L. obtusa have lateral apical growth, while
S. vestitum and S. linearifolium have both diffuse apical and intercalary growth (Clayton & King 1990). All
algae studied had an extensive lateral habit. The
height of algae sampled were (mean + standard error,
in cm) 12.4 rt 0.4 (n = 437) for D. pulchra, 9.5 0.3 (n =
35) for L. obtusa, 15.6 + 0.2 (n = 303) for S. vestitum,
and 19.3 0.5 (n = 266) for S. linearifolium.
The vertical position of mesograzers on these algae
was measured in situ using SCUBA for day and night
samples. Since Holopneustes purpurascens and Phasianotrochus eximius occur in high densities at Bare
Island, the vertical position of these species was sampled on randomly selected plants. In contrast, Aplysia
parvula occur in lower densities on host algae (Rogers
et al. 1995),and a different technique was used to measure their vertical position. This involved locating and
tagging 20 plants containing sea hares and returning
to tagged plants after 12 h for measurements. Tags
were relocated to other plants if the sea hares emigrated. Sampling was repeated for A. parvula on
Delisea pulchra in order to assess if torch-light disturbance affected the pattern of vertical distribution, first
tagging plants during daylight and returning at night
(23 May), and vice versa (13 August 1996).
The vertical position of mesograzers on host plants
was quantified as the proportion of each individual's
position on the plant to the total height of the plant
above the substratum. Field sampling involved measurements of the height of each host plant from the
holdfast to the central apical tips, and the position of
each mesograzer on the plant, measured from the
holdfast to the point intersecting the centre of the animal. Care was taken to ensure that the mesograzers
were not touched during this procedure. The position

*

*

23 May

23 May

24 May

l 2 Jul

l3 Aug

I4 Aug

I 4 Aug

I S Aug

Sample dale

6k b

6 Fcb

10 R h

10 k b

Sample Dale

Fig. 1. Aplysia parvula. Vertical position of sea hares as a proportion of plant height (mean + standard error) during the day
and night on the seaweeds (a) Delisea pulchra at Bare Island
and (b) Laurencia obtusa at Parsley Bay Number shown
above bars is the number of plants sampled (n)

of mesograzers on each host alga was averaged per
plant to give replicate measures, in order to avoid
problems with possible non-independence among
mesograzers on a single plant, and because of variability in the number of individuals per plant. Differences
in mesograzer position on host algae between diel
samples was tested using a 2-factor analysis of vanance after transforming the data using ln(l+x). Measurements were taken on various dates for diel position
(random factor), with date as a nested factor in the
analyses. Data were checked for homogeneity of variance using Cochran's test (Underwood 1981) prior to
analysis.
The 'visibility' of each species of mesograzer was
also measured to assess their relative crypsis on
Delisea pulchra during the day versus night. These
data provide an estimate of the mesograzers likely to
be visually detected by predators such as fishes. The
number of Aplysia parvula and Holopneustes purpurascensvisible on D. pulchra was counted along f ~ v e
0.5 X 4 m (2 m') transects with.out disturbing the alga;
then each plant within the transect was carefully
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Table 2.Aplysia parvula, Phasianotrochus exunlLls, and Holopneustes purpurascens. Visibility of mesograzers on the alga Delisea
pulchra during day and night transects at Bare Island. Data are the number of each species visible per m' and l n ( l + x ]transformed
proportion of mesograzers visible (mean standard error). Comparisons of day/night visibility and proportion visible were done
using an unpaired t-test (2-tailed). Number of individuals found for each sample (n)is shown under the proportion visible

*

Day

Number visible per m'
Night
t

Day

0.04 0.03
(36)
0r0
(284)
0.13 0.06

A. parvula

0.2 i 0.1

5.7

* 1.5

-3.66

0.006

P. eximius

0i0

56.4

* 17.4

-3.25

0.012

* 0.6

-3.18

0.013

H. purpurascens

0.5 i 0.2

2.6

searching plants. Thus, all 3 species occur significantly
lower on host plants during the day, and are more cryptic a s well. For Aplysia parvula (the only herbivore examined In this regard) these movement patterns were independent of when (day or night) the measurements
were first taken (Fig. l a ) .
Discussion. The 3 invertebrate species studied exhibited consistent diel patterns of vertical movement
on all host plants examined. This parallels similar
behaviour in zooplankton (Lampert 1989), many sediment infauna, and invertebrates inhabiting seagrasses
(Brawley 1992). With the exception of a single nonquantitative study for crustaceans on seagrasses
(Ledoyer 1969),this is the first report of such behaviour
for small non-swimming invertebrates. Moreover, the
species studied here, benthic gastropods and an echinoid, are as adults taxonomically quite distinct from
the zooplankton and infauna which have been the
focus of other studies of diel vertical movement.
Slnce diel vertical movement by these mesograzers
parallels similar behaviour in zooplankton, the factors
causing such behaviour may be common to both systems. As for zooplankton, predation by visual predators is likely to be an important influence on mesograzers. Daytime predation by the territorial damselfish
Parma microlepis causes significant mortality of
Holopneustes purpurascens removed from the shelter
of a host plant, while urchins exposed at night are not
eaten by this fish (Carson 1996). Other mesograzers
(e.g. Pennings 1990, Duffy & Hay 1994) also use host
plants as refuges, and it is likely that the threat posed
by visual predators such as fishes restricts m.esograzers
to cryptic, basal positions on host algae during the day.
However, as for zooplankton, predation cannot be
the sole factor determining diel vertical movement by
mesograzers since it does not account for ascent at
night. One explanation for the nocturnal ascent of zooplankton is that they exploit aggregations of phytoplankton which form in the photic zone during daylight (Enright 1977). Similarly, nocturnal movement

Proportion visible [ln(l+x)J
Nlght
t

P

*
*

P

*

-9.48

<0.001

*

-21.43

<0.001

0.81 0.09
(67)
0.65 0.07
(294)
0.63 t 0.04

- 7 10

<0.001

towards the canopy of algae by mesograzers may be
due to variation in the nutritional qualities of different
parts of host algae. All species of algae studied here
have apicai growth, and iasi-growing apical tissues
are often less tough and higher in nitrogen than the
basal parts of seaweeds (Cronin & Hay 1996). Epiphytes can be more abundant in the canopy of macron
phyies, dlid these additizna! se;rrzreedc rr?i7y a l ~ attract
mesograzers to feed in this region (Brawley 1992).
However, preferences for meristematic tissues (e.g.
Poore 1994) or epiphytes does not fully explain nocturnal ascent by these herbivores. Both Sargassum species studied here have growth forms that include secondary meristematic regions along the entire length of
the thalli (as laterals). Moreover, all 3 mesograzers
readily consume their host algae, and Aplysia parvula
preferentially consume Laurencia obtusa over cooccurring algae (Rogers et al. 1995, Rogers unpubl.
data), including epiphytic species such as Ulva spp.
Alternatively, mesograzers may move to the canopy
of algae at night to avoid physiological stress caused
by micro-environmental changes such as oxygen
depletion, or increasing levels of harmful compounds
(e.g. CO, or secondary metabolites), which can accumulate in boundary layers (Jnrgensen & Revsbech
3.985) around algal thalli. During the day photosynthesis saturates oxygen levels near macroalgae. However
at night, the boundary layer may become anoxic due to
algal respiration, forcing mesograzers to move up host
algae to more oxygenated waters. Moreover, as light
affects nutrient uptake by algae indirectly through
photosynthesis (Carpenter & Capone 1983), mesograzer waste products like ammonia that are absorbed
during daylight (Bray et al. 1986, Williamson & Rees
1994) could accumulate around algal thalli at night in
levels harmful to mesograzers.
Another possibility is that mesograzers, like many
zooplankton (e.g. Morgan & Christy 1996), are adversely affected by prolonged exposure to ultraviolet
radiation (UVR) and avoid the canopy region of algae
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during the day. UVR is a significant component of sunlight and can penetrate oceanic waters to 60-70 m
depth (Smith et al. 1992). In coastal waters penetration
of UVR is much lower (<5 m ) d u e to attenuation by seston and gelbstoff (Hader 1997), but still relevant to the
system studied here. Morphologically complex algae
could provide protection to mesograzers from UVR
through shading by their thalli. If UVR avoidance is a n
important stimulus for diel movement, then species of
mesograzers that only occur on deeper seaweeds,
where UVR is attenuated, should not move vertically.
Diel vertical movement may also be important for
reproduction by mesograzers. For those that occur in
relatively low densities a n d copulate, such as Aplysia
parvula, nocturnal ascent to the canopy may increase
the probability of finding mates. Although, we have
observed A. parvula frequently copulating in the
canopy of Delisea pulchra at night, mating has rarely
been witnessed during the day. The canopy of benthic
algae is also subject to greater water flow and dispersion than enclosed parts (Mann & Lazier 1991),and for
broadcast spawners like Holopneustes purpurascens it
is probably the most advantageous part of the plant for
sexual signalling (e.g. pheromones) a n d release of
gametes.
Understanding the causes shaping the evolution of
behaviour is often greatly enhanced by comparisons
across taxa or systems (e.g. the 'comparative' method;
Earvep b Page1 i99ij. Zoopianitton a n d the mesograzers studied here are taxonomically distinct and represent different ecological systems. However, diel vertical movement by both groups may well be affected by
similar factors. Of these, perhaps the strongest evidence in both systems is for the influence of predation,
although factors such as variable food gradients,
micro-environmental changes, avoidance of UVR, or
reproductive strategies may also play a n important
role. One advantage of mesograzer/algal systems as
compared to zooplankton is the ease with which they
can b e experimentally manipulated (Hay & Steinberg
1992) because of their size, relative immobility, and
occurrence in accessible sublittoral systems. Thus,
although diel vertical movement is much less documented for mesograzers compared to zooplankton,
mesograzers and their host seaweeds can provide a
suitable experimental system to test hypotheses for
diel vertical movements by marine invertebrates.
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