
CHAPTER ONE 

PLANKTON MIGRATIONS 

The ability of many zooplankton species to regulate their vertical distribution is 
a striking feature of pelagic communities. Attention has focused more on the daily 
cycle of movement in and out of the near-surface layers of pond, lake and ocean, than 
on the longer scale movements involving seasonal or ontogenetic migrations. ln an 
environment full of physical features with scales of events ranging from eddy-diffusion 
to mesoscale eddies or ocean-wide current systems, it would be unexpected if 
organisms were found not to have evolved behavioral responses which allow them to 
exploit the dynamics of the physical structure of the water within the limits of their 
physical capabilities. Thus an oceanic copepod capable of vertical migration rates of 
100 m per hour may well also be able to regulate its horizontal distribution within 
features with scales of 1<¥ m, scales that are within the sampling scales achievable 
with multiple-serial samplers. 

Marine animals perform migrations in response to vertical gradients of various 
types, and the effects on biogeochemical cycles can be significant. Angel explores the 
limits to and probable causes of migrations by oceanic zooplankton and nekton in both 
the vertical and horizontal dimensions and for both diel and longer time scales. He 
then presents possible biological and geochemical implications of such behaviors. 
Throughout his paper, Angel refers to both the literature and results of his 
Department's recent investigations. 

After initially describing migrations, determining which species are involved and 
what are the extent and timing of their movements, planktonologists have tended to 
concentrate on the question of why they do it. Kerfoot reviews the four main 
hypotheses which address the adaptive significance of the migrations. He concludes 
that response to cyclic variations in predation pressure correlated with the light cycle 
combined with the gradients in resource availability will make diel vertical migrations 
one important solution to the problems of successful survival in the pelagic 
environment. 

Some progress can be made in testing such hypotheses and in exploring other 
aspects of the ecological significance of migrations to the individual animal, to each 
species and to the community in general, by field observations. Major progress will 
only be achieved by careful and well-designed experiments. Huntley, in reviewing 
experimental approaches to migration in plankton, has shown how limited they have 
been in clarifying our understanding, mainly because of the problems of adequately 
duplicating real physical environments and resolving ways of elucidating the 
synergistic influence of depth-related factors. But he emphasizes just how important it 
is for planktonologists to continue to strive to devise effective methods of 
manipulating natural and artificial pelagic ecosystems. Planktonic migration is an 
essential element in pelagic ecology and continues to present a major intellectual and 
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technical challenge to both oceanographer and limnologist. 
It may seem unlikely that microscopic plants (phytoplankton) can undertake 

vertical migrations in apparently turbulent lakes and oceans. Nevertheless, these 
environments are not always well-mixed by waves and currents and are usually 
thermally stratified for considerable periods of the year. Under such circumstances of 
low mixing, phytoplankton can move at speeds greater than the velocities of the 
surrounding water masses and so be capable of depth-regulation or migrations. 

Phytoplankton consists of communities of organisms of diverse morphology, 
size and taxonomic group. Algal species exist as cells ranging in maximum 
dimension from about 1 J,Lm to hundreds of micrometers, and the cells may be single 
or colonial. Vertical movements may be due to (1) sinking as, for example, with 
diatoms, (2) sinking or floating due to controlled changes of buoyancy, best observed 
in the blue-green algae or Cyanobacteria as they are now known, and (3) active 
swimming by algae possessing flagellae. Rates of movement between species vary 
from negligible to nearly four meters per hour. The combination of different 
mechanisms of motility together with the wide range of cell size, morphology and rate 
of movement give rise to a rich variety of vertical migrations within the 
phytoplankton. 

Algal cells generally endeavor to grow whenever and wherever possible. To do 
so they require an adequate supply of light and nutrients. However, phytoplankton 
growth usually results in the flux relative to need of a major nutrient or energy 
becoming insufficient, and strong vertical gradients of light and nutrient concentrations 
become established . Vertical movements or depth-regulation by different algal species 
then can play an important role in controlling their relative success. Migrations can 
thus be considered as a means for enabling cells to move into positions conducive for 
growth or, of equal importance, avoiding deleterious conditions. As algal species 
have different nutritional requirements; what may be suitable conditions for growth for 
one species may be hannful for another. 

The papers in this section of the symposium discuss and give examples of 
various algal migrations common to lakes and oceans. One paper (Heaney and 
Butterwick) compares and contrasts different mechanisms of movement and their 
possible significance for phytoplankton growth. The other papers deal with 
specialized studies and reviews of migrations of particular algal groups or species. 
These include two accounts of factors regulating dinoflagellate migrations, one 
concerning temperature (Kamykowski) and the other biochemical control (Cullen). 
Over the last 15 years much has been learned about migrations of the Cyanobacteria 
and this is reviewed and some experimental results presented (Klemer). Some 
experiments on migrations by the ubiquitous but poorly studied Cryptophyceae are 
described by Sommer. It is hoped that these studies will provide an interesting 
stimulus to research on phytoplankton dynamics and perhaps also to others who have a 
curiosity to know what goes on "below the waves. " 

M. V. Angel, D.M. Checkley, Jr. and S.l. Heaney 
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ABSTRACf 

Oceanic organisms live within an environment that is dominated by vertical gradients
gradients in availability of food, nutrients, light, predation pressure and current shear. These 
gradients vary both in time (e.g., seasonally) and in space (e.g. , latitudinally). Each organism 
is faced with the often conflicting need to survive, feed, breed, and to optimize its use of the 
available resources. Unless an organism is large enough either to avoid the gradation in 
predation pressure through sheer size or is mobile enough to be able to exploit large space scale 
variability by extensive horizontal migration (e.g., as seen in the large whales), for most 
oceanic organisms an important "option 11 will be a cycle of vertical movement. 

The connotations of this 11 option 11 will be discussed. Migrations may feed back into 
environmental processes that are important not only biologically but also geochemically . 

INTRODUCTION 

Oceanic animals inhabit an environment that is highly variable in time and space 
(Fig 1), but it is also an environment that is dominated by vertical gradients: gradients 
of physico-chemical properties such as light intensity and quality, temperature, 
nutrients and hydrostatic pressure, and also of biological properties, such as primary 
production, standing crop of organisms, predation pressure (particularly from visual 
predators) and food availability. These gradients are influenced on the broad-scale by 
water circulation, heat budgets and seasonality and on smaller scales by mesoscale 
features, fronts, upwelling and finer-scale mixing processes. 

Within a population each individual organism is coping with four basic drives: 
(I) to survive, (2) to feed, (3) to reproduce and (4) to optimize its use of resources. 
These drives are not necessarily compatible. For example, in response to the need to 
feed, a planktonic individual will tend to move to shallow depths where there is a 
greater abundance of food, but in so doing it will experience a greater chance of 
encountering predators. The level of predation risk an organism accepts will vary 
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Figure l 
A Stommel diagram showing a visual impression of the possible relationship between time/space 

variability in zooplankton biomass to major physical processes in the ocean. Maxima in variability are 
associated with a . "micro" patches; b. swarms; c . upwelling events; d . mesoscale eddies and rings;e. island 
effects; f . El Nino type events; g. small scale oceanic basins; h. biogeographical provinces; i. length of 
currents and oceanic fronts; j . width of currents; k. width of ocean fronts. (After Haury. McGowan and 
Wiebe 1978). 

with its genetical make-up, its stage in the life-cycle, and its nutritional state. For 
example Huntley and Brooks ( 1982) have demonstrated that hungry copepods behave 
quite differently from well fed copepods. 

lwasa ( 1982) produced a simple model which shows that diel vertical migration 
is one of the options open to plankton to solve the conflicting needs to feed and to 
survive in an environment in which there are complementary gradients in food 
availability and visual predation pressure, particularly if these parameters vary in time 
(i.e., daily or seasonally). There are alternatives to migration that can be adopted: 
either reducing susceptibility to predation, reducing demand for food or accepting the 
high risk. The alternative ploys would not result in any advantage accruing from 
vertical migration. 

The periodicity and intensity of the time/space variability of available food and 
predation pressure will be major factors in determining the patterns of migratory 
behavior. Large animals, with a capability of extensive horizontal migrations, will be 
able to smooth the effects of environmental heterogeneity by horizontal migrations 
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between widely separated localities. Thus the large whales are able to exploit the 
massive standing crops that develop at high latitudes during the spring and summer. 
Then they migrate to lower latitudes during the periods of low productivity where, 
although they feed less (if at all), the warmer water temperatures allow them to 
conserve body heat and hence energy. Their migration is also related to reproduction; 
the calves, which have much lower surface area to volume ratios, lose less heat in the 
warm tropical waters than at high latitudes. 

Planktonic and micronektonic organisms which do not have the capability of 
performing extensive horizontal migrations (but see Hamner and Hauri 1981) exploit 
the seasonal variability by seasonal migrations. They feed in the surface layers during 
periods of high productivity and then return to deep water often entering a state of 
diapause during periods of low productivity. In some areas of the NE Atlantic, where 
there is both a spring and an autumn phytoplankton bloom, there may be upward 
migrations in some species in both seasons (DISCOVERY, unpublished data). In 
species with annual life cycles, seasonal migrations will be indistinguishable from 
ontogenetic migrations. However, in those with shorter or longer life cycles, there is 
a distinction that is important (cf. Longhurst 1976). 

At lower latitudes, as the intensity of the pulsing of the seasonal cycle 
diminishes, so seasonal migration becomes less important. The subtropical 
convergences, which in most oceans mark the lowest latitude at which winter cooling 
disrupts the seasonal thermocline and as such marks a sharp break in the seasonality of 
production, will probably also prove to mark a major change in the intensity or even 
occurrence of seasonal migration. Seasonal migrations will also be important in areas 
where seasonal upwelling occurs. In regions where the production cycle is more 
uniform, life cycles in the surface waters tend to be shorter than the annual cycle, and 
onotogenetic migrations become more obvious. 

Diel vertical migration can be superimposed on both ontogenetic migration and 
seasonal migration. For example the deep mesopelagic mysid Eucopia unguiculata is 
normally considered to be a nonmigrant species, but in the recently published work by 
Roe (1984a) on the results of time series of hauls at 44°N, 130W during the spring, 
this species had moved up to daytime depths of around 450 m and was performing 
diel migrations to at least 250 m. Later in the year the species occurred below 600 m 
only. 

LIMITS TO DIEL MIGRATIONS 

The early report by Waterman, Nonnemacher, Chace and Clarke (1939) 
described a number of species undertaking extensive vertical migrations from depths of 
at least 1500 m. Wiebe, Madin, Haury, Harbison and Philbin (1978) interpreted some 
of their profiles as showing diel migrations of Salpa aspersa to depths of 2000 m. 
Even if the data on which these reports were based were correctly interpreted, it now 
seems likely that most diel migrations are restricted to much shallower depths. Angel, 
Hargreaves, Kirkpatrick and Domanski (1982) found cyclic variability consistent with 
a diel migratory cycle only in a single fish species Notoscopelus elongatus at 1000 m 
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at 42~, 170W. More recent sampling to the southwest of the Awres showed that 
decapod crustaceans migrated up from around 1200 m and the myctophid 
Ceratoscopelus warmingi from 1600 m, in the latter case into the surface 100 m 
(Badcock, personal communication). At high latitudes, diel migrations are very much 
reduced in extent, or even absent during the polar summer (Bogorov 1946, Digby 
1961). Similarly at equatorial latitudes, diel migrations are very much reduced in 
extent (e.g., Angel and Fasham 1975, Roger 1974a). 

Generally diel migrations are related to the light cycle (see Longhurst 1976 for 
references); the early hypothesis that organisms follow isolumes has now been 
modified such that the rate of change in light intensity is thought to provide the major 
environmental stimulus (Ringelberg 1964, Bary 1967, Kampa 1974, Enright 1977a). 
Roe ( 1983) has recently shown that the vertical ranges of many species are so broad 
that they span at least three orders of magnitude of light intensity; also the observed 
rates of ascent and descent in a variety of copepod species were much slower than the 
rate of 120 m · h - 1 at which the isolumes ascended and descended at near dusk and 
dawn (Table 1). Enright (1977b) observed comparable rates of 30-90 m·h- 1 in 
Metridia pacifica, i.e., 3.5-10 body lengths per second. Endogenous rhythms 
(Harris 1963, Enright and Hamner 1967) have been observed and may play a role in 
minimizing the organisms' daytime responses to irrelevant stimuli produced by clouds 
and solar eclipses (Roger 1974b; Alldredge and King 1980; Bright, Ferrari, Martin and 
Franceschini 1972). Variations in light intensity at night produced by moonlight will 
be significant where visual predation is important, and so may be expected to cause 
adjustments to near-surface vertical distributions (e.g., Roger 1974b). However, it is 
important throughout to remember that sampling techniques only allow the recognition 
of migration patterns that are reasonably coherent and synchronized within a 
population (Pearre 1979). Also, there are numerous reports of cycles that are 
unsynchronized with light cycles. 

Longhurst ( 1976) in his review of vertical migration listed various hypotheses 
that have been advanced to explain vertical migration. These are: (1) avoidance of 
visual predation, (2) horizontal dispersion and transport, and (3) bioenergetic 
advantages, to which I would add a fourth, breeding migrations. 

Throughout it is important to distinguish between the environmental factors 
controlling migration, the ecological reasons for the migrations and the ecological 
consequences. In the rest of this paper I wish to explore some of the connotations of 
each hypothesis and to look for evidence in the literature or my Department's data to 
support these hypotheses and their ecological implications. 
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Table 1 
Estimated ascent and descent rates in m·h-I by seven copepod 

species observed at 44°N, 130W during four sets of 48 h observations in 
April 1974 (Roe 1984c). 

Upward Downward 

Mean Range Mean Range 

Gaetanus minor 43.0 32-57 41.7 28-65 
Metridia lucens 81.3 47-130 61.9 36-99 
Pleuromamma robusta 84.3 58-117 86.2 57-108 
Chirundina streetsi 85.8 63-119 96.8 66-148 
Euchirella curticauda 107.5 71-168 100.2 69-148 
Undeuchaeta major 122.2 86-168 100.2 69-148 
Undeuchaeta plumosa 122.2 86-168 121.8 99-143 

THE AVOIDANCE OF VISUAL PREDATION 

One of the earliest theories put forward to explain diel migration postulated that 
vertical movement afforded escape from predation (Russell 1927). This idea came 
back into vogue with some of the elegant work on the influence of predation on 
freshwater communities and on cyclomorphosis (see review by Zaret 1980 and Stich 
and Lampert 1981). The generally tight relationship between migration cycles and 
light cycles is consistent with this hypothesis. If the theory be valid, then minimum 
daytime depths should relate to where the organism ceases to present a perceptible 
visual cue. Because visual acuity declines with diminishing light intensity, this should 
create a depth-size relationship with planktonic communities and hence provide 
possible cause for ontogenetic migration in which progressively older and larger stages 
occur progressively deeper by day. In micronekton the depth zonation should be 
related to camouflage systems; similarly nonmigrants should be adapted to reduce their 
visibility either by being small or transparent. Another effect might be for herbivores 
to perform reverse migrations where the primary carnivores vacate the surface layers 
to avoid predation by secondary carnivores. Similarly, even if the predation is 
unlikely to be visual (e.g ., as for highly transparent organisms such as salps), any 
cyclic feeding pattern of migration by the carnivores may result in an advantage to the 
prey undertaking vertical migrations. These are all phenomena which have been 
reported in the literature. 

Angel (1979) analyzed the size spectra of the ostracod populations in the 
vicinity of Bermuda and found that the maximum size of individuals in the population 
increased in a stepwise manner with depth (Fig 2). Each step corresponded to a 
change in the classical depth zones, i.e., the size range increased across the seasonal 
thermocline, between the epipelagic and shallow mesopelagic (at ca. 300 m), between 
the shallow and deep mesopelagic (at ca. 500 m), and at ca. 700 m. Each one of 
these steps coincided with a change in the morphology of the daytime nekton 



50 M.V. Angel 

community-for example 300 m was the ceiling of the distribution of silvery-sided 
fishes with well-developed ventral photophores (e.g., myctophids and hatchetfishes) 
and at 500 m there was a change between decapod species that were half red and half 
transparent to those that were totally red (cf. Foxton 1972). 

There was an ontogenetic daytime ascent of the larval stages in some of the 
ostracods, as in Conchoecia imbricata (Fig 3), whereas at night the depth ranges of 
all the oldest juvenile instars and the adults became almost identical as a result of 
vertical migration. Similarly the size spectra of the total ostracod population became 
similar at all sampling depths from the surface to 700 m. This lower depth was the 
depth limit of appreciable migration by the planktonic ostracods but not of the 
micronektonic species (lOS, unpublished data; Donaldson 1975). The lowest depth 
from which vertical migration would be expected to occur would be the maximum 
depth at which the individual organisms are capable of detecting the down-welling 
daylight. This has been placed at around 1000-1200 m, and in many areas in the NE 
Atlantic this does indeed seem to be the lower limit of vertical movements (e.g., 
Angel et al. 1982; lOS, unpublished data). Some but not all of the reports of deeper 
diel migrations are suspect. For example, Waterman et al . (1939) had only four sets 
of hauls and a factor of two covered their maximum change in abundance, which 
Angel et al. (1982) concluded was the minimum sampling variability to be expected in 
repeated deep tows. Wiebe et al. (1978) had good data for the diel migration of the 
salp Salpa aspera to below 800 m, but only circumstantial evidence of its migration 
between 2000 m and the surface waters. Baird, Wilson and Milliken (1973) showed 
the deep penetration of the codlet Bregmaceros nectabanus into the anoxic water of 
the Cariaco Trench. To the southwest of the Azores we have recently found a 
myctophid Ceratoscopelus warmingi which migrated from 1600 m up into the surface 
100 m at night (Badcock, personal communication); the migrations of other 
micronektonic species were restricted to above 1200 m. 

Comparative studies of vertical migrations from broad-ranging zoogeographical 
areas would be useful in showing whether shifts in predation patterns result in changes 
in migratory behavior. Such shifts might be associated with the 
immigration/emigration of key predators or might occur as a result of the normal 
seasonal succession. In fresh waters it has been shown that invertebrate predation 
tends to be nonvisual (e.g., Kerfoot 1977, Zaret 1980) and tends to favor the 
development of large herbivores that do not perform diel migrations and that are 
11 fitted 11 with anti-handling devices such as long spines. At abyssal depths there is a 
trend toward gigantism in invertebrates (Mauchline 1972) which is often associated 
with buoyancy mechanisms that require a large body water content; possibly predation 
patterns play a role in this phenomenon (Angel 1983a). 

The predation avoidance theory would argue that in the absence of any other 
advantages, the top predators would not need to migrate although their presence might 
well induce migration by their prey; if the migratory prey were also carnivores, their 
movements might in tum induce an aberrant migration pattern in the food organisms. 
An example of the complex interactions that can occur has recently been described 
from a temperate fjord off Washington on the west coast of America by Ohman, Frost 
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Figure 2 
Population size spectra of planktonic ostracod communities sampled at 32"N, 64"W near Bermuda in 

March 1973. Carapace lengths are in millimeters and the sample size has been scaled to make the volume 
of water filtered equivalent in all samples. Note that the vertical scale changes at numbers> 200. A. 
100-50 m day; B. 100-50 m night; C. 300-200 m day; D. 300-200 m night; E. 400-500 m day; F. 
600-700 m day. Note how the spectra extend with depth and at night as the result of diel migration (from 
Angel 1979). 
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and Cohen (1982). There the main herbivore is Pseudocalanus sp. which in August 

develops a reverse migration, swimming up by day and down at night. Its main 
predators, a chaetognath Sagitta elegans and a copepod Euchaeta elongata, both of 
which are nonvisual feeders, become abundant in August. The secondary carnivores, 
planktivorous fish (e.g., juvenile chum salmon and sticklebacks), feed visually, and 
this, as might be expected, induces the two primary carnivores to perform normal 
migrations. Pseudocalanus adopts a reverse migration in August which the authors 
postulate minimizes the frequency of encounters with the primary carnivores and so 
results in enhanced survival. In the absence of predation, Pseudocalanus is 
nonmigratory and remains in the surface layers. As' a nonmigrator, Pseudocalanus 
has a higher rate of increase than if it was migratory; this is because any increase in 
its fecundity associated with the cooler temperatures experienced by the migrators at 
their daytime depths is more than offset by a decline in survival. Ohman et al. (1982) 
estimate that a 16% reduction in mortality through predation is needed for migration to 
become the better option. 

Perhaps one of the major doubts arises from the seas with relatively little deep 
thermal structure such as the Mediterranean and the Red Sea. These seas do not 
appear to have the same vertical zonation of organisms within the water column and 
lack a typical bathypelagic fauna (e.g., Weikert 1980). The usual explanation is that 
the shallow depths of the entrances prevent the immigration of bathypelagic species 
from outside (e.g., Fumestin 1979). However, this does not explain why an endemic 
bathypelagic fauna has not evolved. The lack of classical vertical structuring of the 
communities may result in some of the aberrant migration patterns described from the 
Mediterranean (e.g., Hure and Scotto di Carlo 1974). 

LIFE-CYCLE MIGRATIONS 

Successful ',;--<~v'ning involves two phases, mating (i.e., sperm transfer) and 
egg-laying. In many SJK.cies the phases are simultaneous with fertilization occurring 
as the eggs are spawned. However, in some species that store sperm and in all of 
those that brood their young, the two phases may be widely separated in both time 
and space. Mating requires the successful location of a mate and for small organisms 
in a vast three dimensional environment this must pose quite a problem. A solution 
might be long-distance communication as by the release of sexual attractant 
pheromones; this strategy might be particularly effective if the swarming or release of 
pheromone by one sex occurs (e.g., Hamner and Carleton 1979) within a layer 

through which the other sex oscillates. Reduction of the mating search from 3 to 2 
dimensions may be the function of mono-sex swarms at the surface, as observed in the 
males of the ostracod Conchoecia spinirostris (Moguilevsky and Angel 1975). 
Female swanns have been reported in some shallow water copepods (Ueda, 
Kuwahara, Tanaka and Azeta 1983). In another ostracod Halocypria globosa, males 
occur only at deep mesopelagic depths (Fig 4) to which the females presumably swim 
to locate them (Angel 1979). Sexual dimorphism in both vertical distribution ranges 
and vertical migration is quite a common feature in a whole range of species (e.g:, 
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Figure 3 
Profiles of the vertical distribution of the planktonic ostracod Conchoeda imbric.tJta at Ocean Acre 

32"N, 64'W near Bermuda in March 1973, showing daytime (left) and nighttime (right) distributions of 
females, males and the three oldest larval instars. Figures at the bottom of each profile indicate the number 
of each stage per m2 of sea surface to the maximum depth sampled (2000 m). Anows indicate the quartile 
depths, and abundances are given in number per 1000 m3 water filtered. Note the ontogenetic development 
of diel vertical migration (from Angel 1979). + indicates presence in abundance of< 1 per 1000 m3 filtered. 

Furuhashi 1976, Matsuo and Marumo 1982, Hayward 1981). 
In the ostracods that store sperm, the eggs are generally neutrally buoyant 

(Angel 1972) and may be released at a depth totally different from that at which 
mating occurred. Those euphausiids which spawn directly into the water have eggs 
that are heavier than water; euphausiids also store sperm, so mating and egg-laying do 
not coincide. Euphausiid egg sinking rates of 5-7.5 m·h- 1 have been observed for 
Thysanoessa raschi and Meganyctiphanes norvegica (Mauchline and Fisher 1969). 
Hatching takes several days, so it has been speculated that the eggs of the Antarctic 
krill Euphausia superba may sink to depths of 1500 m prior to hatching (Marr 1962). 
The newly hatched naupliar larvae are nonfeeding and start a developmental ascent 
(see Roe, James and Thurston 1984, for data on other species). They arrive in the 
surface layers as they molt from the metanaupliar to the first feeding stage, the 
calyptopes. As the calyptopes develop they start to display a diel migratory behavior. 
Hence the deep water, where particulate feeders are relatively infrequent, is used as a 
refuge for the nonfeeding stages. The feeding stages then occupy the food-rich 
surface layers, and develop diel migratory behavior as they grow and become more 
vulnerable to predation. In general there is a total lack of data on the depth of egg
laying in the vast majority of planktonic species. 
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Figure 4 
Proflles of the vertical distribution of the planktonic ostracod HakK:ypritl globosa at 30"N, 230W in 

April 1972 showing daytime distributions to the left and nighttime to the right of males, females and all 
2larval instars. Figures at the bottom of each profile indicate the number of each group per m of sea 

surface. Arrows indicate the quartile depths and abundances are given in numbers per 1000 m3 
water 

filtered. Note the substantial differences in the profiles for males and females (from Angel 1979). 
+ indicates pressure in abundance of< 1 per 1000 m3 filtered. 

If in the oceans, as in freshwater environments, a large size ensures better 
survival in the presence of invertebrate predation pressure, then rapid growth will 
improve the chance of larval survival. However, as larval size increases, and 
vulnerability to visual predation increases, so diel migration behavior may 
progressively develop. The type and pattern of predation will influence not only 
migration but also the life-history "strategy" adopted by a species. 

Another phase of the life cycle in crustacean plankton when vulnerability to 
predation may be increased will be at the time of molting. Once again, there appears 
to be no information published on whether molting is accompanied either by a change 
in vertical distribution or by a modification in diel migration. 

McLaren ( 1963) suggested that vertical migration provides a demographic 
advantage to the migrant. The time spent at cooler depths results in larger, more 
viable eggs being produced which hatch into larvae with greater potential survivorship. 
This opens into the field of life history strategy which is outside the scope of this 
paper. It is relevant to record, however, that Orcutt and Porter (1983) have shown 
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experimentally that Daphnia gain no added fitness in an oscillating temperature 
regime. In this case maximum fitness was achieved by remaining in the warmest 
surface waters. 

HORIZONTAL DISPERSION AND MIGRATION 

In a patchy environment vertical movements exploiting the progressive increase 
in relative shear with depth may be an effective way of either locating favorable 
patches or escaping from unfavorable ones. The idea originated from Hardy and 
Gunther ( 1935) who were trying to explain why it was rare to find patches of 
abundant zooplankton which coincided with rich patches of phytoplankton. They 
argued, based on their experience of toxic red-tides, that dense phytoplankton blooms 
excluded zooplankton by toxic excretions. Now the general consensus is to reverse 
the interpretation since blooms of phytoplankton can only develop where (a) the 
nutrient supply is adequate, (b) the surface layers of water column are relatively stable 
vertically, and (c) the grazing pressure of the herbivorous plankton is not so intense 
that it limits the rate at which the phytoplankton population grows. 

It would seem likely, but it is still controversial, that many filter-feeding 
herbivores have feeding thresholds governed by the food concentration at which 
energy expended on feeding exceeds the metabolic gain. Thus, rather than avoiding 
phytoplankton patches, the zooplankton may use vertical oscillations as a means of 
horizontal movement to locate phytoplankton patches. Even in microzooplankton such 
as Foraminifera and Radiolaria, it has been postulated that an important function of the 
heavy skeleton is to provide these nonmotile organisms with a mechanism whereby 
they can sink rapidly and so perform vertical migrations (Marszalek 1982). 

There is evidence that at least some plankton is capable of quite extensive 
horizontal migrations, e.g., the scyphozoan Mastigias (Hamner and Hauri 1981) and 
krill Euphasia superba (Kanda, Takagi and Seki 1982). Complex migrations of 
Mastigias have been observed in a marine lake in Palau; individual animals may move 
horizontally as much as a kilometer a day and also undergo a vertical migration down 
to a shallow chemocline at night. Such observations warn us against simplistically 
assuming that planktonic organisms neither undertake, nor are capable of undertaking, 
horizontal migrations because they have rarely been observed to do so. It would be a 
useful modeling exercise to investigate the relative advantages of horizontal versus 
vertical migration for locating patches of food of different size and frequency, so 
proper field observations can be designed. 

Isaacs, Tont and Wicks (1974) investigated the vertical movement of deep 
scattering layers (DSL' s) and showed that the range of migration tends to be reduced 
in areas of higher productivity probably because of the greater absorption of light 
which resulted from the higher standing crop. As the relative shear between the 
surface layers and deep water increases with depth, this would result statistically in the 
aggregation of the organisms responsible for the DSL within the zone of elevated 
production. Further evidence for this sort of effect came out of some recent 
investigations into the biological processes at a front between Western Atlantic Water 
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(i.e., typical 18°C Sargasso Sea water) and Eastern Atlantic Water to the southwest of 
the Azores. Observed vertical profiles in the two water masses and in the front 
showed that the integrated standing crop of micronekton was higher in the front and 
the range and pattern of vertical migration changed quite substantially. The integrated 
standing crop of phytoplankton as estimated by chlorophyll a concentrations was 
scarcely higher in the front than elsewhere and insufficient to make a noticeable 

difference in the observed light profiles. There was no correlation between the 
migration ranges and the isotherms. Thus the next factor to consider is the 
distribution of availability of food. 

If seeking food is an important function of vertical migration, then variations in 
the quantity and quality of available food might be expected to modify migratory 
behavior. On the basis of the Isaacs et al. (1974) model, as food availability declines, 
so the range of vertical excursions might be expected to increase. However, the only 
reliable experimental evidence comes from the study by Huntley and Brooks ( 1982) of 
Calanus pacificus in a plankton tower during which shortage of food inhibited die] 
vertical migration by copepodites which remained at shallow depths throughout the 24 
h cycle. 

In this case, one interpretation could be that by adopting a nonmigratory 
behavior and remaining at a shallow depth, the population of Calanus was following 
the option which gave the maximum probability of survival within the normal 
spectrum of space/time variability of its environment. For another species from a 
different ecosystem, or even another race of the same Calanus species, a totally 
different response to starvation may occur. This whole question of the influence of 
nutritional state on migratory behavior needs investigation in a range of species, both 
experimentally and by field observations. 

The exploitation of differential current shears between shallow and deep waters 
is an important mechanism whereby planktonic organisms can avoid dispersion out of 
a hydrographic system. The time scales of the physical processes in the system will 
influence the type of migration that is important. Thus in estuaries, diel or totally 
synchronized migrations between the deep inflow and the shallow outflow maintain 
planktonic organisms within the system (Lance 1960, Grindley 1964, Bosch and 
Taylor 1973). Within larger-scale systems, such as the Somali Current gyre, 
Calanoides cariootus has a life-cycle tuned to the physical characteristics of the 
system which, through a combination of diapause and ontogenetic migrations, results 
in the rich upwelled waters in the upwelling zone being seeded with vast numbers of 
the copepod (Smith 1982). In such dynamic regions, the distribution patterns of the 
organisms are often much tighter than would be expected if they were merely passive 
markers. On an even larger scale the seasonal migrations of Calanus ji1U1Ulrchicus 
have been postulated as the mechanism whereby the zoogeographical distribution of 
the species is maintained in the N Atlantic (Jashnov 1970). Kelly, Sulkin and Van 
Heukelem ( 1982) showed a similar tuning between life cycle and distribution in 
Geryon quiquedens. 
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BIOENERGETIC ADVANTAGES 

McLaren (1963) postulated that by migrating between two temperature regimes, 
migrants would be more efficient in their use of energy since at lower temperatures 
metabolism is less demanding of energy so more is available for growth. 
Furthermore, because at low temperatures fewer large eggs tend to be produced, the 
offspring of migrants would grow faster and be larger to handle and so 
demographically on balance, would have a better chance of survival than the offspring 
of nonmigrants. McAllister (1971) and Kerfoot (1970) suggested that there is also an 
advantage to be gained from pulsed grazing, particularly when the growth cycle of 
phytoplankton is diel with cell division occurring just before dusk. Phytoplankton 
cells have the daylight period in which to photosynthesize and feeding becomes more 
efficient when the cell concentration increases sharply near dusk. Enright (1977a), 
recognizing that this theory as stated required a measure of altruism by the species 
involved (e.g., Miller, Pearcy and Schonzeit 1972; McLaren 1974), developed a 
model that illustrated that there could be bioenergetic gain to the individual animal if 
three assumptions were fulfilled. These were: (1) the algal biomass can increase 
appreciably between dawn and dusk, (2) the metabolic needs of the animals are 
reduced in cooler deeper, water and (3) the grazing rate of the herbivores after a 
period of nonfeeding is initially higher than the steady state but declines quite quickly. 
He showed that one prediction of the model would be that grazers could gain a 
substantial advantage in migrating up 2-3 h before sunset. Enright and Honegger 
( 1977) investigated the timing of migrations in three 3-day series of samples and 
obtained a measure of confirmation. Off California in early summer the copepod 
Calanus helgolandicus migrated up after sunset, but in late spring both adults and 
copepodites arrived 1-2 hours prior to sunset. In midspring the adults arrived at 
sunset but the copepodites arrived early, implying an ontogenetic change in the cost
benefit ratio of greater nutrient gain vs. increased exposure to predation. 

Perhaps one assumption by Enright (1977a) that is suspect is that the metabolic 
needs of animals are reduced at depth. Teal (1971) showed that increasing hydrostatic 
pressure can stimulate metabolism and so negate the influence of low temperature, 
although Belman ( 1978) showed that increased hydrostatic pressure had no effect on 
the oxygen consumption of the squid Histioteuthis heteropsis. In some regions, such 
as the NE Atlantic at 44 °N, 130W, the temperature differential between day and night 
depths of mesopelagic migrants moving 300-400 m may be less than 2°C (e.g. , Roe 
1984b). Childress, Taylor, Caillet and Prince (1980) have shown that the metabolism 
of vertically-migrating mesopelagic fish is very different than that of nonmigrants 
either from the epipelagic or from the mesopelagic or bathypelagic. The mesopelagic 
migrants give higher priority to energy storage than growth. As sexual maturity is 
attained and the growth rate declines, as in the case of the myctophid Benthosema 
glaciale, there is a switch from a daily cyclic pattern of feeding by juveniles to 
continuous feeding in adults (Roe and Bad cock 1984). Although in developing his 
model, Enright considered herbivores only, his argument could be just as valid for a 
carnivore if herbivores with full guts are more nutritious than ones with empty guts. 
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Table 2 
Integrated standing stock in the top 1200 m of the water column at 

five central North Atlantic stations situated close to an oceanic front to the 
SW of the Azores of nekton (based on total RMT8 samples) and plankton 
(based on RMT I samples less the larger organisms also taken by the 
RMT8) expressed as cc displacement volume per m2 

, and the diel fluxes 
of biomass into and out of the surface 200m and 500 m. All the positions 
were located within 300 nm of each other. W A W position was in 
western Atlantic water (18°C water); W A WF was in western Atlantic 
water but inside a meander in the Front; Front was situated actually within 
the 20 km wide frontal zone and the sampling was carried out parallel to 
the front; EAW was in Eastern Atlantic Water typical of a region 
extending eastwards to the Iberian coast and northwards to about 4<rN; 
Eddy was situated in a cold core eddy of EAW which was spawned from 
a meander in the front two months prior to the sampling. Day data, 
which are subject to error because of avoidance, have been standardized 
to give equivalent integrated estimates to the nighttime estimates at each 
position assuming the degree of avoidance does not change with depth. 
Plankton data in parentheses for W A WF are based on total RMT1 
samples, without subtracting the nektonic content of the catches. 

WAW WAWF Front EAW Eddy 

Integrated standing stock 

Plankton 9.3 (23.8) 24.3 16.3 14.2 
Percent reduction by day 2 28 35 18 -7 
Nekton 5.4 7.4 14.4 9.1 8.7 
Percent reduction by day 32.5 19.5 37.5 19 0 

Flux per m2 into the surface 200 m at night 

Plankton flux 1.2 (1.5) 3.4 3.0 3.0 
Percent standing crop 12.9 6.3 14.0 18.4 12.1 

Nekton flux 0.9 1.6 3.2 1.6 1.2 
Percent standing crop 16.6 21.6 22.2 17.6 13.8 
P:N 1:0.75 (1: 1.06) 1:0.94 1:0.53 1:0.40 

Flux per m2 into the surface 500 mat night 

Plankton flux 0.7 (1.6) 0 1.7 0.9 
Percent standing crop 7.5 6.7 0 10.4 6.3 

Nekton flux 1.0 2.1 3.1 1.8 1.6 
Percent standing crop 18.5 28.4 21.5 19.8 18.4 
P:N I: 1.43 (I: 1.33) 1:0 1:1.06 1:1.78 
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However, observations on the time of migrations rarely support the Enright model 
(e.g., Roe 1974; Roe, Angel, Badcock, Domanski, James, Pugh and Thurston 1984, 
and the subsequent papers), but there is a considerable lack of suitable observational 
data. 

The most persuasive argument against the importance of the energetic bonus of 
vertical migration comes from the study by Torres and Childress (1983) on EupluJusia 
pacifica. They showed that in the California Current region, the cost of vertical 
migration cancels any energetic gain from time spent at lower temperatures. They 
point out that because their measurements imply that active swimming is substantially 
more costly, particularly at higher temperatures, in water columns where the 
temperature gradient is small, more energy is likely to be expended by migrating than 
by staying in the warmer surface waters. However, where the temperature gradient is 
sharp, such as in the central Pacific where the temperature differential between the 
surface and 500 m is 16°C, a substantial benefit would ensue. Hence the energy 
bonus of vertical migration is more likely to be important at low latitudes. 

VARIATIONS IN VERTICAL MIGRATIONS 
RELATED TO PHYSICAL VARIABILITY 

Despite the vast literature on diel migration, there has been surprisingly little 
effort to quantify the effects of such movements. Longhurst (1976) attempted some 
order of magnitude estimates, and using a plankton standing crop estimate of 25 
g·m-2 in the surface 100m, he assumed a 10% increase from depths> 250m, which 
gave a translocation of 2.5 tons·km-2·d- 1. 

During the summer of 1982 the DISCOVERY occupied five stations all within a 
relatively small area to the southwest of the Azores. The stations were to either side 
or within a major oceanic front which formed the eastern boundary of the main mass 
of 18°C Sargasso Sea water (Gould 1985) and also probably represented one of the 
return flows of the Gulf Stream. The specific composition changes very little across 
the front (Pugh 1975; Angel 1979; James, personal communication). Yet the depths 
of the biomass quartiles for both nekton and plankton based on catches to 1400 m 
showed quite substantial variation relative to the front. Estimating the vertical flux of 
biomass is difficult because daytime catches particularly of euphausiids are lower than 
nighttime catches. In Table 2 the nighttime standing crops, which have been estimated 
by integrating the observed concentrations of catch displacement volumes over the 
upper 1200 m of the water column, are listed together with the percentage decrease in 
the daytime estimate. If it is assumed that avoidance is constant with depth, and each 
day and night profile is expressed in terms of the percentage of the total water column 
standing crop occurring within each depth station, the percentage increase in standing 
crop in the top 200 m and 500 m can be estimated. Because the degree of avoidance 
probably varies with depth, these estimates are likely to be excessive. For example, 
in most profiles, integrated standing crops for plankton below 500 m are almost 
identical at all stations by day and by night. The percentage of the standing crop 
moving up into the surface 200 m ranges from 6.2-22.2 for plankton and 9.1-32.0 
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for nekton; the values for 500 m are 5.3-15.3 and 9.8-31.4 respectively. The 
Western Atlantic Water estimates of the fluxes are lower by a factor of at least three 
for plankton, but are comparable for nekton. The nekton flux in the front is higher by 
around a factor of two. In the eddy the plankton flux is intermediate between the 
front and Eastern Atlantic Water, but for nekton it is lower than both. These figures 
are open to considerable doubt, so they are offered here as tentative evidence that 
major variations in migration patterns may occur in relation to hydrographic features. 

Data for individual groups of micronekton are presented in Table 3. 
Displacement volume data for the front station are unfortunately not available. The 
day/night disparity, which probably results from avoidance, is most marked for 
euphausiids; otherwise only at one station each for fish and decapods does the 
disparity substantially exceed 90%. The disparities based on numerical abundance are 
very similar. Wiebe and Boyd (1978) in their study of NeTIUltoscelis megalops in a 
Gulf Stream ring concluded that avoidance was not a depth-related phenomenon in this 
species, and so the shapes of their profiles were not seriously affected. Although this 
conclusion is unlikely to be true for mixed species populations, in order to get a first 
order estimate of the fluxes, the day data for each individual profile have been 
standardized to give the same total water column biomass as observed at night. In 
groups in which avoidance may not prove to be a significant source of error, the 
variability between profiles seems to be 10-11%. 

Three groups, decapods, fish and euphausiids, provide 35-77% of the diel flux 
in and out of the surface 200 m and 50-110% of the diel flux above 500 m. (The 
value greater than 100% at the eddy station is mostly offset by the reverse migration 
of chaetognaths.) These fluxes are subject to considerable variability between both 
taxonomic groups and different hydrographic regimes. Variations in herbivores and 
carnivores will have an important influence on grazing and predation pressures, on the 
flow of material through the pelagic ecosystem, and on the recycling of nutrients 
within the surface 200m. 

IMPLICATIONS OF DIEL MIGRATION 

Genetic 

David ( 1961) suggested that one effect of diel vertical migration would be to 
increase the gene flow through oceanic populations. The differential current shear 
between shallow and deep layers will result in the greater rate of dispersion in species 
in which the migrations were not precisely synchronized or in which there were 
ontogenetic or sexual differences in migratory behavior. However, in species which 
are adapted to stay within a current or estuarine system, the migration will equally 
well function as an isolating mechanism; any genetic variants whose behavior becomes 
less well tuned to the physical system will tend to be lost from the system. 
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Table 3 
Biomass flux (cc DV·m-2 ) of four of the dominant micronekton 

groups in the RMT8 samples at four stations in the central North 
Atlantic. Day data were standardized to give the equivalent total water 
column (to 1200 m) standing crops as night data. 

WAW WAWF EAW Eddy 

Into Surface 200m 

Chaetognaths 
Dec a pods 
Euphausiids 
Fish 

-0.02 
0.03 
0.16 
0.10 

-0.03 
0.22 
0.11 
0.34 

-0.03 
0.20 
0.25 
0.67 

-0.01 
0.16 
0.24 
0.40 

Into Surface 500 m 

Chaetognaths 
Decapods 
Euphausiids 
Fish 

-0.08 
0.21 
0.19 
0.39 

-0.04 
0.52 
0.14 
0.60 

-0.01 
0.43 
0.30 
0.93 

-0.14 
0.42 
0.28 
1.10 

1
D x : for Total Biomass Estimates 

Chaetognaths 
Decapods 
Euphausiids 
Fish 

Ill 
108 
58 
77 

92 
98 
79 
94 

101 
74 

101 
98 

92 
97 
72 
89 

Patterns of Grazing and Predation 

Roe ( 1984a) and Roe and Badcock ( 1984) have summarized part of a vast array 
of feeding data and show how the chronology of feeding varies considerably between 
different migrants and nonmigrants. Even within an individual species, such as a 
myctophid fish, feeding chronology changes during development. The diets of species 
that feed continuously during their migration cycle change, partly because of changes 
in prey availability and partly because of selectivity changes. Roe's (1984a) data for 
the decapod Systellaspis debilis are shown in Figure 5, and illustrate the changes in 
diet that occur between day, when the animal is abundant at 450 m, and night when it 
was abundant at 100 m. Roe (1984a) was also able to show that the two species of 
Acanthephyra never directly competed in time or space. Thus migration probably 
leads towards greater resource partitioning in many cases. It would be interesting to 
contrast the migratory behavior and feeding patterns of similar pairs of species 
between regions where pairs either co-occur or do not, in order to look for evidence of 
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character displa~ement. Character displacement (e.g., Angel 1982) is evidence of 
interspecific competition between closely related species, and may be limited 
seasonally or to certain parts of the life-cycle. 

The way in which variations in predation pressure and possibly competition may 
feedback into the function and structure of pelagic ecosystems is illustrated by the 
work of Ohman, Frost and Cohen (1983) already discussed. However, considerably 
more data are required on feeding chronology and physiology together with selectivity 
in diet of midwater organisms. The same limitation is evident in the way in which 
vertical migration influences the flow of energy and material through pelagic 
ecosystems. 

Energy Flow through Ecosystems 

Vinogradov ( 1970) postulated the migration ladder hypothesis to explain how 
sufficient organic material reaches deep-living communities. Since then, extensive 
sediment trap data have suggested that 10% of surface production sinks below 400 m 
and 1-3% reaches the sea bed at depths of 5000 m (e.g., Honjo, Manganini and Cole 
1982). However, Angel (1983b) has argued that the sediment traps are (1) unlikely to 
catch the large, rarer fecal material produced by nektonic organisms and (2) will 
totally miss material which moves down within the guts of migrants. Actual 
migration rates of micronekton (see Table 4) are as fast or faster than the sinking rates 
of large fecal pellets-some salp fecal pellets sink at 1000-2000 m·d- 1 which is 
equivalent to 40-80 m·h1 (see Angel 1983b). The deeper a pellet is released, the 
lower is its likelihood of either being intercepted in midwater (because of the 
progressive decline in the standing crop of deep-living denitivores with depth, e.g., 
Angel and Baker 1983) or of being substantially degraded by micro-organisms 
(because of the cold water temperatures). So, if the gut retention times of extensive 
migrants is such that they void their guts at daytime depths before beginning their 
dusk ascent (which could reduce the organisms' density and so make the ascent less 
expensive in energy), the migrants could make a substantial connibution to the flow of 
material into deepwater. Hence the flow of labile organic material could be much 
faster than is generally believed at present, and be much more directly linked to 
surface productivity in regions and at times of year when migration ranges are 
extensive. 
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Figure 5 
Diel vertical migration in the micronektonic decapod crustacean, Systellaspis debilis at 44°N, l3"W 

during April, 1974. A. Abundance of males (shaded) and females over four 48-h periods at four depth 
horizons in 1-h horizontal tows. B. The mean number of prey per animal (i) the percentage occurrence of 
each food type (ii) 1. fish, 2. decapods, 3. euphausiids, 4. copepods, 5. chaetognaths, 6. crustacean setae 
and 7. green detritus in the stomachs of adult S. debilis. Sample size (N) and the number of stomachs 
containing food are shown for each data set. In addition to changes in the proportion of each group, specific 
composition of copepods and euphausiids changed significantly with depth (from Roe l984c). 
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Table 4 
Examples of estimates of mean population migration rates 

(m·h- 1) from 1. Roe 1984a; 2. Roe, James, Thurston 1984; 3. Roe 
and Badcock 1984; 4. Torres and Childress 1983). 

Ascent Descent 

Systellllspis debilis 1 

Adults 63.8 68.4 
Juveniles 55.4 53.8 

Gennadas elegans 1 41.4 33.6 
Atolla vanhoeffeni2 50 60 
Euphausia krohni2 76 
Benthosema glaciale3 -100 -100 
DSL in San Diego Trough4 60-270 

(probably E. pacifica) 
E. pacifica experimental4 350 

maximum 

To illustrate the approximate level of the fluxes, the daily migration of 1 gm 
fish per m2 into and out of the surface 500 m at the eddy station can be used to 
estimate the fecal flux. If it is assumed that the daily ration is 10% of the body 
weight, the assimilation efficiency is 50%, the carbon content is 5% and all feces are 
voided at depth, then the fish alone will transport 2.5 mg C per day down out of the 

1surface 500 m. This represents 0.4% of an annual production of 250 g C·m-2·y- , 

and is in the form of material likely to sink out at over 1000 m·d- 1• Most would be 
expected to reach the sea bed and would provide an additional input equivalent to 
15-40% of the flux measured by sediment traps; a further 10-25% may originate 
from euphausiid and decapod feces. If these calculations are of the right order of 
magnitude, then vertical migration may have a significant effect on the sedimentation 
of organic material to the deep-living communities and on the chemical profiles of 
elements and compounds whose distributions are influenced by the organics. 
However, they are sensitive to variations in assimilation efficiency, so if an 
assimilation rate of 95% is assumed, as might occur for nitrogen, migrants will 
contibute an order of magnitude less to the downward transport. Hence shifts in the 
C : N ratios may provide useful insights into some of these processes. Evidence for 
rapid transport down deep water columns is beginning to emerge (e.g., Walsh 1983; 
Billett, Lampitt, Rice and Mantoura 1983), but it is not always easy to reconcile some 
of the carbon isotope data, particularly from the north Pacific, with such rapid 
transport (e.g., Pearcy and Stuiver 1983). 
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ABSTRACf 

The phenomenon of diel vertical migration by zooplankton was first noted more than 150 
years ago. However, experimental studies of this behavior did not begin in earnest until the 
beginning of the 20th century. Early researchers quickly identified a number of factors which 
are still thought to play a role in controlling vertical migration: light, temperature, pressure, 
gravitation, and the requirement for feeding on phytoplankton. More recent studies have 
examined endogenous rhythms and avoidance of predation as potential controlling factors. 

Despite the great effort expended on experimental studies of vertical migration, our 
understanding remains remarkably deficient. Many species have been studied, but few 
thoroughly. The behavior is not necessarily general since species may differ in their response to 
the same stimuli. The execut\on and interpretation of experiments are confounded by the 
multiplicity of controlling factors, in that such factors are usually studied one at a time, without 
regard to potential interactions. Finally, studies have been frustrated by the technical difficulty 
of recreating the appropriate scale (IO's of meters) in the laboratory. Tbe success of future 
studies will depend upon our abilities to systematically evaluate all potential controlling factors 
and their interactions, and to faithfully duplicate the real physical environment. 

INTRODUCfiON 

The diel vertical migration of zooplankton is one of the most widespread, well
documented behaviors known to marine and freshwater biologists. Yet, after more 
than 150 years of field observation and 100 years of laboratory research, diel 
migrations remain an enigma. In this paper I seek to summarize the hypotheses and 
experimental results concerning the behavior, and attempt an assessment of the current 
state of our knowledge. I have limited the discussion to holoplankton, in both marine 
and freshwater systems. I have done so primarily to retain a continuity of scale; many 
marine animals perform vertical migrations during their larval stages, but these often 
occur in shallow, estuarine waters, a scale which differs greatly from the migrations of 
truly pelagic holoplankton. 
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Definition 

Diel vertical migration is best defined as the vertical displacement of an 
individual, or group of individuals, which occurs with diel periodicity. Hutchinson 
( 1967) defined three characteristic modes of migration: (1) nocturnal migration, in 
which a single ascent is made from the day depth, with the animals coming closest to 
the surface between sunset and sunrise; (2) twilight migration, in which ascents occur 
at both sunset and sunrise; and (3) reverse migration, in which animals ascend during 
the day and descend during the night. Cushing (1951) considered twilight migration 
to be the most common pattern; reverse migrations are most rare. 

Occurrence 

Diel vertical migrations have been observed in every phylum represented in the 
marine and freshwater zooplankton. In the Protozoa, vertical migrations of 
Tintinnidae have been documented by Hal me ( 1937). Many coelenterate medusae are 
known to make diurnal migrations (Russell 1925, Roe 1974); in a recent study their 
movements were monitored with an underwater videorecorder (Yasuda 1972). 
Observations of vertical migration in Pleurobrachia pileus off the coast of San Diego 
constituted the first such record among the Ctenophora (Esterly 1914). In the 
Polychaeta, migrations have been observed in Tomopteris (Russell 1928) and in the 
larvae of Mesochaetopterus sagittarius (Bhaud 1969). Migrations among the 
Chaetognatha have been frequently observed (e.g., Welsh, Chace and Nonnemacher 
1937; Russell 1928; Pearre 1973; Roe 1974). Among the Mollusca, the giant squid 
(Dodiscus gigas) performs the most extensive migrations-more than 1000 m (Nesis 
1970), but even the diminutive larvae of bivalves perform short migrations (Wood and 
Hargis 1971). In the Urochordata, vertical migration has been observed in the 
Pyrosomidae (Imber 1973) and Salpidae (Hardy and Gunther 1935; Wiebe, Haury, 
Harbison and Philbin 1979). Field observations of diel vertical migration in the 
Crustacea date back to Cuvier (1834 ), who first noted the behavior in freshwater 
Cladocera. Since then the records of migration among the Crustacea have been 
become too numerous to mention; for example, Bainbridge (1960) cited 156 species in 
which migrations had been documented. 

The distances traveled by vertical migrators during the course of a diurnal cycle 
may vary from approximately 2 m, as in the case of copepod nauplii (Huntley and 
Brooks 1982), to approximately 1000 m, as for the euphausiid Thysanopodo. 
acutifrons (Waterman, Nonnemacher, Chace and Clarke 1939) or the salp Stllpa 
aspera (Wiebe et al. 1979). Many vertical migrators aggregate quite close to the 
surface at night, but most mesopelagic and bathypelagic migrants usually stay below 
the thermocline, ascending to not less than about 200 m. Day depths vary 
considerably, from several meters to more than 1000 m. An extreme case, noted by 
Banse (1964), is characterized by certain mysids known to live at 4000 m during the 
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day and to graze on surface phytoplankton at night. To further complicate the 
generality of the behavior, many species display different migration patterns within 
their life cycles and at different seasons. 

Factors Affecting Vertical Migration 

Observations of vertical migration of zooplankton had been made for more than 
50 years before experimental studies began in earnest. Just before the tum of the 
century Groom and Loeb ( 1890) published their observations of "phototropism" 
(directed movement of an animal toward a light source, more correctly termed 
11 phototaxis 11 

) in cirri pede nauplii. Since then the effects of light and other factors 
have been tested in numerous experiments on many species of zooplankton. 

The hypotheses advanced to explain vertical migration are almost as numerous 
as the migrators themselves. Yet, certain physical, chemical and biological factors 
have been recurringly identified as causative agents. These factors include (l) light, 
(2) pressure, (3) gravitation, (4) endogenous rhythms, (5) feeding or predation and "(6) 

a variety of physico-chemical parameters such as temperature, salinity and pH. It is 
apparent that all these factors may influence vertical migration behavior, but their 
relative importance and the ways in which they interact remain significant objects of 
research. 

METHODS 

The sheer scale of most vertical migrations has demanded that experimentalists 
compromise their experimental design in one way or another. In field experiments the 
scale of the migration remains unperturbed, but one forsakes the ability to control 
variables. On the other hand, experiments conducted under controlled laboratory 
conditions usually forsake the true scale of the migration. Even the apparent 
compromise of using in situ enclosures or large-volume tanks has drawbacks. For 
example, the coefficient of vertical eddy diffusivity may be reduced by several orders 
of magnitude in an in situ enclosure relative to the surrounding waters (Steele, Farmer 
and Henderson 1977); it is difficult to determine what effect this virtual absence of 
turbulence might have on migration behavior. 

Ideal experimental conditions can be approached with zooplankton species which 
do not make extensive migrations (e.g., many larvae, or Daphnia spp., both of which 
have been the subject of intensive investigation). However, it is difficult to assess the 
general applicability of results with such species. 

Despite the limitations, many ingenious methods have been devised to study 
vertical migration, both in the laboratory and in the field. The "plankton wheel" 
developed by Hardy and Bainbridge ( 1954) deserves special mention here for two 
reasons. First, if a single example must be chosen, this one perhaps best represents 
the ingenuity of experimentalists. Second, experiments with the plankton wheel were 
intended primarily to determine vertical swimming speeds of plankton, rather than to 
examine the effects of various factors on controlling vertical migration behavior; thus 
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the device would not deserve mention elsewhere in this paper. The plankton wheel 
was essentially a perspex doughnut oriented in the vertical plane and able to rotate 
freely through the control of the experimenter, who could observe a vertical section of 
the wheel at eye level. After filling the wheel with seawater and plankton, the 
observer fixed his gaze on an animal in the field of view. Then, as the animal 
moved, the observer rotated the wheel, compensating for the animal's motion so as to 
keep it in the field of view. The motions of the wheel were recorded on a kymograph 
for later analysis. In this manner, Hardy and Bainbridge (1954) were able to 
demonstrate that the swimming velocities of individual plankton were compatible with 
the ascent of vertically migrating field populations. 

I have used the example of the plankton wheel simply to demonstrate the 
ingenuity that is often required of experimentalists. In most cases it is more 
reasonable to discuss methodology in concert with the results obtained, and this is the 
approach I shall follow in the remainder of this paper. By piecing together the 
information from many independent experiments, I hope to present a current view of 
the factors which control diel vertical migration. 

RESULTS AND DISCUSSION 

Light 

Crustacea-One of the frrst suggestions that vertical . migration might be related to 
light intensity came from Weismann (1877). He believed that crustaceans performed 
daily vertical movements because their eyes were adjusted to a low intensity of light; 
the animals were suited to capturing food at night because it was the only time they 
could see their prey. However, Weismann's idea was pure conjecture, and he 
performed no experiments to test the hypothesis. 

The frrst attempts to experiment with the effects of light on the movement of 
crustaceans were undertaken by Groom and Loeb (1890). They found that nauplii of 
Balanus perforatus show strong positive phototaxis upon hatching, but soon become 
negatively phototactic under the influence of intense light. However, they did not fmd 
that a sudden change in the intensity of light had any influence on the behavior of the 
nauplii. Ewald (1912), also working with Balanus perjoratus, found that a sudden 
increase in illumination inhibited locomotion and thus caused the animals to sink. 
Conversely, a decrease of illumination caused increased locomotory activity. 

Extensive experiments with marine zooplankton were conducted by Esterly 
(1917, 1919). He enclosed a single animal in a stoppered, glass tube (50 em x 3 em) 
filled with seawater, which could then be maintained in either a vertical or horizontal 
position. His results were complex. For example, Acartia clausi and A. tonsa 
collected from the surface were positively phototactic, whereas those collected at depth 
were negatively phototactic. Calanus pacijicus was negatively phototactic at "normal 
temperatures" but became positively phototactic at temperatures below l0°C, and 
similar results were obtained for Metridia lucens. Esterly (1919) in his interpretation 
cautioned that "we should inquire whether reactions under controlled conditions in a 
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glass vessel are similar to those that would be observed ... under otherwise natural 
surroundings. " This comment remains true today. 

In experiments with Daphnia, Ewald (1910) found that animals moved in the 
vertical plane when lit from above but in the horizontal plane when lit from below. 
He concluded that locomotion was therefore parallel to the light gradient. He further 
reasoned that the animals had an "optimal" light intensity-a range of light intensities 
with upper and lower limits within which the animals prefer to remain. 

The idea of an "optimal" light intensity has persisted for many years, but not 
without modification. Rose (1925) frrst elaborated upon the concept proposed by 
Ewald (1910), but he believed that phototaxis came into play only at the boundaries of 
the optimal range of light intensities. Unlike Ewald, who suggested that plankton 
undertook continuous movement in response to ambient light, Rose proposed that the 
animals were active only when there was sufficient deviation from the optimal light 
intensity. 

Clarke (1930) conducted experiments with Daphnia pulex to examine "the 
fundamental mechanisms of phototropism in particular and of vertical migration in 
general." His experiments were performed with single animals contained in a glass 
tube (96 em x 6.3 em), with provisions for altering temperature and light. He 
showed that D. pulex was negatively phototactic to constant illumination but became 
positively phototactic when the light intensity was quickly reduced. Most importantly, 
he also observed that if the light intensity was reduced very slowly, no response 
occurred at all (i.e., the sign of the phototaxis did not change). From these results, 
Clarke deduced that there is a "relative optimum light intensity" to which animals are 
adapted at the moment, and he thus rejected the notion of an "absolute optimum" 
light intensity, which had been supported by Russell (1927). 

Clarke (1933, 1934) took his hypothesis to sea. In a series of exhaustive field 
experiments, he took measurements at almost hourly intervals of the vertical 
distribution of Calanus finmarchicus, Metridia lucens and Centropages typicus, and 
of the daily cycle of underwater illumination to depths of more than 50 m. The 
results were not easily interpreted on the basis of the optimum light intensity theory. 
Calanus finmarchicus neither migrated consistently, nor did it remain within a 
reasonably narrow zone of light intensity. During the morning descent at one station, 
C. finmarchicus moved from the 1.0 ~W·cm-2 isolume to the 0.01 ~W·cm-2 

isolume; during the evening ascent the copepods reversed their behavior, ascending 
again into light intensities a hundredfold greater. Metridia lucens was the most 
consistent migrator, but it apparently anticipated the change in light intensity when it 
began its ascent in the early afternoon. Clarke (1934) suggested that perhaps changes 
in light intensity acted merely "to initiate the emigration"; instead of actively 
following the optimum light intensity (phototaxis), the animals appeared to Clarke to 
respond to change in light intensity by simply initiating activity (photokinesis), and 
this activity ultimately resulted in upward motion. 
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Johnson (1938) confumed experimentally that, for Acartia clausi, the change in 
light intensity, and not the absolute light intensity, stimulates vertical migration. 

Schallek (1942) agreed that A. tonsa did not maintain itself within a range of absolute 
light intensities. 

Hardy and Paton (1947) devised a unique method for performing vertical 
migration experiments at sea. They enclosed animals in a pair of 45 em-long glass 
tubes, which were then lowered to various depths. After a short time a trap door in 

the center of each tube was closed and the proportions of animals in the upper and 
lower sections of each tube were compared. They observed that Calanus 
finmarchicus tended to move up at night and down during the day; using a mirror at 
the base of the tube, they showed that C. finmarchicus moved in response to light. 

Cushing ( 1955) used the same device to study freshwater zooplankton and found 
that Diaptomus gracilis from shallow depths aggregated at the top of the tube, 
whereas those from deeper down moved to the bottom. This replicated Esterly's 
(1919) results with Acartia spp. However, Cushing found that several other species 
reversed their initial reactions with time, and so he concluded that light was the most 
important factor in vertical migration and that the animals' responses were photokinetic 
rather than phototactic. 

The experiments of Harris (1953) and Harris and Wolfe (1955) with Daphnia 
magna reinforced the idea that light alone acts as the stimulus to vertical migration. 
Using a tall plastic tube (60 em x 10 em) containing a suspension of india ink, they 
were able to reproduce vertical migration cycles which followed closely the changes in 
light intensity. The cycles could be compressed into a period of about 2 h, so Harris 
and Wolfe (1955) suggested that no physiological rhythm is involved in vertical 
migration. Most importantly, their research showed that two independent mechanisms 
control vertical migration of D. magna; the ftrst is a photokinetic response which is 
responsible for the 11 dawn rise, 11 the second is a phototactic response which orients the 
dorsal surface normal to light (frequently termed the 11 dorsal light reflex"). In a 
subsequent paper (Harris and Mason 1956), it was shown that D. magna, whose eyes 
had been extirpated, continued to exhibit the photokinetic response but no phototactic 
response. Thus eyeless D. magna could carry out vertical migration determined only 
by light intensity. 

Ringelberg ( 1964, 1966) presented strong evidence, based on a series of detailed 
experiments with Daphnia magna, showing that it is the relative change in light 
intensity that causes phototaxis and subsequent vertical motion. He claimed that his 
results agreed with those of Clarke and Backus ( 1956) who showed that deep

scattering layers (DSL) did not follow absolute light intensity but rather moved into 
progressively higher light intensities during the afternoon. Ringelberg's reference to 
observations of deep-scattering layers is unfortunate for two reasons. First, 
observations of a DSL by Boden and Kampa (1967, p. 23) indicated that it did indeed 
follow the absolute light intensity ("the animals....seek to live, then, in a blue light 
within the narrow limits of 0.00035 and 0.00075 f.LW·cm- 211 

) . Second, and more 
important, in the 1950's and 1960's DSL's were usually observed with 20 or 12 kHz 
echo-sounders, which are capable of identifying nekton, but certainly not plankton (for 
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which one requires much higher frequencies; see Holliday and Pieper 1980). Thus 
early observations of the movements of DSL's are not pertinent to zooplankton. 

In the last two decades, little attention has been paid to the effects of light on 
marine crustacean zooplankton. No studies have resulted in a major advance of our 
understanding, in that they have failed to resolve the question of whether zooplankton 
respond phototactically or photokinetically and whether it is the absolute, the relative, 
or the change of light intensity which acts as the primary stimulus for movement. 
Even more disappointing is the fact that the bulk of what we know is based primarily 
upon studies of freshwater cladocerans; it is difficult to know if these results are 
applicable to marine crustacean holoplankton. 

Chaetognatha-Vertical migration in chaetognaths was first observed by Michael 
( 1911) who proposed that Sagitta euneritica maintained itself at 11 optimum 11 light 
intensities. Esterly ( 1919) performed experiments which demonstrated S. euneritica 
to be positively phototactic at low light intensities and negatively phototactic at high 
light intensities. 

A host of later field observations established that vertical migration occurs in 
many chaetognaths, including Sagitta elegans (Russell 1928, Terazaki and Marumo 
1979) and S. setosa (Russell 1928). Moore (1955) showed that nine species of 
chaetognaths vertically migrated in the florida Current; the animals moved in the same 
direction as the isopleths of temperature and light intensity changed, but they 11 did not 
congregate at a depth corresponding to such a constant value. 11 Pearre (1973) 
confmned Esterly's (1919) results with Sagitta elegans, showing that phototaxis was 
positive at low light intensities and negative at high light intensities. 

Pressure and Gravitation 

Crustacea-The effects of pressure and gravitation are properly considered together 
because, in concert, they constitute the basis for another mechanistic model of vertical 
migration. This model, described succinctly by Rudjakov ( 1970), involves a period of 
passive, downward sinking attributable to gravity and a period of enhanced upward 
locomotory activity caused by increased pressure. 

Early researchers (e.g., Esterly 1919) quickly adopted the notion of positive and 
negative 11 geotropism 11 (more correctly, 11 geotaxis, 11 meaning active motion toward the 
center of gravitational force), and this terminology has unfortunately persisted. Given 
the manner in which experiments have been performed, it is often difficult to 
distinguish between downward movements caused by (1) negative phototaxis, (2) 
passive sinking or (3) positive geotaxis (which would imply an active behavior). In 
many cases, what has been called "positive geotaxis" (e.g., Esterly 1919, Clarke 
1930, Harris 1953) could equally have resulted from passive sinking. 
Experimentalists have not yet subjected zooplankton to artificial gravitational fields, 
and until they do, a true geotaxis is difficult to demonstrate. 
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Rudjakov (1970, 1973) has clearly demonstrated that the downward vertical 
migration of many crustaceans could be due entirely to passive sinking. 
Measurements on anaesthetized individuals of 20 planktonic copepod species yielded 
sinking rates ranging from 1.8 to 47.4 m·h- 1, with most species sinking at a rate of 
about 20 m·h- 1• Rudjakov (1973) presented evidence to show that these rates are 
comparable with those observed in the field. 

How could plankton animals regulate their position once they have sunk to their 
preferred depth? Angel (1970) showed that Conchoecia spinirostris can regulate its 
buoyancy without benefit of locomotory activity, but he could observe no obvious 
mechanism. Gooday and Moguilevsky ( 1975) also observed buoyancy regulation in 
nine other species of ostracods, but were forced to conclude that "the animals must be 
able to alter their density and hence buoyancy in some as yet undetermined way. " 
Similar observations do not appear to have been made for the planktonic crustaceans. 

A number of studies have documented an increase in locomotory activity or 
actual upward motion with an increase in pressure. Hardy and Bainbridge (1951) 
compared the swimming activity of zooplankton maintained at atmospheric pressure to 
those subjected to pressures equivalent to a depth of 20 m in 50-em-tall perspex tubes. 
Striking results were obtained with zoea and megalopa larvae of the decapods 
Portunus and Carcinus, but no effect could be demonstrated for Calanus 
finmarchicus. Similar results were obtained by Knight-Jones and Qasim (1955) who 
detected upward swimming responses to increased pressure in two species of decapod 
larvae, the isopod Eurydice pulchra, and the copepod Caligus rapax. However, they 
failed to find a response in Calanus. They suggested the pressure response was 
probably restricted to large crustaceans with high specific gravity. Rice ( 1964) found 
pressure-induced movements in zoeae of 22 species of decapods, and Maylor and 
Isaac (1973) found similar responses in megalopa of Macropipus sp. and Callinectes 
sapidus. 

Baylor and Smith (1947) found that very small pressure increases (< 1 atm) 
produced upward swimming behavior in many species of zooplankton from the Aorida 
Inland Waterway, including Temora sp., Acartia., Pontella sp. and Centropages sp. 
They eliminated the possibility that such behavior could have been caused by gas 
bubbles and noted that several minutes' exposure to pressures > 2 atm destroyed the 
pressure-sensitive mechanism. 

George and Marum ( 1974) found that Calanus finmarchicus increased its 
swimming activity only at pressures corresponding to depths greater than 2000 m. 
Although C. finmarchicus does make seasonal migrations to about 1000 m, the 
pressure response observed by George and Marum does not suggest a mechanism for 
diel migrations of this species, which is usually found no deeper than several hundred 
meters. 

Champalbert ( 1976, 1978) demonstrated that several species of pontellid 
copepods react to increased pressure by increasing their locomotory activity, but for 
them the response may function more to keep them in the surface waters than to 
control vertical migration since they are almost exclusively surface-dwelling forms. 
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Lincoln (1970, 1971) maintained Daphnia magna under constant overhead 
illumination and found them to respond to a pressure increase by upward movement; 
to a pressure decrease they responded with a downward movement. He concluded that 
the movements resulted from kinesis rather than from a directional taxis. 

Other Taxa-Knight-Jones and Qasim (1955) found pressure-induced upward 
movements in three species of medusae: Phialidium hemisphericum, Gossea 
corymetes and Eutima gracilis (Coelenterata). Baylor and Smith ( 1957) found a 
similar response at< 1 atm for an unidentified hydrozoan medusa. Knight-Jones and 
Qasim ( 1955) found an upward swimming response for Pleurobrachia pileus 
(Ctenophora) at approximately 0.05 atm, whereas Baylor and Smith did not observe a 
response below 0.7 atm. 

Sagitta spp. (Chaetognatha) are also known to increase activity in relation to 
pressure increases, but the response appears variable. Baylor and Smith ( 1957) found 
a response at 0.7 atm, George and Marum (1947) found a response at 35 atm, and 
Knight-Jones and Qasim ( 1955) found no response. The pelagic tunicate Salpa 
fusiformis increases its activity level at approximately 100 atm (George and Marum 
1974). 

Endogenous Rhythms 

The possibility that an internal physiological rhythm might control vertical 
migration behavior has been raised by a number of investigators. The persistence of 
vertical migration behavior in the absence of light stimuli was frrst noted in Acartia 
spp. by Esterly ( 1917) who claimed to observe an ascent which began between 
0600-0800 h and a descent which occurred between 2000-2100 h. These results 
suggested a reverse vertical migration, which was consistent with Esterly's (1919) 
observations on Acartia spp. 

However, there were problems with Esterly's experimental methods. First, he 
occasionally used white light to locate and count copepods within his experimental 
cylinder, which light could have influenced the distribution of the copepods. Second, 
he commented that "on account of the mortality among the animals, there is not much 
that can be said about the duration of the tendency to ascend at certain times. 11 

Experimental errors aside, Esterly's conclusions regarding endogenous rhythms are 
questionable since he failed to observe the copepods between 21 00 and 0800 h. 

Schallek (1942) attempted to replicate Esterly's (1917) results with Acartia; he 
reduced mortality by feeding the copepods at random and, unlike Esterly, he used a 25 
W red lamp to locate the copepods kept in otherwise constant darkness. Schallek 
never found the rhythm rejx>rted by Esterly, concluding that 11 no evidence was found 
for a diurnal rhythm other than that caused by the normal alternation of day and night. 
Migration ceases under constant conditions; it can be reversed by illuminating the 
animals at night and keeping them in the dark by day. 11 Conover ( 1956) also repeated 
Esterly's (1917) experiments but, like Schallek, found no evidence of a biological 
rhythm in Acartia tonsa kept in constant darkness. 
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Harris ( 1963) observed endogenous mythms in Daphnia magna and Caianus 
helgolandicus. He observed that in Calanus the rltythm did not occur in winter 
months, when this copepod typically does not vertically migrate (Nicholls 1933). 
Rimet ( 1960) made similar observations on Daphnia pulex but found that the mythm 
dissipated entirely after 3-4 days. Champalbert (1978) also found, in three species of 
pontellid copepods, a circadian rhythm which disappeared after 3-4 days under 

constant conditions. 
Enright and Hamner (1967) filled a 5-m-deep, 170-m3 tank with a mixture of 

field-collected zooplankton, subjected them initially to a light-dark cycle for several 
days, and then maintained constant, low light conditions for a period of days. Surface 
samples taken at regular intervals showed that several species (Nototropis sp., 
Exosphaeroma sp., Cyclaspis sp. and peltidiad copepods) continued to make 
synchronized vertical migrations under the constant conditions, and these movements 
were attributed to endogenous rhythms. However, a number of species did not yield 
evidence of an endogenous rhythm notably Acartia spp.-in which Schallek (1942) 
and Conover (1956) also failed to find such a rhythm. 

Feeding and Predation 

Crustacea-Although the connection between vertical migration and feeding was 
suggested long ago (Weismann 1877), it was only recently that experimental studies 
were undertaken to examine this relationship. Hardy and Gunther ( 1935), noting the 
inverse relationship between zooplankton and phytoplankton in Antarctic waters, 
proposed that dense concentrations of phytoplankton might produce exocrine 
substances which would exclude zooplankton herbivores from the region . It is 
interesting that they chose this hypothesis since the distributions they observed could 
be explained equally well if one assumed that low concentrations of phytoplankton 
were a result of grazing by the zooplankton. There is some evidence that herbivorous 
zooplankton will avoid high concentrations of phytoplankton on which they are not 

grazing (Fiedler 1982), but because herbivorous zooplankton require phytoplankton for 
sustenance they are unlikely to avoid them on a routine basis. 

Since many herbivorous vertical migrators are situated below the photic zone 
during the day, they must feed in surface waters at night. Feeding may continue in 
surface waters until increased light intensity causes the animals to descend. This view 
is supported by the experimental results of Clarke (1932) who found Daphnia to be 

more photonegative when fed than when starved. Similar results have been obtained 
for Eurytemora hirundoides and Neomysis (Lucas 1936), as well as for barnacle 
nauplii (Singarajah, Moyse and Knight-Jones 1967). 

Many recent studies of vertical migration and feeding have been conducted in 
the field. Such a study performed on Mysis relicta demonstrated that the animals 
experienced an increase in their caloric content during their nightly excursion into the 
surface waters of a lake in Wisconsin (Teraguchi, Wissing and Hasler 1972). 
Grossnickle (1979) used gut pigment analysis to arrive at the same conclusion for M. 
relicta in Lake Michigan. Gut content studies of Pseudocalanus elongatus in the 
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Black Sea showed a distinct nocturnal feeding rhythm associated with diel migration 
(Zagorodnyaya 1975); similar results were obtained under experimental conditions. 
Analogous results have been found for field populations of Parathemisto japonica 
(Zhuravlev and Neyman 1976), Pseudodiaptomus hessei (Hart 1977), Calanus 
glacialis (Peruyeva 1978), Calanus helgolandicus (Gauld 1953), Calanus 
finmarchicus (Gauld 1953), Euphausia diomedeae (Ponomareva 1971), Thysanopoda 
sp. (Hu 1978), and a number of copepods from the Pacific Central Gyre (Hayward 
1980). 

Boyd, Smith and Cowles (1980), working off the coast of Peru, used the 
phaeophytin gut contents of three copepod species to quantify their feeding behavior. 
They found complex feeding patterns. Calanus chilensis fed throughout the day and 
night at onshore stations but fed only during the day at offshore stations. 
Centropages brachiatus fed day and night onshore but fed only at night offshore. 
Eucalanus spp., which vertically migrated at the onshore station and fed only during 
the day, were nonmigratory offshore but also fed only during the day. 

Haney and Hall (1974) made in situ measurements of clearance rate and vertical 
migration in Daphnia spp.~ne of the few attempts to make in situ measurements of 
feeding activity. They showed that Daphnia fed by night, at a time corresponding to 
their residence periods in surface waters. 

More recently, Huntley and Brooks (1982) conducted a 60 d experiment in a 
10-m deep, 70m3 tank, using the copepod Calanus pacificus. They demonstrated a 
relationship between vertical migration and the abundance of available phytoplankton 
food. When food was abundant and ingestion rates were high, the copepods 
performed high amplitude vertical migrations. By contrast, when food availability 
declined, ingestion rates were low and the copepods remained at the surface 
throughout the day. Similar results have been obtained for Pseudocalanus (Bohrer 
1980). Huntley and Brooks (1982) suggested that such results might explain daytime 
surface swarming observed in Calanus during summer periods when food availability 
is low (e.g., Marshall and Orr 1927, Bigelow 1926). 

Rather than regarding daytime descent as a purely passive event (cf. Rudjakov 
1970), some researchers have proposed that the descent is an evolutionary adaptation 
for the purpose of avoiding visually orienting predators (Zaret and Suffern 1976). A 
field study of Calanus pacijicus was conducted by Enright and Honegger ( 1977) to 
examine this hypothesis, but their results were inconclusive. The strongest support for 
this hypothesis comes from a recent study by Ohman, Frost and Cohen (1983). They 
demonstrated that reverse vertical migratory behavior developed in Pseudocalanus 
when the copepod's predators (Euphausia pacifica, Euchaeta elongata and Sagitta 
e/egans), which vertically migrated in the "normal" pattern, became abundant. When 
these predators were not abundant, Pseudocalanus performed a normal, nocturnal 
vertical migration. 

The question of whether or not vertical migration can be an adaptation for the 
avoidance of grazing pressure, or indeed simply a functional response to predation 
pressure, is far from being satisfactorily resolved. Predators which feed at the surface 
at night apparently take advantage of nocturnally migrating zooplankton prey, as has 
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been observed, for example, in the grey-faced petrel, which feeds exclusively on 
vertically migrating zooplankton species coming into the surface at night (Imber 
1973). In this case, it can be argued that the predator has evolved its nocturnal 
feeding habits as a consequence of the behavior of the zooplankton migrants. It may 
be the sum total of predation pressure which is important in this regard (i.e., one or 
two specialized predators may not have enough impact to reverse the normal, 
nocturnal migrations of an entire zooplankton community). 

Chaetognatha-A landmark study on the relationship between feeding and vertical 
migration was conducted by Pearre (1973). His observations of the vertical 
distributions of Sagitta elegans showed no apparent vertical migration behavior. 
However, further analysis showed that animals caught at the surface always had a 
greater amount of food in their guts than animals at depth, and he concluded that the 
requirement for feeding was the motivating factor in vertical migration. In a later 
study, Pearre ( 1979) argued convincingly that conventional sampling methods can only 
detect synchronous migrations. 

A recent study of Sagitta nagae (Nagasawa and Marumo 1976) found that this 
species feeds both in surface waters and near the bottom in Suruga Bay, Japan. 
However, feeding in the surface is greatest at night, whereas feeding near the bottom 
is greater during the day. 

Other Exogenous Factors 

While physical factors such as salinity, pH and temperature have not been 
shown to directly control vertical migration, they have often been shown to alter the 
response of zooplankton to light or to limit the extent of migrations. For example, 
Loeb (1906, 1908) demonstrated that plankton become positively phototactic at high 
concentrations of C02, whereas they become negatively phototactic at decreased 
salinities. Esterly (1919) showed that temperature decreases caused negative 
phototaxis in Acartia and positive phototaxis in Calanus and Metridill. 

Loeb ( 1908) described a complex model of vertical migration that depended 
upon diel changes in temperature and pH, but the importance of these factors in the 
field has since been refuted by a number of investigators (e.g., Moore 1955, Hardy 
and Paton 1947, Ringelberg 1964, Bainbridge 1960). Bayly (1963) suggested that 
reverse vertical migration was characteristic of zooplankton in fresh waters of pH 8.2 
or higher, and Connell ( 1978) has presented additional evidence in favor of this 
hypothesis. However, the importance of pH in altering the vertical migration of 
marine zooplankton remains questionable; seawater is well buffered and most changes 
in pH are due to increases in alkalinity attributable to high rates of photosynthesis. 
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SUMMARY 

Light is perhaps the single most important factor to influence vertical migration, 
but the mechanism of its action remains poorly understood. Does a reduction in light 
intensity directly induce locomotory activity which causes plankton to move upward? 
Or does it simply act as a "zeitgeber," a cue which enacts an endogenous activity 
rhythm or a hunger response? 

It is attractive to consider that vertical migration behavior could be accounted for 
entirely by the combined effects of pressure-induced upward swimming and gravity
induced, passive downward sinking. Certainly, abundant data exist to indicate the 
existence of such a mechanism. However, observed sinking rates are often so high 
that the question remains as to what stimulates the zooplankton to stop sinking. A 
mechanistic model based upon pressure and gravitation requires an additional cue, 
such as light or hunger, to provide the timing to properly synchronize the circadian 
nature of the migration. 

Endogenous rhythms have sometimes been implicated in vertical miyation 
behavior. However, these rhythms often decay with time in the absence of external 
stimuli, so synchronization stimuli are necessary adjuncts to the internal rhythm. 
Furthermore, many vertical migrators do not appear to possess internal timing 
mechanisms of this type. 

The connection between feeding and vertical migration requires further research. 
There is some evidence that well-fed zooplankton descend with the advent of daylight. 
However, do they descend because of a simple increase in their specific gravity 
(Eyden 1923), because they are satiated, or because satiation causes negative 
phototaxis? As far as the vertical ascent is concerned, there has been no experimental 
study examining its relation to hunger or requirement for feeding. 

The importance of vertical migration as a functional response to predation is not 
well understood. Experimental studies designed to test this hypothesis are difficult to 
perform, and few have been undertaken. Of the few such studies done, the results 
have been equivocal. 

The role of other physico-chemical factors such as temperature, pH and salinity 
appears not to be a major one. At best, these factors may act as modifying 
influences, but do not exert overriding control. 

Future Studies 

The numerical abundance of planktonic Crustacea in aquatic environments has 
understandably made them the center of attention in vertical migration studies. 
However, most of what we assume to apply to marine crustaceans results from studies 
of freshwater Cladocera, the most intensively studied group of Crustacea. In the case 
of light stimuli, for example, it is studies on cladocerans alone that have revealed the 
existence of color dances (Baylor and Smith 1957), the dorsal light reflex, and 
polarized light responses (Waterman 1973). More studies are required on marine 
crustacean holoplankton, and other planktonic groups, about which we still know very 
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little. 
The design of future experiments will continue to tax the ingenuity of biologists. 

The admonition by Pearre { 1979) that conventional sampling methods can only detect 
synchronous migrations of field populations calls for the use of additional 
measurements in conjunction with studies of distribution. The trade-off between true 
scale and the control afforded by laboratory conditions remains a problem. However, 
recent technological advances in automatic monitoring devices (e.g., video or high
frequency acoustics), as well as in techniques of underwater observation, make it 
possible to improve the frequency and the quality of observations in both field and 

laboratory experiments. Finally, one cannot neglect the power of pencil and paper, an 
approach which Vlymen (1970) proved useful in calculating the energy expenditures 
of migrating copepods. 
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ABSTRACf 

Four main hypotheses address the diet vertical migration of zooplankton: an energetic and 
demographic hypothesis, a metabolic and photosynthesis hypothesis, a predator avoidance 
hypothesis, and a photodamage hypothesis. 1be energetic and metabolic arguments are 
seriously weakened by temperature effects. Both underestimate the influence of temperature on 
egg development and maturationl an important error which complicates metabolic arguments. 
In contrast, the predation and photodamage hypotheses provide reasonable, straightforward 
reasons why zooplankton should descend at dawn and rise again at dusk. 

With regard to past reservations about the predation hypothesis, many of the original 
concerns are no longer justified. Studies of pigmentation, bioluminescence, and chemical 
defenses are clearing up several of the suspected exceptions. Yet in future studies, the 
predation hypothesis should be framed in a more comprehensive way, as risk from predation 
(differential survivorship) balanced against the advantage of remaining in place to exploit 
resources (differential reproduction). Viewed from this perspective, vertical migration becomes 
an excellent example of an evolutionary compromise. 
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INTRODUCfiON 

The daily vertical migration of zooplankton is so commonplace in marine and 
freshwaters that there is a tendency to take the phenomenon for granted. At least 15 
phyla contain one or more species known to migrate, with individual cases that span 
the range of physical and chemical parameters (e.g., salinity, temperature, depth). 
Yet the widespread pattern should not imply common inheritance of a conservative 
evolutionary trait. Diel vertical migration seems to have evolved independently in 
many taxonomic groups. The argument for polyphyletic origin is strengthened by 
three observations: (l) certain species do not migrate,, although other taxonomically 

and ecologically similar organisms do, (2) some species migrate during one season, or 
in one location, but not in others (i.e., time and spatial incidence is variable), and (3) 
only certain life stages may migrate, typically the older instars (Enright 1977). These 
peculiarities suggest a major selective advantage for diurnal vertical migration, 
although there is still considerable controversy over both the nature of the response 
and the reasons for its widespread occurrence. 

Research on the subject of diel vertical migration has developed along two 
distinct lines. One presently focuses on the neurophysiological basis of the behavior, 
dealing with the so-called proximate factors. Proximate factors are the stimuli that 
initiate the response, that determine direction, and that govern speed of the migrating 
organism. These releasing, orientation and directing stimuli often involve complex 
feedbacks. For example, in Daphnia the initiating stimulus is a change in light 
intensity relative to the prevailing absolute intensity (Clark 1930, Ringelberg 1964, 
Ringelberg et al. 1967), while the directing stimulus appears to be an optical beacon, 
at least in shallow waters (the so-called Snell's window; See Ringelberg 1964; Siebeck 
1960, 1968, 1980; Siebeck and Ringelberg 1969). However, this well-researched and 
elegant example should not imply that all organisms or even the majority of 
microcrustaceans use identical cues. Because the origin of diel vertical migration is 
polyphyletic, there is no reason to suspect the same proximate cues in every case. 

The other line of research concerns the teleological considerations of purpose 
and design (Ringelberg 1980a). As mentioned previously, the wide-spread occurrence 
of a polyphyletic pattern suggests an adaptive value to the behavior. Yet care must be 
taken to avoid excess speculation. Because evolutionary arguments invoke natural 
selection as the process that molds behavior and morphology, hypotheses require an 
even broader context than is often necessary for investigation of proximate factors. 
The question of inheritance and the overall impact of factors upon fecundity and 
survivorship are necessary elements in any complete argument. With respect to 
inheritance, there is little debate that natural or laboratory selection can modify 
reaction of organisms to proximate stimuli (e.g., Banta 1919, Banta and Wood 1928). 
Arguments based on natural selection require demographics, however, and there is 
heated disagreement over which aspects of fecundity or survivorship favor diel vertical 
migration. 
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The study of adaptive significance is compliCated by a further consideration, the 
broad definition of diel vertical migration. Daily vertical displacement is such a 
commonly observed behavior and the taxa in which it occurs so diverse, that it is 
highly unlikely that one hypothesis applies to all cases. At least over the entire range 
of taxa, the phenomenon undoubtedly involves several contributing factors, i.e., a 
situation of multiple causation (Cushing 1951, Hutchinson 1967). For example, while 
not considered further in this paper, avoidance of periodic currents is an important, yet 
site-specific factor which can influence zooplankton behavior in estuaries or over 
banks. Faced with the realization of multiple causation, efforts should specify the 
taxa covered by a particular hypothesis, and concentrate on hypotheses that are both 
general and testable. 

In this paper I address the adaptive value of, diel vertical migration in 
zooplankton with special attention to the strengths and weaknesses of several leading 
theories. Certain exceptions are examined to see if they really contradict or actually 
support the central thesis. The overall approach taken is partly synthesis and partly 
critical evaluation, since in some cases recent discoveries have resolved particularly 
perplexing dilemmas (e.g., bioluminescence of migrating organisms), whereas in 
others they have only contributed to a better definition of central questions (e.g., why 
should herbivores move away from resources). 

MAJOR HYPOTHESES FOR PELAGIC ZOOPLANKTON: 
STRENGTHS AND WEAKNESSES 

At present, there are four major hypotheses to explain why so many organisms 
should show the basic diel vertical migration pattern of down during the day and up 
during the night. The central question is why herbivores should move into deeper 
waters during the daytime, away from the regions of maximum plant biomass and 
photosynthesis. At higher trophic levels there are additional complications as 
omnivorous and predatory invertebrates are expected to respond both to the migrations 
of their resources and to encounter risks from predators (Gerritsen 1980). For 
herbivores, however, the critical evolutionary question involves sacrifice, i.e., what 
benefit compensates for the reduced food intake during daylight hours or what risk 
causes organisms to flee from their feeding grounds? All these hypotheses generally 
pertain to zooplankton approximately 0.5-100 mm body length, with emphasis upon 
microcrustaceans. The four, listed by either their author or most recent proponents, 
are: 

1. An energetic and demographic hypothesis which postulates a benefit of cool 
temperature to metabolism, growth, and fecundity (McLaren 1974)~ 

2. A metabolism and photosynthesis hypothesis which couples a cool-water 
metabolic advantage with migration timed to crop the daily peak of primary 
production (Enright 1977); 

3. A predator-avoidance hypothesis which advocates light-dependent diel migration 
to avoid visual predators (Murray and Hjort 1912, Zaret and Suffern 1976, Stich 
and Lampert 1981); 
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4. A photo-damage hypothesis which directly links survivorship with avoidance of 
short-wave irradiation (Huntsman 1924, Hairston 1976). 

From the perspective of population dynamics, all four arguments attempt to 
maximize r in the relationship 

1 = ~ e -n: ·I ·b (I)~ .r .r 

The first two hypotheses emphasize fecundity as the primary source of gain, whereas 
the latter two deal almost exclusively with survivorship. The thermal-efficiency aspect 
of both hypotheses 1 and 2 assumes that although the organism leaves a region of high 
food availability and descends into a region of reduced food quantity and quality, the 
processing of food and basic metabolism are aided by lower temperatures. This 
benefit then translates into larger adult size and consequently potentially greater 
fecundity (McLaren 1974). The second hypothesis more directly addresses the diel 
pattern and brings up the interesting question of fortuitous benefits associated with 
periodic resource release and cropping. However, a basic flaw in both hypotheses 1 
and 2 is how temperature modifies demographic variables. 

METABOLIC HYPOTHESIS 

Surprisingly, McLaren (1974) acknowledged the weakness in the very paper 
which proposed his hypothesis when he stated 11 increased fecundity from low 
temperatures does not compensate for retarded maturation in determining potential rate 

of increase. 11 The McLaren model minimized developmental effects because it: (1) 
allowed nauplii and early copepodite instars to remain in the warm epilimnion, (2) 
required only the III-V instar copepodite stages to migrate, and (3) allowed the adults 
to return to the epilimnion and to remain there throughout brood production. The 
third assumption, which is contrary to most observations of vertically migrating 
species (i.e., large, egg-bearing females commonly show the greatest amplitude of 
vertical movement), insured that females were in food-rich environments during their 
reproductive period and that both brood and egg development followed the warm 
schedule. 

While there may be slight advantages in body size or brood size associated with 
periodic excursions into regions of cooler water, laboratory and simulation studies 
have failed to document r.n overall ad\<autage to this behavior without additionally 
considering survivorship. Either energetic models have suggested little or no benefit 
(Swift 1976, Giguere and Dill 1980) or more comprehensive demographic simulations 
have shown no advantage (Wright et al. 1980, Orcutt and Porter 1983). Carefully 
conducted laboratory and field studies with Daphnia likewise have failed to show an 
overall reproductive advantage to vertical migration (Orcutt and Porter 1983, Stich and 
Lampert 1981). At the heart of these failures is a fundamental relationship between 
temperature, brood size, and the instantaneous birth rate that seriously undercuts both 
hypothesis 1 and 2. 
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Ever since the classical works of Leslie (1945, 1948), Cole (1954), and 
Lewontin (1965), the connection between brood sizes and the instantaneous rate of 
population growth (r) has been recognized as nonlinear. Working from Leslie's 
equations which relate finite and instantaneous birth rates, Paloheimo (1974) provided 
an exact solution for the particular case of egg-carrying organisms. The Paloheimo 
derivation makes the conventional assumptions of constant birth rate, constant death 
rate, and fixed development time. In addition, it assumes that because eggs are 
carried by female parents until hatching, the eggs are subject to the same mortality 
schedule as adults (the latter assumption is occasionally violated in nature, e.g., when 
adults drop eggs). Under the Paloheimo conditio~, the instantaneous birth rate (b) is 
related to the number of eggs carried by females (E) by: 

b = In (E + 1) (2)
D 

where D is the developmental duration of the eggs. This equation is widely used in 
limnological research and has received independent field verification (Polishchuk and 
Ghilarov 1981, Lynch 1982). Give_!! that the egg ratio is the product of the average 
number of eggs carried by adults (EA , adult egg ratio) and the fraction of adults in 
the population (E = fA EA ), an exponential increase in fecundity is necessary to 
compensate for developmental lags associated with movement of individuals into 
regions of decreased temperature (Fig l, Table 1). While the specific growth rate of a 
population (r) is equal to the difference between instantaneous birth (b) and death (d) 
rates, 

r =b -d, (3) 

r is a convenient measure of clonal fitness in parthenogenetic species such as Daphnia 
(Orcutt and Porter 1983). If, for the sake of argument, d is presumed constant, r 
would basically reflect the dynamics of the instantaneous birth rate. Under these 
conditions the greater the temperature differential between epilimnetic and 
hypolimnetic waters, the less likely that fitness of migratory clones could keep pace 
with that of nonmigratory clones. 

Although admittedly simple, the relationship given in Figure 1 answers the 
question, What reproduction is necessary for a migrating Daphnia clone to keep pace 
with one which remains in place? In this particular example, the nonmigratory clone 
is assumed to inhabit a 20°C epilimnion, be composed of 30% reproductive adults 
(/A = 0.30), and have a birth rate of b = 0.15. Given the listed values forD, 
taken from known laboratory values, anj assumi_!lg Daphnia spend half their time 
each day in the cool hypolimnion, the EA and E are then calculated to keep pace 
with the b of the nonmigratory clone. With a temperature difference of only 5°, a 
46% increase in fecundity is necessary to compensate for the effect of temperature. If 
the difference reaches l5°C, a 7.7-fold difference is necessary. Since the Daphnia are 
moving away from their food supply, it is difficult to reconcile these differences 
without invoking compensatory adjustments in survivorship. 

While the influence of temperature upon developmental time undercuts a central 
element of both the McLaren and Enright hypotheses, this flaw should not divert 
attention away from the marked dissimilarities of the two models. The McLaren 
hypothesis incorporated four assumptions: (1) food was available in excess; (2) 
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Table 1 
Increase in the reproduction of a migrating Daphnia clone in order to compensate 

for the effect of temperature on development. Variables include: (1) temperatures of 
various water strataeC> and difference <~n in temperature between surface (20°C) and 
lower strata, (2) instantaneous birth rate (b) and frequency of mature adult females 
(/,~. ), both fixed, (3) developmental durations for eggs (Dstrato , if remained in stra_!_a; 
D,~.v , average between ~C and lower stratum), and (4) egg ratio for population (E) 
and for mature females (E,~. ). Model uses the relationship: 

b = ln(E +1) 
D 

to ask the question, What value of E,~. is necessary to maintain b at a value of 0.15, 
given E =fA E,~. , f = 0.30, and D values appropriate for Daphnia? Model assumes 
50% of time spent in 20°C epilimnion, 50% at depth of lower temperature. 

,,.Clone Temp ~T b DstraiD D,~.v E E,~. E,~. (Mig ) I E,~. (Nonmig ) 

Nonmigratory 20"C ()" 0.15 0.30 2.60 0.48 1.60 l.OOx 
Migratory I5°C 50 0.15 0.30 4.50 3.55 0.70 2.33 1.46x 

Migratory IO"C 10" 0.15 0.30 9.40 6.00 1.46 4.87 3.04x 

Migratory 5°C 15° 0.15 0.30 18.00 10.30 3.69 12.30 7.69x 

Ll Temp 

Figure I 
Increase in adult egg ratios (E,~. ) necessary to offset developmental delays associated with vertical 

migration (see Table I for details). 

population growth was at or near equilibrium, presumably through predation loss; (3) 
juvenile mortality was high relative to adult mortality; and (4) migration required 
negligible energy expenditure. The disclaimer on food limitation, which is also a part 
of an earlier version of the energetic hypothesis (McLaren 1963), has no support from 
careful field studies. In almost all detailed investigations of freshwater zooplankton 
dynamics, the major decline in fecundity from spring to late summer is primarily 
resource-related (Lampert 1978, DeMott and Kerfoot 1982). This can be dramatically 
demonstrated by enriching the natural phytoplankton with highly edible laboratory 
algae at the same biomass as the summer low-quality resources (e.g., 



Adaptive Value of Vertical Migration 97 

Chlamydomonas, see Kerfoot and DeMott 1980). The presumption of excess food 
served to direct attention away from the serious question of how migrants compensate 
for food gained by nonmigrants. Furthermore, relaxation of food limitation begged 
the question of what limited population growth and shifted interest away from critical 
considerations of density-dependent resource interactions (e.g., intra- and interspecific 
competition). 

In marked contrast, the Enright hypothesis focused attention on the energetic 
feedbacks between grazers and their resources. Although earlier workers had 
recognized a potential benefit to phytoplankton if grazers periodically left illuminated 
upper waters (McAllister 1969, Kerfoot 1970), the Enright model was the first attempt 
to couch interactions in the rigorous framework of an individual adaptive strategy. 
The model made several assumptions: (1) that photosynthesis could increase algal 
biomass appreciably from dawn to dusk, (2) that the metabolic needs of grazers could 
be reduced by individuals resting dormant during nonfeeding hours in cool, deeper 
waters, and (3) that an accelerated rate of feeding by returning grazers could partially 
compensate for the reduced daytime feeding . Although the model failed to incorporate 
temperature effects upon development and did not directly address density-dependent 
considerations of competition, it opened the door to a host of important questions. 
Among the most important were resource-related inquiries: to what extent were 
migrants and nonmigrants limited by resources? Did the density changes associated 
with mass displacements of entire migrating communities imply periodic release and 
depression of phytoplankton populations? Was there a fortuitous consequence of 
vertical migration to phytoplankton assemblages and enhanced stability to consumers 
(i.e. , arising from inability of consumers to overexploit resources)? 

VISUAL PREDATION HYPOTHESIS 

The visual predation hypothesis has a long history of casual mention and is 
indirectly tied to the photodamage hypothesis through such subjects as pigmentation 
and transparency. Yet the technical treatment is largely one of historical neglect. As 
recently as 1963, McLaren could state the central theme and remark 

The upper waters are food-rich, but dangerous by day; herbivores are forced to 
secure their food there by night, and carnivores, if they themselves are not likewise 
prey, follow the behavior of their food species. Although this idea has had a long 
history and is still current ... , it has received remarkably little attention or support 
from most of those who have reviewed the subject at large. 

Back in 1963, outspoken reservations focused on what seemed to be 
embarrassing exceptions. These will be mentioned later. At the basis of the visual 
predation hypothesis, however, was an undeniable fundamental difference between 
terrestrial and pelagic environments. One of the most important aspects of predator
prey interactions in terrestrial environments is the presence of physical cover or 
refuges . These structural elements are absent from the pelagic zones of most lakes 
and open-water marine regions. Prey organisms are exposed to visual predators during 
the daytime in the euphotic zone (Murray and Hjort 1912, Zaret and Suffern 1976, 
Lythgoe 1979). In a sense, they are naked. 
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In freshwater ecology, the visual predation hypothesis fits nicely into a recently 
expanded awareness of how fish predation influences zooplankton community 
structure. Ever since the pioneering work of Hrbacek and his associates in 
Czeckoslovakian waters (Hrbacek 1962, Hrbacek and Novotna-Dvonikova 1965) and 
the publication of the more popular size-efficiency hypothesis (Brooks and Dodson 
1965), fish predation has played a progressively greater role in models of zooplankton 
community interactions. Both descriptive and experimental studies convincingly 
document that freshwater fishes can profoundly alter the nature of pond and lake 
assemblages by excluding large-bodied and conspicuous species and by favoring 
small-bodied or transparent species. Recent summaries are found in Hall et al. 
(1976), O'Brien (1979), Zaret (1980), and Kerfoot (1980a). As an explanation for 
diel vertical migration in freshwaters, visual predation has exceptional appeal because 
it offers such a simple and straightforward explanation for so many attributes: 

1. Timing: Visual predation provides a simple reason why zooplankton should 
descend at dawn, yet rise again at dusk. 

2. Body Size: Large-bodied, active species should migrate more than small-bodied 
or inconspicuous species. 

3. Ontogeny: Larger, older instars should migrate more strongly than smaller, 
younger instars. Egg-bearing adults should show the greatest amplitude of 
migration, because eggs or embryos often increase conspicuousness (Zaret and 
Kerfoot 1975, Bohl 1982, Vuorinen et al. 1983). 

4. Spatial and Temporal Heterogeneity: Migration should be most likely when and 
where risk is greatest. The density and activity of planktivorous fishes varies 
greatly on both a seasonal, local, and latitudinal scale. 

5. Transparency: Because transparent prey are better concealed, they should show 
less migration than pigmented species of similar body size. 

Not only is the visual predation hypothesis compatible with the established view 
of fish impact on freshwater community structure, both laboratory and field tests on 
vertical migration demonstrate its reasonableness relative to alternative explanations 
(Zaret and Suffern 1976, Wright et al. 1980, Stich and Lampert 1981). In at least one 
case, there is even historically documented evidence to link the onset of vertical 
migration in a single species with an abrupt increase in fish density (Mesocyclops, 
Williamson and Magnien 1982). 

In marine systems, given the logistical difficulties of conducting experiments, 
direct evaluation of the visual predation hypothesis is much more difficult. Yet the 
study of visual predation and prey adaptations is a well-developed field (e.g., Lythgoe 
1979). For those accustomed to diving in open-water expanses of the ocean, the 
feeling of vulnerability is acute. To quote Hamner (1976) 

Animals in the euphotic zone ... simply cannot hide during the day. In a sea devoid 
of cover... the visual acuity of the predators, and the size, speed, and transparency 
of prey all become critical, and the over-riding importance of visual predators for 
the evolution of all members of this ecosystem is particularly clear. 



Adaptive Value of Vertical Migration 99 

According to Hamner and his associates (Hamner et al. 1975, Hamner 1976), 
pelagic organisms fall into four general categories: (1) animals that are either too 
small to be seen or just too small to excite the interest of particular visual predators 
(visual predators may include species other than fish, e.g., invertebrates such as 
squid), (2) animals that are large but transparent enough to be invisible to visual 
predators, (3) animals that are large and readily visible, but that either congregate in 
schools for safety (e.g. , herring) or are fast and predatory (e.g. , sharks), and ( 4) 
animals that are nocturnal, and that seek cover through vertical diel migration (e.g., 
euphausiids). 

In freshwater and marine environments, the important variables in the 
planktivore-grazer interaction are nearly identical. Grazer fecundity largely depends 
on animals feeding where algal density and productivity are greatest, i.e., in the 
euphotic zone. Risk from visual predation depends on predator density and 
movement, light intensity, prey density, and individual conspicuousness. Finally, 
dependence on light implies that predation efficiency will potentially be greater higher 
in the euphotic zone and at midday. 

Taking the above variables into account and applying game theory to maximize 
both predator and prey fitness, lwasa ( 1982) produced a simple diel migration pattern 
with some intriguing consequences. Visual predation rate attained its maximum 
shortly after sunset and before sunrise, while the community grazing rate was higher 
during the night than during the day. One additional appealing result was a clear 
statement of dependence on grazer survivorship and birth rate. Increased tendency 
for migration was related not only to the feeding intensity of fish, but also to the 
scarcity of phytoplankton since food through b and mortality through d simultaneously 
determine r. Hence seasonal variation in vertical migration may relate as much to 
zooplankton birth rate as to predator pressure (see data in Kozhov 1963, Cunningham 
1972, Stich and Lampert 1981). 

The usefulness of demographics in field studies is also illustrated by two recent 
works. One considers the reverse migration of prey which respond to the 
conventional diurnal migration of large invertebrate predators. This well-documented 
case concerns the vertical migration of Sagitta, Euphausia, and Euchaeta to avoid 
fish predation (Pearre 1973). Migration of these invertebrate predators sets up a 
reverse migration in the herbivorous copepod Pseudocalanus (Ohman et al. 1983). 
Using the laboratory data of McLaren combined with a simple encounter model, 
Ohman et al. calculated that a mere 16% reduction in mortality would favor 
migration of Pseudocalanus, whereas the actual benefit was closer to 50%. The 
second case suggests even greater benefits. In the Daphnia data set published by 
Stich and Lampert (1981), differences in survivorship of migrants due to fish 
predation offset a 2.5-fold reproductive advantage for nonmigrants. 

Criticism of the visual predation hypothesis centers on several aspects, two of 
which are the presumed importance of fish predation and certain associated features of 
migrating organisms. For example, there is concern over the amplitude of vertical 
movement. Some question why particular prey species descend so deeply, 
presumably beyond the visual sensitivity of fish, while others question why plankters 
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seem to stop too shallow for concealment (McLaren 1963). Patterns of 
bioluminescence and pigmentation also seem to present additional problems. Why 
should migrants be luminous (McLaren 1963 )? If transparency is an adaptation to 
visual predation, why should highly transparent forms migrate? Conversely, if 
predation is really as important as is presumed for freshwater ponds and lakes, why 
do so many large-bodied and heavily pigmented noncrustaceans co-occur with fish? 

PHOTOPROTECfiON HYPOTHESIS 

There is a curious distribution of pigmentation in aquatic zooplankton. In 
freshwater pools and ponds, shallow-water or surface-film species are often highly 
pigmented, especially at high elevations and latitudes, while mid-water pelagic 
species are usually very transparent (Siebeck 1978a, Byron 1982, Hebert and 
McWalter 1983). Surface-dwelling marine species are also often pigmented, usually 
blue or violet, whereas pelagic species are often transparent and abyssal species are 
heavily pigment~ften red or black (Chapman 1976). 

The advantage of maintaining pigmentation in shallow waters appears to be 
protection against harmful short-wave radiation, principally UV (Herring 1965, 1967). 
Low-level and short-duration exposures to UV radiation result in sunburn-like 
symptoms, reduce survivorship, and stimulate melanin production (Siebeck l978a, 
1978b). However, because UV radiation is absorbed rapidly in water, most pelagic 
species experience only limited doses, if any at all. The same cannot be said for 
slightly longer wavelengths of light, those that extend into the visible blue range. 
Blue wavelengths penetrate deepest in pure, clear waters . Recently Hairston (1976, 
1978) expanded upon the work of Herring (1965, 1967), by proposing that carotenoid 
pigments serve a photoprotective role against blue-light damage to porphyrins, 
flavins, or quinones. Although there is some dispute over the original laboratory 
experiments (e.g., Ringelberg 1980b), avoidance of harmful short-wave radiation 
provides a viable alternative explanation for diel vertical migration (Huntsman 1924). 
Vertically migrating copepods suffer less mortality from sunlight than stationary 
populations, although even in relatively shallow waters, it is not clear whether the 
primary factor in migration is visual predation from fish or photoprotection (Byron 
1982). 

ASSOCIATED ADAPTATIONS 

Transparency 

Increased transparency in pelagic zooplankton is both a widespread and effective 
adaptation by aquatic organisms against visual predation. The resulting crypsis 
provides an evolutionary solution to the problem of concealment against a background 
that continually changes according to the predator's line of sight, the time of day, and 
the color of the water. Background colors are simply transmitted through the prey's 
tissues, thereby reducing contrast and producing an ideal camouflage. As an 
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adaptation, it is uniquely suited for an aquatic environment. Light that falls on an 
object can be absorbed, scattered, reflected, or transmitted. If there is a great 
disparity between the density of the organism and the surrounding medium-as is the 
case for terrestrial environments-light passing through an object would be refracted 
even if it were perfectly transmitted internally through tissues. The resulting 
refraction heightens brightness contrast with background colors and detracts from 
concealment. However, the density of living tissue and water is so close in an 
aquatic environment that refraction is minimized (except for gonadal tissue, which 
frequently contains lipids). Perhaps this simple feature, together with the 
photoprotective property of pigmentation, explains why transparency is so rare a 
predator-prey adaptation in terrestrial species, unless surfaces are relatively flat and 
removed from vital organs (e.g., transparent wings of Lepidoptera; Papageorgis 
1975). Despite the frequent reference to transparency in aquatic studies of predator
prey interactions, this subject has received surprisingly little quantitative treatment. 
In freshwater ponds and lakes, several large-bodied types of zooplankton apparently 
survive exposure to fish through enhanced transparency (e.g., Leptodora, Chaoborus, 
certain helmeted 'Daphnia; see Zaret 1972, Zaret and Kerfoot 1975, O'Brien et al. 
1979, Kerfoot 1980b). 

The factors which influence survival and vertical migration of larval Chaoborus, 
the phantom midge, are especially well documented. In fishless pools and ponds, 
larval Chaoborus assemblages are dominated by large-bodied, translucent species that 
undergo limited vertical migration. When fish are present, the more visible species 
are eliminated and are replaced by moderate-sized species that undergo traditional diel 
vertical migration (Macao 1977; Northcote et al. 1978; Stenson 1978a, 1978b; von 
Ende 1979). In this migration, the fourth and third instars of the moderate-sized 
species move up from sediments or from lower strata to surface waters at sunset and 
then descend at sunrise (Northcote 1964, Goldspink and Scott 1971, Swift 1976). 
While oxygen concentratioas modify patterns of emergence in very shallow or highly 
eutrophic waters (LaRow 1968, 1969, 1970), fish are known to selectively prey upon 
the fourth and third instars. Laboratory studies show that fish predation favors 
smaller-bodied species and those species that have reduced eye size and pigmentation 
(Stenson 1978a, 1978b, 1980). In mixed moderate-sized assemblages , smaller species 
undergo less vertical migration than relatively larger-bodied species, presumably 
reflecting the reduced risk associated with smaller size. 

Few zooplankton cases are as well documented as the Chaoborus example, 
although transparency is a much more striking feature of the diverse marine 
community. In the so-called blue-water regions of the ocean, certain subgroups 
contain a high proportion of transparent species, e.g., the medusae, siphonophores, 
ctenophores, chaetognaths, pteropods, heteropods, appendicularians, salps, doliolids, 
pyrosomes, and many mesoplanktonic larvae (Hamner et al. 1975). To quote 
Chapman (1976) 
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Table 2 
Transparency of selected marine and freshwater organisms, 

measured as percent transmittance of incident light in the visible range. 
All are whole-organism determinations unless otherwise noted. 

Taxa Percent Source 
Transmittance 

Marine: 

Dinoflagellata 
Noctiluca miliaris 

Hydromedusae 
Rathke octopunctata 
Polyorchis sp. 

Siphonophora 
Hippopodius hippopus 
Lencia sp. 

Scyphozoa 
Chrysoaora sp. 
Aurelia sp. 

Copepoda 
Pleuromemma gracilis 
Sapphirina metal/ina 
Corycaeus furcifer 
Pseudocalanus elongatus 
Haloptilus longicomis 
Copilia mediterranea 

Appendicularia 
Oikopleura dioica 

Freshwater: 

Cladocera 
Daphnia pulicaria 
Daphnia rosea 
Bosmina longirostris 
Diaphanosoma brachyurum 
Leptodora kindtii 

Copepoda 
Mesocyclops edax 

Insect 
Chaoborus flavicans 
Chaoboruspunctipennis 

* mesoglea 

0.90 

0.80 
0.97* 

0.84 
0.86 

0.93* 
0.93* 

0.20 
0.16 
0.43 
0.55 
0.90 
0.93 

0.85 

0.72 
0.72 
0.70 
0 .81 
0.92 

0.58 

0.91 
0.81 

Greze 1963 

Greze 1963 
Chapman 1976 

Greze 1963 
Greze 1963 

Chapman 1976 
Chapman 1976 

Greze 1963 
Greze 1963 
Greze 1963 
Greze 1963 
Greze 1963 
Greze 1963 

Greze 1963 

Kerfoot 1982 
Kerfoot unpublished 
Kerfoot unpublished 
Kerfoot unpublished 
Kerfoot 1982 

Kerfoot unpublished 

Kerfoot 1982 
Kerfoot unpublished 
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Relative transmittance of various hydromedusan and scyphozoan tissues. A. Transmittance of 
Polyorchis (bydromedusan) mesoglea (hollow dots), both as intact mesoglea (a) and as liquid expressed from 
mesoglea (b). Transmittance of Chrysaora (scypbozoan) mesoglea (solid dots). B. Transmittance of 
Aurelia (scyphozoan) mesoglea without (upper curve) and with (lower curve) subumbrella cell layer. In all 
cases, liquid or chunks cut to fit cuvette of a spectrophotometer. Redrawn from Chapman (1976). 

Where such animals are pigmented at all they are generally colored blue or violet, 
e.g., Rhizostoma, Cyanea, Velella, Ianthina, Clio, Doliolum, although there are 
exceptions to this such as Physophora, Chrysaora, and Beroe. Other colorless or 
very lightly pigmented genera include Aurelia, many hydromedusae, e.g., 
Polyorchis, many siphonophores, e.g., Muggiaea, Hippopodius, ctenophores such 
as Pleurobrachia, annelids such as Tomopteris, the chaetognath Sagitta, the 
crustaceans Cystosoma and Phronima, the molluscs Carinaria and Gleba and the 
urochordates Salpa and Pyrosoma. Needless to say, transparency is a matter of 
degree, but some species such as Sagitta and Tomopteris could be described as 
11 glass-like. 11 

Surprisingly few studies have attempted to quantify transparency (for exceptions, 
see Greze 1963, Chapman 1976, Kerfoot 1982). Table 2 summarizes transmittance 
values for several freshwater and marine organisms. For some of these species the 
degree of transparency is truly amazing. Well over 80-90% of incident light is 
transmitted through such varied body tissues as integument, connective tissue, 
digestive tract and muscle. Chapman's findings suggest that transmittance is often 
high at wavelengths beyond 400 nm, but declines rapidly for shorter wavelengths (Fig 
2). Absorption of shorter wavelengths recalls the photodamage hypothesis, and raises 
the question of whether transparency might increase liability to shortwave radiation. 
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There is also the basic question of how inhomogeneous tissues become so 
transparent. Chapman (1976) considered four contributing properties: (1) colored or 
pigmented compounds must be absent; (2) many of the submicroscopic structures are 
considerably smaller than the shortest wavelength of visible light and are therefore 

relatively insignificant to scattering or refraction; (3) refractive index must be unifonn 
as possible; and (4) destructive interference may reduce scattered light, allowing only 
directly transmitted rays to pass through tissue (applies to regularly arranged 
components, e.g., myosin filaments). 

Although transparency is difficult to measure, the relative advantages of 
transparency are easily demonstrated in laboratory predator-prey experiments. With 
certain species of fish, the relative conspicuousness of two prey items can be 
quantified by measuring a "reactive distance" response (Confer and Blades 1975, 
Vinyard and O'Brien 1976). For example, prior to attack a centrarchid will reorient 
to face its prey and will extend its dorsal fin. This distinctive response of the predator 
to its prey allows an objective assessment of directed interest. This type of analysis 
can be very useful in encounter models. If two centrarchids (the pumpkinseed 
Lepomis gibbosus and the crappie Pomoxis annularis) are presented with either 
Chaoborus or Daphnia, the results are very similar (Fig 3 ). In each case, 
comparisons of reactive distance verify the importance of transparency in reducing 
conspicuousness of the midge larvae. Although much larger, Chaoborus stimulated 
no more interest than a moderate-sized Daphnia (Kerfoot 1982, Wright and O'Brien 
1982). The extremely low reactive distances suggest that the fish are keying in on 
such small items as the pigmented eye or swim bladders (Wright and O'Brien 1982). 

Despite reductions in reactive distance, highly transparent prey are still likely to 
migrate for two reasons. The first deals with postcapture experience, in particular the 
energetic reward to the predator and its effect on subsequent behavior. Because 
larger-bodied prey constitute a greater energetic prize for fish, occasional captures 
may only motivate a fish to search harder for a transparent prey (Ehlinger and Folt, 
personal communication). The second reason involves breakdown of the defense. 
Relatively small differences in refractive index between an object and the surrounding 
medium are emphasized when the object lies across a boundary between a bright and 
dark field. If fish align themselves so that they move along the edge of Snell's 
window, i.e., at an angle of 47-48° with the vertical, the "dark field" effect will 
reveal even highly transparent prey (Lythgoe 1979, Janssen 1981). These reasons 
may explain why fish stomachs are often full of Chaoborus or Leptodora, in spite of 
the high transparency of these prey species (e.g., Unger and Lewis 1983). 

BiolunnUnescence 

Recent work on predator-prey interactions has provided insights into two of the 
remaining areas of concern. On the question, why some vertically migrating 
organisms possess bioluminescent organs, Clarke (1963) suggested that the 
downward-directed photophores of marine fish and invertebrates serve as camouflage 
organs. That is, these organs could produce light that would match the color and 
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Figure 3 
Reactive distance of pumpkinseeds (Lepomis) and white crappie (Pomoxi.s) to various sizes of 

Cluwborus and Daphnia. (A) Reactive distance of juvenile pumpkinseeds to Daphnia pulicaria (small 
circles), stationary (large solid dots) and moving (large hollow circles, solid squares) Chaoborus . Actual 
data points shown. (8) Reactive distance of small white crappie to Chaoborus sp. and D. magna. Solid 
dots are stationary Chaoborus, while large hollow circles are moving Chaoborus. Points are means of 3- 30 
observations. Figure A from Kerfoot (1982); figure 8 redrawn from Wright and O'Brien (1982). 
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Figure 4 
A few of the invertebrates that carry chemicals against fish. Clockwise from the upper left, these 

groups and their chemical substances include dytiscids (steroids from the prothoracic glands, acids from 
pygidial glands), corixids and notonectids (aldehydes}, water mites (uncharacterized), and pleids (hydrogen 
peroxide). 

radiance of downwelling daylight and would conceal the normally shaded ventral 
portion of the prey. Subsequent experiments, reviewed in Lythgoe (1979), confirm 
this idea and suggest widespread use of photophores for radiance matching and other 
predator-prey interactions. Thus the possession of bioluminescence is no longer an 
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argument against the predation hypothesis, but rather one now directly tied to it. The 
same can now be said for the co-occurrence of fish and many large-bodied, 
conspicuous invertebrates in ponds. Many of the more active noncrustacean taxa 
seem to employ chemical defenses against fish . 

Chemical Defenses 

The use of chemical defenses by aquatic organisms is probably much more 
widespread than commonly believed, involves a large number of species, and explains 
why many conspicuous organisms fail to avoid visual predators. Many species of 
bugs, beetles, water mites, tadpole larvae, and salamanders are actively rejected by 
fish in laboratory tests (Fig 4). In the case of water mites, exposure to fish selects 
for enhanced unpalatability and aposematism (Kerfoot 1982). Often noxious chemical 
substances are secreted over the body surface or voided on contact (Kerfoot 1982, 
Kerfoot and Scrimshaw, unpublished observations). Identified compounds include 
acids, aldehydes, esters, and even "vertebrate" steroids (Table 3). Preliminary assays 
suggest that the unusual nature of some of these compounds (i .e., different from the 
traditional secondary chemical defenses of terrestrial arthropods) stems from: (1) 
effectiveness in an aquatic medium (Hepburn et al. 1973) and (2) the nature of the 
primary target, i.e., directed against cold-blooded vertebrates (fishes), rather than 
exclusively against arthropods or warm-blooded vertebrates. 

SUMMARY AND CONCLUSIONS 

In recent years interest in vertical migration seems to have increased, inspired by 
preliminary tests of alternative hypotheses. In terms of providing a reason why 
grazers descend at dawn and rise again at dusk, the energetic/metabolic arguments 
appear seriously weakened by overall temperature effects. When demographics are 
framed in a realistic and comprehensive manner, the energetic/metabolic arguments 
neglect the influence of temperature on egg development and maturation. While there 
may be a slight metabolic advantage to resting in cooler waters during half the day, 
temperature differences between upper and lower strata require a major increase in 
fecundity to compensate for developmental delays. Moreover, residence in cool 
waters may actually increase mortality if mortality is presumed time-dependent 
(Ohman et al. 1983). Finally, since migrating individuals usually move away from 
their primary food source, reproduction is much lower for these individuals (see data 
in Stich and Lampert 1981). 

In contrast, the predation and photodamage hypotheses provide reasonable, 
straightforward reasons why zooplankton should descend at dawn and rise again at 

dusk. However, the predation hypothesis is somewhat incomplete as originally 
formulated, since it dealt only with differential survivorship. A more comprehensive 
perspective should address demographic tradeoffs, i.e., evaluate the gain in fecundity 
associated with remaining close to food versus the risk from visual predators. Field 
examples of this approach are the preliminary studies of Stich and Lampert (1981) 
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Table 3 
The chemical defenses of various pond organisms. Information includes 

the taxon, number of species from which compounds isolated, published 
description of glands which manufacture and void substance ( + , name), 
and chemicals. Most of references from Blum (1981) and Dettner (1979); 
water mite information in Kerfoot (1982). 

Taxon Number of Glands Chemical Compounds 
Species 

Hemiptera (Bugs) 

Notonectidae (Backswimmers) 

Notonecta 

Corixidae (Water Boatmen) 

Corixo 
Sigari 

Pleidae (Pigmy Backswimmers) 

PletJ 

Coleoptera (Beetles) 

Dytiscidae (Predacious Diving Beetles) 

Dytiscinlle 

Colylmbetinae 

Hydroporinae 

13 

25 

17 

Gyrinidae(Whirligig Beetles) 

Dineutes 
Gyrinus 

5 

5 

Arachnoidea 

Hydracarina (Water Mites 

I.imnoehares 
Eylais 

Hydrachna 

Piona 

l.imnesia 
Neumania 
Diplodontus 
Arrenurus 

16 

+ p-hydroxy~debyde 

p-hydroxybeozoic acid 

+ 
+ 

trans-4-oxo-bex-2-enal 

trans-4-oxo-bex-2-enal 

0 hydrogen peroxide 

+ 
+ 
+ 

Prothoracic glands with steroids 

9 identified pregnene derivatives, 

8 pregnediene derivatives, 3 non

steroids. Pydidial glands with 

16 identified compounds, including 

acids, esters, and bydorquinone 

+ 
+ 

Pygidial glands with 

4 major compounds: 

gyrinidal, isogyrinidal 

gyrinidione, and gyrinidone 

+ Almost all water mites 

posses numerous skin 

glands (glandularia). 

Compounds uncbaracterized 
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and Ohman et al. (1983), which suggest a 50-250% advantage for prey that move 
away from vertebrate or invertebrate predators. In the future, studies should 
concentrate on certain weak areas: (1) accurate assessment of predator density, size 
structure, and feeding habits, in order to directly or at least indirectly assess the 
potential importance of predation; (2) detailed studies of prey food limitation at the 
intraspecific, interspecific and community levels; and (3) direct exclosure/enclosure 
tests of alternative hypotheses. 

The blue-light photodamage hypothesis provides an exciting revival of an old 
theme and an alternative reason for diel vertical migration. However, chief concerns 
center on light transmission through the water column and on the protective role of 
pigments. While UV radiation has been shown to produce harmful effects in 
surface-dwelling organisms and in shallow-water environments, the association 
between blue wavelengths and carotenoid pigmentation is less convincing and requires 
further research. Studies should be directed at evaluating the influence of short-wave 
radiation on zooplankton behavior, physiology and survivorship, concentrating on 
those wavelengths that penetrate deepest in the water column. 

An intriguing connection between the visual predation and photoprotection 
hypotheses lies in prey pigmentation. Enhanced transparency might increase 
susceptibility to photodamage. Yet resolution of the tie and its relationship to vertical 
migration are complicated by fortuitous side-effects. Migration to avoid visual 
predation automatically reduces exposure to daytime shortwave radiance. These 
drawbacks can be overcome, however, by judicious use of clones (e.g., in Daphnia) 
and by an enclosure design that allows independent manipulation of wavelengths and 
fish. 
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ABSTRACf 

Some physiological mechanisms which enable different groups of algae to undergo depth 
regulation in lakes and oceans are considered. These include buoyancy control in blue-green 
algae by means of intracellular gas vacuoles, "swimming" by flagellates and possible 
mechanisms for varying sinking rates, especially for apparently nonmotile species. The main 
factors affecting active movements of phytoplankton-light, temperature and nutrient 
availability-are compared for different means of locomotion. Rates of movement are 
considered in relation to scales of time and space. Examples from an English lake are used to 
illustrate how behavioral responses of particular species or algal groups may influence their 
production both seasonally and through time. 

INTRODUCfiON 

In this paper algal migrations are defined as the movement of cells under 
physiological control into different habitats according to season, climate and nutrient 
availability . Accumulations of algae in the surface layers of natural waters as a result 
of active movements have been observed since earliest times . The biblical plague in 
which the river turned to blood (Exodus, Chapter 7) has often been attributed to an 
algal bloom. More recently, the conspicuous and often sudden appearance of dense 
masses of phytoplankton in surface waters as "water-blooms" of blue-green algae 
(Cyanophyta) (e.g., Reynolds and Walsby 1975) and "red tides" due to 
dinoflagellates (Pyrrophyceae) (e.g., Eppley, Holm-Hansen and Strickland 1968; 
Berman and Rodhe 1971; Cullen, Horrigan, Huntley and Reid 1982) have been 
intensively studied. These phenomena normally result from upward movements 
frequently coupled with physical aggregation and lateral transport by water 
movements. Besides movements into the surface layers, many phytoplankton undergo 
depth regulation to form maxima at intermediate depths, and some may move in and 
out of the sediments. 
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The physiological mechanisms whereby different algae may exert control over 
their vertical position in the water column have been the subject of many specialist 
studies. Buoyancy regulation mechanisms are common to both marine and freshwater 
phytoplankton and are considered briefly here. They are compared in relation to scales 
of time and space together with the main factors, other than turbulence and advection, 
that influence algal movements. Examples from an English lake are used to illustrate 
how different behavioral responses of particular species or algal groups may interact 
with physical and chemical factors to influence phytoplankton production, both 
seasonally and over periods of years. 

PHYSICAL CONSIDERATIONS 

The physical forces affecting the movement of algal cells may be considered as 
those that control the movement of inert particles suspended in a viscous medium 
relative to the cells. The hydrodynamics of sinking and floating phytoplankton has 
been discussed in detail (e.g., Hutchinson 1967 and Walsby and Reynolds 1980) as 
has the subject of water movements (e.g., Mortimer 1974). Because of these lucid 
accounts only two of the principal considerations are described here. 

For most phytoplankton which sink or float, water moves past in laminar flow 
(Walsby and Reynolds 1980). Under such conditions the terminal sinking velocity of 
cells or colonies, v, is given by the Stokes' equation for nonspherical particles, i.e., 

V = 1_ gr2 (PI - p) T)-I <f>r-I (1)
9 

where g is the acceleration due to gravity, TJ the coefficient of viscosity of the 
suspending medium of density p, PI the density of the cells or colonies of radius r, 
and <f> the "coefficient of form resistance" which is the ratio of the velocity of an 
equivalent sphere to that of cells of similar density and volume. 

Phytoplankton may only regulate their depth when their rates of vertical 
movement exceed that of the surrounding medium. Natural waters are seldom 
motionless, due to the effects of wind and convectional mixing. The degree of 
turbulence is determined by the intensity of vertical density gradients and the work 
required to overcome them. The point at which turbulence overcomes stable horizontal 
flow may be quantified by the nondimensional ratio (density gradient)/(shear )2

, or 
Richardson number, i.e. , 

apga--z
Ri (2) 
~ 
p \-azJ 

where g is the acceleration due to gravity, p the density of water, p is the average 
density of water over the relevant depth interval, u the mean horizontal water velocity, 
and z the depth. Only below a critical value of 0.25 for Ri do turbulence and mixing 
overcome stable horizontal flow; for values between 0.5 and 1.0 the water is 
sufficiently stable for depth regulation by phytoplankton to become possible (Ganf 
1974). Density gradients are often determined in phytoplankton,studies, but current 
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velocities, which would allow calculation of values of Ri, are rarely measured (e.g., 
Ganf 1974; Heaney and Tailing 1980a; Cullen, Stewart, Renger, Eppley and Winant 
1983). Greater reliance is usually placed on intuitive or empirical assessment of 
temperature or density gradients for determining water stability. 

ALGAL MOVEMENTS 

Blue-green Algae 

The principal mechanism of buoyancy control in most planktonic blue-green 
algae, is by the regulation of gas vacuoles. Klebahn (1895) noticed that when 
sufficient pressure was applied to gas vacuoles in blue-green algae, then the gas 
vacuoles disappeared and the algae sank. This early observation was subsequently 
investigated by Walsby (1971) who quantified the pressure relationships of gas 
vacuoles and provided the theory and experimental evidence for gas vacuole regulation 
and buoyancy control (for reviews see Walsby 1972, Reynolds and Walsby 1975). 

Gas vacuoles are aggregates of vesicles with gas-permeable, proteinaceous walls 
which may be collapsed by the application of pressure. In natural waters the pressure 
exerted on these vesicles is the sum of atmospheric pressure, hydrostatic pressure due 
to depth, cell turgor pressure at the vesicle wall, and pressure from surface tension at 
the cell wall and vesicle wall. When these combined pressures are greater than a 
certain critical pressure, the gas vacuole will collapse. Whether a gas vacuolate blue
green alga sinks or floats will depend on its density relative to the suspending 
medium. The cell density will depend upon its relative gas vacuolation and other 
density changes due to changing proportions of major cell constituents of different 
densities such as protein, carbohydrate, lipid and polyphosphate. These components of 
cell density are dependent upon a number of factors including growth rate, the relative 
flux of nutrients to the cells (especially carbon and nitrogen), light and the depth of 
suspension of the cells. 

It has been shown for freshwater blue-green algae that buoyancy regulation due 
to changes of relative gas vacuolation enables a variety of behavioral responses rom 
(1) diel vertical migrations, e.g., Microcystis aeruginosa Kiitz and M. jlos-aquae 
(Wittr.) Kirchn. in tropical Lake George, Uganda (Ganf 1974) and Aphanizomenon 
jlos-aquae (Konopka, Brock and Walsby 1978); (2) the formation of relatively stable 
layers in the metalimnion of some lakes, e.g., Oscillatoria agardhii, var. isothrix, 
Skuja (e.g., Lund 1959, Walsby and Klemer 1974) and (3) seasonal migrations of 
meroplanktonic forms to and from the sediments, e.g., M. aeruginosa (Preston, 
Stewart and Reynolds 1980). The marine genus Trichodesmium contains species with 
gas vacuoles whose vesicles are much stronger than in freshwater forms. Walsby 
(1978) considers this increased strength an adaptation to the greater hydrostatic 
pressure at the depths to which the organisms occur. 

Most effort has been concentrated on the study of gas vacuolation as the major 
means of buoyancy control. However, attention is now being turned to the fine-tuning 
of cell density due to changing proportions of cell constituents mentioned above 
(Oliver, Utkilen and Walsby 1983) and decreasing cell density by increasing cell 
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mucilage (Walsby and Reynolds 1980). 

Diatoms 

There is an increasing awareness and interest in the manner by which diatoms 
can regulate their sinking rate under stable water conditions. A common feature of 
many planktonic diatoms is that senescent cells sink 2-7 times more rapidly than 
actively growing ones (e.g., Smayda and Boleyn 1965, 1966a, b; Titman and Kilham 
1976; Wiseman and Reynolds 1981 ). Nutrient depletion by the major nutrients, carbon 
dioxide and silicon, causes an increase in sinking rate , whereas there is a variable 
response to nitrogen and phosphorus depletion with increased sinking rate in some 
species but decreased in others (Bienfang, Harrison and Quarmby 1982). Three 
discrete levels of sinking rate have been recognized by Eppley, Holmes and Strickland 
(1967) for marine diatoms: (a) neutrally buoyant cells, (b) exponentially growing cells 
which sink, and (c) nongrowing cells which sink more rapidly. As changes of sinking 
rate occur quite rapidly and are reversible, they are generally regarded as being 
physiologically controlled. The physical variables controlling diatom sinking are given 
in Stokes equation (1). Of these r, the effective cell or colony radius, is 
mathematically the most sensitive variable as it is a squared function, but there is little 
evidence of change in r with variable sinking rate. 

Some marine diatoms may alter their density by regulation of the ionic 
composition of the cell sap. Anderson and Sweeney (1978) have shown that cells of 
Ditylum brightwellii (West) Grun. may increase their density by accumulating K + 

and losing Na + from the vacuoles and that such changes of density were sufficient to 
account for observed diel changes of sinking rate. It would seem unlikely that this is 
the sole means of density and sinking rate regulation in marine diatoms, and ionic 
regulation of density is improbable in freshwater of low ionic strength. 

The freshwater diatom Asterionella formosa Hass. sinks more rapidly under 
conditions of phosphorus depletion and senescence (Titman and Kilham 1976) and 
CO 2 depletion (Jaworski, Tailing and Heaney 1981). Sufficient changes of density to 
account for observed changes in sinking rate were not found by Wiseman, Jaworski 
and Reynolds (1983). Neither were they able to determine changes in the 
electrophoretic mobility of the cells with variable sinking rate. This would have 
supported the hypothesis that surface charge effects can alter the viscosity of the 
medium which surrounds the algal cells (Wiseman and Reynolds 1981 ). The 
physiological mechanism controlling sinking rate in freshwater diatoms remains 
unknown and a challenge for future work . 
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Flagellates 

Unlike the two previous groups, flagellates possess an effective and responsive 
means of propulsion. This gives enhanced ability for precise depth regulation enabling 
the algae to obtain optimum optical depth, migrate into nutrient-rich layers and avoid 
detrimental conditions. 

As with blue-green algae, flagellates show a spectrum of behavioral movements. 
They may undertake appreciable diel vertical migrations, e.g., Gonyaulax polyedra, 
Prorocentrum micans, Ceratium fusus, C. tripos (Hasle 1950), and C. hirundinella 
(O.F. Miill.) Bergh (Tailing 1971), form apparently stationary midwater layers, e.g., 
C. hirundinella (Heaney and Tailing 1980a), and form cysts migrating seasonally to 
and from the benthos, e.g., Gonyaulax tamarensis (Anderson and Morel 1979) and 
C. hirundinella (Heaney, Chapman and Morison 1983). 

Planktonic flagellates are mainly phototactic and regulate their vertical position 
during daytime in response to the underwater light climate. Although this response 
may be modified by the physiological and nutrient status of the cells, perhaps through 
geotaxis, it would appear that different species have preferred optical depths. In Lake 
Constance two closely related species of Rhodomonas undergo simultaneous diel 
vertical migrations, but from sunrise until afternoon they adjust their vertical position 
at different depths and irradiances (Sommer 1982). When both species were incubated 
in situ at different depths, there was a vertical niche separation for growth in 
accordance with their vertical distribution (Heaney and Sommer 1984). 

flagellates are reported to undergo diel vertical migrations, descending into 
deep, nutrient-rich layers at night and moving into the euphotic zone during day, and 
so acting as a "nutrient pump" (e.g., Eppley et al. 1968). Such behavior has been 
demonstrated experimentally using cultures in laboratory columns (Heaney and Eppley 
1981 , Cullen and Horrigan 1981). 

There are several observations of migrations in darkness which are not regulated 
by phototaxis (e.g., Eppley et al. 1968, Heaney and Furnass 1980, Cullen and 
Horrigan 1981 ). Although circadian rhythms of migrations may be important, Eppley 
et al. ( 1968) postulated a geotactical response governed by a rhythmic shift of 
organelles within the cells which thus altered the center of gravity. Chapman, 
Livingstone and Dodge (1981) suggested that excysting cells of Ceratium 
hirundinella on the benthos are able to orient by geotaxis and thus swim into the 
illuminated upper zone due to the asymmetric deposition of lipid and carbohydrate into 
the anterior and posterior of the cell (Fig 1 ) . 
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Rates of Movement 

There is a wide range of vertical velocities for algal species from a few 
centimeters per day to almost 100 m per day (Table 1). Swimming speeds for 
vertically migrating flagellates of approximately 1-2 m per hour have been recorded 
(e.g., Hasle 1950, Eppley et al. 1968). 

Production by phytoplankton depends upon maintenance of cells within the 

euphotic zone by turbulent mixing, active movements or both . The depth of the 
euphotic zone may be barely a meter in shallow productive lakes to over a hundred 
meters in deep oligotrophic waters. Although it may seem advantageous to have large 
species with high rates of movement in the latter situation , paradoxically. the opposite 
is generally the case. Small species comprise most of the phytoplankton in 
oligotrophic lakes (e.g., Wetzel 1983. p. 362) and oceans (Bienfang. Szyper and Laws 
1983) and are probably favored because nutrient uptake is enhanced as a result of 
large ratios of surface area to volume. Moreover, because of the large vertical distance 
involved and the low rates of movement of the cells, Bienfang. Harrison and Quannby 
(1982) considered that rapid change of water around the cells is more significant than 
downward movement into nutrient rich layers for nutrient uptake. Larger species are 
more characteristic of productive waters with shallow mixed layers where rapid depth 
regulation in steep gradients of light and nutrients may be more important. 

a 

Figure 1 
Polarization of carbohydrate and lipid reserves in preceratium stage of Ceratium hirundinella: (a) 

light photomicrograph of cell stained with Lugol"s iodine showing deposition of carbohydrate in the posterior 
region; (b) and (c) transmission electron micrographs of sections cut through the anterior and posterior 
regions of a cell showing the distinct segregation of lipid and carbohydrate respectively. Bar == 51J.m (band c 
courtesy Dr. D.V. Chapman). 
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Table 1 
Rates of vertical movements measured for natural and cultured populations 

of diatoms and blue-green algae; NP = natural populations, C = cultures, 
E = exponential phase, S = stationary phase, -Si = silicon depleted, 
- N = nitrogen depleted, - P = phosphorous depleted, -CO 2 = CO 2 

depleted, ~ = sinking, j = floating, +GV = with gas vacuoles, 
-GV = without gas vacuoles. 

Sinking or 
Species Aoating Rate Temperature References 

m ·day -I oc 

Marine Diatoms 

Skeletenoma costatum 
(Grev.) Cleve 

Chaetoceros gracile 
Schutt 

Chaetoceros didymus 
Chaetoceros lauderi 
Ralfs 
Ditylum brightwelli 
(West) Grun. 

Coscinodiscus wailesii 
(Gran et Angst) 

Thalassiosira weissjlogii 
(Grunow) Fryxell and Hasle 

low light ( < 28 wE ·m - 2-s - 1), 

2high light ( > 64 wE ·m - -s -I) 
Thalassiosira cf. nana 
Lohmann 
Thalassiosira rotula 
Meunier 
Rhizosolenia setigera 
Brightwell 

E,C 
-Si,C 
-N,C 
-P,C 

E,C 
S,C 
E,C 

-Si,C 
-N,C 
-P,C 

E 
E,C 
S,C 
E,C 

-Si,C 
-N,C 
-P,C 

E,C 
E,C 

-Si,C 
-N,C 
-P,C 

E,C 
E,C 
E,C 
S,C 
E,C 
S,C 
E,C 
S,C 

0.025 ~ 
0.50 ~ 
0.06 ~ 
0.19 ~ 
0.30 ~ 
1.35 ~ 
0.15 ~ 
0.80 i 
0.15 i 
0.12 ~ 
0.23 ~ 
0.46 ~ 
1.54 ~ 
0.40 ~ 
2.00 ~ 
0.07 ~ 
0.25 ~ 
1.1-1.4~ 

0.25 ~ 
2.30 i 
0.90 i 
2.60 i 

0.10 i 
0.23 i 
0.10 i 
0.28 i 
0.41! 
2.10 i 
0.16 ~ 
1.77! 

16 
16 
16 
16 
15 
15 
16 
16 
16 
16 
20 
15 
15 
16 
16 
16 
16 
20 
16 
16 
16 
16 

15 
15 
15 
15 
15 
15 

2 
2 

1 
3 
4 

4 

1 

1 
5 

6 
6 
7 
7 
7 

7 

2 
2 
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Table 1 (continued) 

Sinking or 

Species Floating Rate Temperature Reference 
m ·day - J oc 

Bacteriastrum hyalinum E,C 0.39 ~ I5 4 
Lauder S,C 1.27~ I5 4 
Nitzschia seriata E,C 0.26 ~ I5 7 
Cleve S,C 0.50 ~ I5 7 

Freshwater Diatoms 

Fragilaria crotonensis NP 0.2-0.65 ~ 8 
Kitton c 0.2-0.80 ~ 8 
Melosira italica 
subsp. subartica NP 1.00~ 0 9 
0. Miill 

Melosira agassizii E,C 0.67 ~ 10 
S,C I.87 ~ IO 

Cyclotella meneghiniana E,C 0.08 ~ 10 
S,C 0.24 ~ 10 

Asterionella formosa E,C 0.20 ~ 10 
Hass. S,C I.48 ~ 10 

-P,C 0.50 ~ 10 
E,C 0.25 ~ 20 II 

-C0 2,C 1.00~ 20 II 
E,C 0.20 ~ 10 I2 
S,C 1.00~ 10 I2 
NP O. I2-0.32 ~ 0 9 

Freshwater Blue-green Algae 

Microcystis aeruginosa NP I .00-1 .50 ~ I3 
Kutz emend. Elenkin NP 0.30-I.50 i I3 

NP 9.20 i I5 
Microcystis aeruginosa NP 92 i 25 16 
Kutz 

Oscillatoria agardhii 
var isothrix NP 0.07-0.70! I3 
Skuja NP O.I4-0.30 i I3 
OscUlatoria agardhii 
var isothrix NP 0.04 i I4 
Aphanizomenon jlos-aquae NP I.40 i I5 
Ralfs ex Born. et Flah. 
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Table I (continued) 

Sinking or 

Species Aoating Rate Temperature Reference 
m ·day -J oc 

Anabaena spiroides 
f. spiroides NP 2.60 f 15 

Kleb. 
Anabaena circinalis NP 5.12 f 15 

Rabenh. ex Born. et Aah. 
Coelosplwerium naegelianum NP 3.60 f 15 

Unger 
Oscillatoria agardhii NP,+GV 0.40 f 17 
Gom. NP,-GV < 0.10 ~ 17 
Oscillatoria redekei C,+GV 0.030 f 20 18 
Van Goor C,-GV 0.025! 20 18 

Marine Blue-green Algae 

Trichodesmium erythraeum 
Ehrenberg 
Trichodesmium thiebautii 
Go mont 
Trichodesmium contortum 
Wille 

NP,+GV 
NP,-GV 
NP,+GV 
NP,-GV 
NP,+GV 
NP,-GV 

0.20 f 
0.18! 

0.06 i 
0.10! 
0.04 i 
0.07 ~ 

19 
19 
19 
19 
19 
19 

References: (I) Bienfang, Harrison and Quarmby ( 1982); (2) Smayda and 
Boleyn (1966a); (3) Eppley. Holmes and Strickland (1967); (4) Smayda and 
Boleyn (1966b); (5) Anderson and Sweeney (1977); (6) Bienfang, Szyper and 
Laws (1983); (7) Smayda and Boleyn (1965); (8) Reynolds (1976); (9) Lund 
(1959); (1 0) Titman and Kilham (1976 ); (II) Jaworski, Tailing and Heaney 
(1981); (12) Wiseman and Reynolds (1981); (13) Reynolds (1978); (14) Walsby 
and Klemer (1974); (15) Reynolds and Walsby (1975); (16) Ganf (1974); (17) 
Walsby, Utkilen and Johnsen (1983); (18) Gibson (1975); (19) Walsby (1978). 

FACTORS AFFECTING ALGAL MOVEMENTS 

The disposition of phytoplankton is governed by the interaction of external, 
internal and species-specific factors. The most important external factors are turbulent 
mixing and gradients of light, temperature, and nutrients. Under stable conditions it is 
the relative flux of energy and the major nutrients in relation to cell need which often 
lead to changes in behavior. Phytoplankton are often observed to aggregate at depths 
conducive to growth or maintenance, although occasionally populations become 
stranded in adverse conditions as with surface blooms of blue-green algae under high 
irradiance. The theoretical framework for factor interaction along intersecting vertical 
gradients for phytoplankton photosynthesis has been discussed by Tailing ( 1979). 
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Table 2 
Factors influencing the vertical orientation and rates of movement of 

diatoms and blue-green algae where S = sinking rate, B = bouyancy, 
+ = increased, - = decreased. Flagellates tend to move to preferred 
optical depths during daytime and C+ and C- indicate constrained upward 
or downward movements respectively. 
examples. 

Factor 

Diatoms High irradiance 

Low irradiance 

High temperature 

Si-depletion 

P-depletion 

N-depletion 

C02-depletion 
senescence 

Blue-green High irradiance 

Algae (gas (Increased turgor pressure) 

vacuolate) Low irradiance 

(Decreased turgor pressure) 

N-depletion (Decreased RGVt) 

C02-depletion 

(Increased RGV) 

P-depletion 

Increased depth 

(Increased hydrostatic 

Pressure) 

Flagellates High irradiance 

N-depletion 

P-depletion 

Temperature gradient 

Anoxic water 

The references give only recent 

Response 

+S 

-s 
+S 

+S 

-s 
+S 

-s 
+S 

+s 

+S 

-B 

+B 

-B 

+B 

-B 

-B 

none 

C+ 

C+ 

C+ 

none 

c
c-

Reference 

I 

2 

3 

3 

3,4 

3 

3 

5 

6 

7 

7 

8 

9 

9 

10,11 

12,13 

14.15,16 

12.13,17 

12 

13 

15,18 

19 

t RGV = Relative gas vacuolation 

(I) Bienfang, Szyper and Laws (1983); (2) Bienfang and Szyper (1982); (3) Bienfang, 
Harrison and Quarmby (1982); (4) Titman and Kilham (1976); (5) Jaworski, Heaney and 
Tailing (1981); (6) Wiseman and Reynolds (1981); (7) Walsby (1971); (8) Klemer, 
Feuillade and Feulillade (1982); (9) Booker and Walsby (1981); (10) Reynolds (1973); 
(11) Walsby (1978); (12) Heaney and Eppley (1981); (13) Cullen and Horrigan (1981); 
(14) Heaney and Tailing (1980); (15) Heaney and Fumass (1980); (16) Sommer (1982); 
(17) Eppley, Holm-Hansen and Strickland (1968); (18) Kamykowski (1981); (19) George 
and Heaney (1978). 
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As a result of the many studies of depth regulation by phytoplankton both in 
nature and in experimental enclosures, some generalizations may be made regarding 
vertical movement in different groups (Table 2). Even acknowledging factor 
interactions and the nuances of behavior of particular species, there are some marked 
differences between groups which play an important role in determining their 
production. For example, diatoms are essentially destined to sink, unlike blue-green 
algae and flagellates which may move up or down. Thus at least an intennittent 
turbulence is necessary for maintaining diatoms within the euphotic zone, whereas 
Pollinger and Zemel ( 1981) have shown that turbulence inhibits cell division in the 
dinoflagellate Peridinium cinctum forma Westii (Lemm.) Lefevre. 

Of particular interest is the effect of CO 2 depletion which can occur in 
productive, soft-water lakes (Tailing 1976). CO rdepleted diatoms cease growing and 
sink more quickly than exponential phase cells (Jaworski et al. 1981), whereas carbon 
depletion in blue-green algae (which usually occurs at a relatively high pH due to the 
ability of these cells to utilize bicarbonate ion (Tailing 1976)) results in increased 
buoyancy through inhibition of photosynthesis and cell turgor pressure regulation 
(Booker and W alsby 1981 ; Klemer, Feuillade and Feuillade 1982). The same factor 
may therefore cause the opposite response in different groups in a complex manner. 

BEHAVIOR AND PRODUCfiON 

The significance of algal behavior in production ecology of phytoplankton 

communities is of growing interest. Species rarely exist in complete isolation from one 

another for long periods of time but coexist in a dynamic and changing environment. 

Production by one species or group depends upon adequate light and nutrients, the 

availability of which may be controlled or influenced by the presence of populations 

of other species. The remainder of this work concerns seasonal and long-tena 

production of diatoms, dinoflagellates and blue-green algae in Esthwaite Water, a 

small productive English lake. For nearly forty years the phytoplankton of this lake 

has been regularly enumerated and the physiological ecology of the major species has 
been studied. This work has provided valuable information concerning the 

interrelationships and population dynamics of algal groups with different behaviors. 

Physical, chemical and biological field data presented here were obtained according to 

the methods described by Heaney and Tailing (1980a) and Mackereth, Heron and 
Tailing (1978). 

Asterionella formosa has usually dominated the vernal algal maximum since the 

first regular counts of Dr. J.W.G. Lund in 1945 until the present day. However, with 

enrichment of the lake in the 1960's the summer biomass has increased due to the 

large populations of the dinoflagellate Ceratium hirundinella, mainly at the expense 

of blue-green algae (Lund 1981) . In some summers the preeminence of Ceratium has 

been such that only very small quantities of other species were present (e.g., Heaney 

and Tailing 1980a). Nevertheless, there have been years during the period of 

Ceratium dominance when appreciable populations of diatoms and blue-green algae 

have occurred during stratification, showing that their growth is possible, given 
suitable conditions. 
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Growth Rates 

Growth rates of unialgal cultures of three important species of algae, the 
dinoflagellate Ceratium hirundinella, 1 the blue-green alga Oscillatoria bourrellyi, and 
the diatom Asterionella formosa, in the plankton of English Lakes, Esthwaite Water 
and Windermere, are shown in Figure 2. Cultures were grown in solution 10 of Chu 
(1942) as modified by Butterwick, Heaney and Tailing (1982) at 20 :±: 2°C and under 
a 12:12 hour light : dark cycle. Illumination was provided by daylight fluorescent 
lamps. Irradiance values (400-700 nm, photosynthetically available radiation, 
calculated in terms of f,LEm - 2-s -I) were measured with a scalar quantum sensor 
(Biospherical Instruments Inc., model QSP 200) submersed in growth medium inside 
the culture vessels. Biomass was determined using the inverted microscope technique 
to obtain cell counts or by attenuance measurements at 680 nm for Oscillatoria. At 
20°C Ceratium grow more slowly and with a higher onset of light saturation for 
growth than the other two species. There was no marked inhibition of growth at high 
irradiances except for Asterionella, but even then its growth remained fastest of the 
algae studied. At low temperatures ( < 1 0°C), both Ceratium (Heaney et al. 1983) and 
Oscillatoria (Heaney, unpublished) grow very slowly, and their growth season is 
accordingly severely restricted. By contrast, Asterionella grows relatively quickly at 
temperatures between 4° and 20°C (Tailing, 1955) enabling it, on temperature grounds 
alone, to achieve rapid growth throughout the year. 

The frequent summer dominance of Ceratium in Esthwaite Water clearly does 
not depend on a higher maximum growth rate than other species. Its success depends 
upon a number of factors discussed by Heaney and Tailing (1980b). These include (a) 
recruitment of the inoculum from overwintering cysts in the sediment, (b) negligible 
grazing by zooplankton due to its large size, (c) relative freedom from parasitic fungal 
attacks on the vegetative cell, (d) high mobility for positioning at preferred optical 
depths during day and vertical migrations into deeper (nutrient rich) layers at night, 
and (e) a low coefficient of self-shading (increment of vertical extinction coefficient of 
light per unit chlorophyll a, as In units ·mg ·m - 2) permitting a higher upper limit of 
chlorophyll a, in unit area of the euphotic zone (Tailing 1971 ). The last characteristic 
may enable Ceratium to utilize more effectively the available nutrients and obtain a 
greater biomass before becoming light-limited through self-shading. 

Of as great importance for summer phytoplankton production are the factors 
which perturb the usual slow but steady growth of Ceratium and enable other species 
to grow. Of these the most obvious is the severity of the weather and its effect on the 
stability of stratification. 

1. There is some uncertainty as to the correct taxonomic position of this alga which has some 
characteristics of C. furcoides (Levander) Langhans. 
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Figure 2 
Growth rates of Ceratium hirundinella, Oscillatoria bourrellyi, and Asterionella formosa at different 

irradiances; cultures were grown at 20 ± 2°C under a 12:12 hour light:dark cycle. 

Weather Induced Long-term Changes 

A measure of the stability of the epilimnion or upper mixed layer during 
stratification is the value of N 2 (Mortimer 1974 ), i.e., 

(3) 

where N is the Brunt-Vaisala frequency. Values were calculated weekly from 
temperature data for the 0-6 m layer from mid-June until the end of August from 
1971 -1983. The mean weekly values are given in Figure 3 together with the 
maximum summer biomass (as volume) over the 0-5-m layer for Ceratium and 
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diatoms (mainly Asterionella formosa Hass., Fragilaria crotonensis Kitton and 
Tabellaria flocculosa (Roth.) Kiitz. var. asterionelloides); the maximum biomass for 
Asterionellla during spring is given for comparison. Appreciable summer diatom 
populations were obtained only during cool windy years with weak stratification (mean 
weekly N 2 < 5 x 10-4 s - 2 ) as in 1974, 1980, 1981, whereas warm summers with 
well-developed stratification and high average N 2 as in 1975-79, 1982 and 1983 
were characterized by the virtual absence of diatoms and large populations of 
Ceratium. The relatively poor production of Ceratium during 1983 was due to an 
unusual fungal epidemic during exponential growth (Canter and Heaney 1984). 
Interestingly this enabled the development of a dense population of Microcystis 
aeruginosa Kiitz. emend. Elenkin. 

Examination of all the individual summer diatom growths over this 13-year 
period showed no diatom increase with stability, as N 2, of greater than 
4 X 10-4 S - 2. 

Seasonal Changes 

Algal growth during stratification depends not only on the degree of turbulent 
mixing but also on there being enough time for the interaction of other controlling 
factors. These include the depletion of major nutrients (Si, C, N, P) and the 
associated change of growth and sinking rates, losses due to grazing and parasitism, 
and the relative success of other species. 

Both 1980 and 1981 provide good examples of cool windy summers with 
episodic, deep turbulent mixing and diatom growth. The annual population maxima of 
Ceratium, diatoms and blue-green algae in the 0-5-m layer are shown in Figure 4; 

2also indicated are periods of high stability (N 2 > 4 x 10-4 s - ), high pH/low CO 2 

concentration (pH > 9.0), and silicon depletion, defined as insufficient dissolved 
silicon to support a population doubling (Si as SiO 2 < 0.1 mg ·I - 1). Summer diatom 
populations in both years show distinct maxima of varying frequency and amplitude 
which may be related to physical stability, nutrient depletion and parasitism. Periods 
of rapid diatom increase had little pronounced effect on the population cycle of 
Ceratium except in June 1981 after some exceptionally severe weather. Four of the 
diatom maxima (Fig 4 A-D) merit explanation: 

A. In 1980, dry warm weather during April and May resulted in strong stratification 
and a decline of the diatom spring maximum to low numbers. By June and July, 
recovery of dissolved silicon and increased turbulence enabled diatom growth 
(Asterionella and Tabellaria) until limited by high pH/low CO 2 supply. The 
increased sinking rate observed in culture for Asterionella under CO 2 depletion 
c~t.o m ·d -l (Jaworski et al. 1981)) would result in the rapid decline of diatoms 
in the lake during early August when stability increased . 

B. During the middle of August 1980 there was a large, unexplained mortality of 
Ceratium, a deepening of the mixed layer, CO 2 resupply and renewed growth of 
Asterionella, Tabellaria and smaller numbers of Fragilaria until limited by 
silicon depletion and fungal infection. All diatom species then declined and were 
replaced by a large growth of Anabaena spp. 
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Figure 3 
Relationship between (a) mean weekly stabilit)" IN:) in Esthwaite Water CO-~m layer) from mid

June until end of August, and maximum summer biomass (0- 5-m layer) from beginning of July until end of 
August for (b) diatoms, and (c) Cerotium hirundindla: (d) the maximum spring biomass for the usual 
dominant alga Asterionella formosa is given for comparison. 

C. In contrast to 1980, April and May 1981 were cold and wet with almost complete 
mixing of the lake at the end of April. This resulted in a shallow decline of the 
spring diatoms. After a period of stability and silicon recovery there was another 
mixing episode in June with a large increase of Tabellaria until limited by silicon 
depletion. Rapid sedimentation followed with renewed water stability. 

D. Further mixing in July and silicon renewal initiated a regrowth of Tabellaria until 
cessation in August due to conditions of high pH and low CO 2 concentrations. 
Physical stability, and high pH/low CO 2 concentrations due to photosynthesis of 
large populations of Ceratium and Anabaena spp. inhibited further summer 
diatom growth. 

As well as major episodes of deep turbulent mtxmg described here, there is 
usually a regular daily wind pattern during anticyclonic weather in summer (George 
and Heaney 1978). These regular light-to-moderate morning and afternoon winds, with 
consequent mixing near the surface, prevent the formation of surface blooms of blue
green algae but may also favor Ceratium with its more effective depth regulation. 
Only at times of high mixing and rapid diatom growth during the summer (Fig 4) is 
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Figure 4 
Annual population maxima as volume in the 0-5-m layer of Esthwaite Water in 1980 and 1981 for 

diatoms (stippled), dinoflagellates (box), and blue-green algae (o) in relation to periods of physical stability 
(N 2

), (0-6-m layer), silicon depletion (insufficient silicon for a population doubling) and high surface water 
pH; the major summer diatom growths are indicated A-D. 

there an indication of reduced growth rate of Ceratium populations. The cause of 
such depressions of Ceratium growth is not clear but may be due to impaired ability 
to depth-regulate to favorable light and nutrient conditions, or the direct interference 
with cell division by turbulence (Pollinger and Zemel 1981 ). 

Rapid alterations of phytoplankton species composition due to physical mixing 
have been artificially induced in experimental enclosures in lakes by Reynolds, 
Wiseman, Godfrey and Butterwick (1983) with similar results to those obtained by 
natural mixing here. The critical value for N 2 of 0.4-5 X 10-4 s - 2 which correlates 
with the resuspension and maintenance of diatoms in the upper mixed layer is similar 
to that found by Harris ( 1983) to occur during partial overturns in Hamilton Harbour, 
Ontario. 

The present results illustrate the 11 tortoise and the hare 11 nature of phytoplankton 
assemblages in some shallow productive lakes where slow-growing algae that have 
rapid and precise depth regulation such as Ceratium can come to dominate over faster 
growing algae dependent upon turbulent mixing to maintain them in the euphotic 
zone. 
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ABSTRACf 

Some dinoflagellates are capable of sustained directed swimming, traversing about 10 m 
in the course of diel vertical migration. In coastal regions of the sea with stratified water 
columns, this behavior probably leads to enhanced growth. During the day, migrating 
dinoflagellates exploit high levels of irradiance near the surface, where low concentrations of 
inorganic nitrogen would normally limit growth; at night they descend to a layer where readily 
available nitrate is utilized to fulfill metabolic requirements. This process involves physiological 
as well as behavioral adaptations, because the uptake and assimilation of nitrate represents an 
unusually large metabolic demand during the dark period. An adaptation to diel irradiance, 
generally distributed among plants, is apparently capable of managing the special requirements 
of some migrating dinoflagellates: photosynthate is stored as carbohydrate during the day to be 
utilized at night to support the uptake and reduction of nitrate. A simple biochemical mechanism 
of source-sink regulation may have a central role in allocating photosynthate such that supply 
and demand are balanced over a diel cycle. Behavior of vertical migrators is flexible and tied to 
physiology so that behavior acts to regulate metabolism. The net result is optimization of 
growth rate within the constraints of an ecological strategy. 

INTRODUCfiON 

In the context of migration, let us consider the dinoflagellates: the nature of 
their migration, the adaptive significance, and the physiological and behavioral 
mechanisms involved. Dinoflagellates are unicellular planktonic organisms capable of 
directed swimming by means of two flagella. A dinoflagellate, 50 J.Lm in length, can 
sustain swimming velocities of 1 m·h- 1 or more (e.g., Eppley, Holm-Hansen and 
Strickland 1968). In several dinoflagellate species, this swimming is directed into diel 
vertical migration (DVM), whereby a population will move vertically, phased to the 
diel cycle of solar irradiance (Forward 1976, Weiler and Karl 1979). This behavior 
commonly entails aggregation near the surface during the day and descent at night, 
with a vertical range on the order of 10 m. Vertically migrating populations of 
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dinoflagellates sometimes form red tides, the dense aggregations of algae that discolor 
coastal waters (Holmes, Williams and Eppley 1967). Although dinoflagelates 
undertake DVM in both the sea and freshwater under similar constraints, the work 
herein will mainly be concerned with events in coastal marine environments. 

Several approaches have been employed to study the DVM of dinoflagellates. 
Observational studies (e.g., Hasle 1950, 1954 and references therein; Eppley et al. 
1968; Blasco 1978) have provided the data from which hypotheses have IA!en 
developed. As a result much bas been learned of bow the rates and timing of vertical 
migration are affected by environmental influences (cf. Eppley et al. 1968, 
Kamykowski and Zentara 1977, Heaney and Eppley 1981) and also how water 
movements such as internal waves or two-layer flows interact with vertical migration 
to promote the development of red tides or other ecologically important aggregations 
of dinoflagellates (Seliger, Carpenter, Loftus, Biggley and McElroy 1970; 
Kamykowski 1974; Seliger 1981; Brink, Jones, Van Leer, Mooers, Stuart, Stevenson, 
Dugdale and Heburn 1981). 

Dinoflagellates are known to thrive where vertical gradients of light, temperature 
and nutrients are pronounced (Holmes et al. 1967, Margalef 1978). As a result, 
studies conducted in the laboratory have considered the biological responses of 
dinoflagellates to time-varying external conditions as determined by the migration of 
phytoplankters through vertical gradients. These studies have involved examining the 
physiology or behavior of dinoflagellates in response to light, temperature, salinity, or 
nutrients, varied individually (Hand, Collard and Davenport 1965; Harrison 1976; 
Forward 1976 and references therein; Kamykowski 1981a; Harding, Meeson and Tyler 
1983). Results of such studies can be crucial in describing ecologically important 
phenomena. For instance, the avoidance of low salinity water by the red-tide 
dinoflagellate Prorocentrum mariae-lebouriae (Parke and Ballentine) Loeblich leads 
to confinement of a population in a subsurface layer that is transported from the 
southern Chesapeake Bay to the northern bay, where a bloom occurs annually (Tyler 
and Seliger 1978, 1981). 

Recent work has demonstrated that in some ecologically relevant situations, the 
effects on DVM of any one environmental factor cannot be viewed in isolation: for 
example, several factors can strongly influence DVM simultaneously, as when 
nitrogenous nutrition substantially modifies the light- and temperature-dependent 
vertical movements of dinoflagellates grown in stratified water columns (Heaney and 
Eppley 1981; Cullen and Horrigan 1981). Progress in understanding the DVM of 
dinoflagellates thus depends on better appreciation of the action of all factors, internal 
and external, that influence the behavior and growth of migrating phytoplankton 
(Kamykowski 1979). Ideally, the functional relationships between interacting factors 
can be.described so the behavior of dinoflagellates can be represented by simple but 
realistic models. 

In this paper, I focus attention on the physiological correlates of DVM and 
postulate an underlying regulatory mechanism that may operate in a simple fashion to 
optimize the growth rate of vertically migrating phytoplankton within the constraints 
of the ecological strategies of different species. The interaction of light and nutrients 
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in affecting the behavior and growth of migrating phytoplankton can thereby be 
considered within a conceptual framework that encompasses both the holistic concept 
of "optimization" and a mechanistic description of biochemical regulation. It is hoped 
that this proposition will incite a fresh look at the interaction of light and nutrients in 
the context of migration of phytoplankton in natural waters. 

THE ADAPTIVE ADVANTAGES OF DVM 

It might be expected that DVM of dinoflagellates confers upon them some 
benefit in terms of net growth rate in the natural environment, this benefit being the 
"adaptive advantage" of DVM. The potential adaptive advantages of DVM can be 
divided into those that enhance the specific growth rate of the organisms and those 
that reduce losses due to predation, sinking or physical transport to regions 
unfavorable for growth. Indeed, it has been shown that the DVM of dinoflagellates, as 
it interacts with hydrographic motions, can produce a concentration mechanism that 
helps to maintain populations in specific environments (Seliger et al. 1970, Tyler and 
Seliger 1978, 1981; Kamykowski 1974, 1981b). Also, resistance to predation (Wyatt 
and Horwood 1973; Fiedler 1982; Huntley 1982) is clearly an adaptation that would 
enhance persistence of a population. Without detracting from the potential importance 
of these types of adaptations to the ecological success of dinoflagellates, I would like 
to focus on physiological mechanisms that might, in conjunction with DVM, enhance 
specific growth rates of phytoplankton. These mechanisms should be important 
because regardless of why dinoflagellates migrate, natural selection fosters 
physiological adaptations that maximize specific growth rates within the constraints of 
ecological strategies. Further, I choose to concentrate on the migration of 
dinoflagellates in stratified coastal waters nearshore, where red tides and other 
ecologically important aggregations of dinoflagellates can occur (e.g., Holmes et al. 
1967, Tyler and Seliger 1981, Lasker 1975, Huntley 1982). An important 
characteristic of these coastal systems is a sharp gradient of nitrate concentration in the 
euphotic zone, within the range of vertical migration (e.g., Cullen, Stewart, Renger, 
Eppley and Winant 1983). 

The Physiological Benefit of DVM 

Although the potential influence of DVM on the growth of dinoflagellates has 
been studied, the subject has not been recently reviewed and a strong consensus on the 
physiological advantages of DVM has yet to be developed. Accordingly, a brief 
critique is in order. 

Gran ( 1929) recognized that the motility of dinoflagellates enabled them to 
exploit the dissolved nutrients over a relatively large part of the water column, 
attaining in the process higher densities than nonmotile diatoms under conditions of 
stratification and nutrient depletion. Holmes et al. (1967) presented calculations which 
indicated that the concentrations of particulate nitrogen which were associated with 
red-tide blooms of dinoflagellates could develop only if dissolved nitrogen were taken 
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up through much of the water column and concentrated as cellular material by 
phototactic phytoplankton. A hypothesis was presented to explain how some 

dinoflagellates attain high concentrations in surface waters ~ven though nitrate is 
depleted and the water is thus unable to support net growth of phytoplankton. At 

night, dinoflagellates descend to a layer where readily available nitrate is utilized to 

fulfill growth requirements; migration to the surface during the day produces visible 

blooms that are commonly observed (Holmes et al. 1967, Eppley et al. 1968). The 

optimization of growth rate is illustrated by considering the limitations which affect a 
nonmotile phytoplankter. In the surface layer, nutrients limit growth; if the organism 

grows where nutrients are adequate, light limits growth (Dugdale 1967). Nocturnal 

uptake of limiting nutrient is thus hypothesized as an important adaptive advantage of 
DVM (Eppley and Harrison 1975, Harrison 1976). 

Tests of the hypothesis that nocturnal uptake of nitrate is important to migrating 
dinoflagellates have involved demonstration of the physiological capacity to assimilate 
nitrate in the dark and attempts to quantify the relative importance of light versus dark 

uptake of nitrate by populations of migrating dinoflagellates. Given the complexity of 
interacting factors that affect migratory phytoplankton in the sea, one would hope that 
experiments on populations in nature could resolve the validity of the hypothesis. 
Results of experiments in the field are the subject of some contention, however. 

Packard and Blasco (1974) and Macisaac (1978) performed studies on a "natural 
population dominated by Gonyaulax polyedra." Packard and Blasco's measurement 
of nitrate reductase activity suggested that Gonyaulax polyedra (Stein) has a special 
ability to assimilate nitrate in the dark: little diel va:iation in nitrate reductase activity 
was observed. In contrast, similar measurements on diatoms show a pronounced drop 
in nitrate reductase activity at night (Packard and Blasco 1974). It was also observed 
that the reduction of nitrite to ammonia could proceed with NADH as a cofactor rather 

than NADPH, as is common for algae and higher plants. Packard and Blasco pointed 
out that reduction of nitrate to ammonium was thus not tied to photosynthesis and 
could proceed at night. Macisaac (1978) measured rates of nutrient uptake using the 

stable isotope 15N as a tracer. She found that rates in the dark were clearly insufficient 
to support active growth of a population. In reference to the hypothesis that 
dinoflagellates have a special capacity for uptake of nutrients in the dark, she states 
that her results "do not support this hypothesis, nor does it appear that any special 
cellular characteristics beyond migration are required to explain occasions of 
dinoflagellate dominance." Recently, Dortch and Maske ( 1982) studied a bloom 
dominated by Gymnodinium sanguineum (splendens) K. Hirasaka, a motile, 

nonthecate dinoflagellate. They measured enzyme activities and rates of nitrate uptake 

and concluded that rates in the dark were significant and that the development of the 
population could probably be attributed to vertical migration and nocturnal uptake of 
nutrients. 

The apparent conflict between Macisaac's findings and those of others can 
probably be resolved by considering the types of measurement made and the 
environmental context. First, the coastal upwelling system off Baja California, site of 

the studies by Packard, Blasco, and Macisaac (cf. Walsh, Kelley, Whitledge, 
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Macisaac and Huntsman 1974), was much more energetic and less vertically stratified 

than the red-tide environments described by Holmes et al. ( 1967) and thus may 
represent a different but no less interesting situation in which dinoflagellates can out
compete diatoms (cf. Blasco 1977). It should be noted in this regard that despite the 
characterization of the population as dominated by Gonyaulax, the organism 
constituted, on the average, much less than half the biomass of the phytoplankton, not 
the type of domination characteristic of red tides (Blasco 1977). Second, field 

measurements of nitrogen uptake utilized relatively large inoculations of tracer 
(1 0 J.Lg-at N · 1-I) so that in situ rates of uptake were not direct Iy measured. Because a 
primary reason for the importance of nocturnal nutrition is the absence of external 
nutrients in surface waters during the day, in situ rates rather than maximal rates, are 
preferable data. The hypothesis concerning the relative importance of nocturnal nitrate 
uptake was therefore not tested in an entirely appropriate fashion. 

Unlike experiments on natural populations, laboratory studies on cultures of 
dinoflagellates have produced clear-cut results. The red-tide dinoflagellate Gonyaulax 
polyedra, grown in a light-dark cycle, could indeed satisfy its requirements for growth 
with nitrate taken up during the dark period (Harrison 1976). Experiments performed 
on cultures grown in 2-m water columns confirm that migrating populations of 
dinoflagellates can grow on inorganic nitrogen obtained during nocturnal descent. 
Evidence included disappearance of nitrate from the medium during the dark period 
(Cullen and Horrigan 1981) and a rapid increase of cellular N and subsequent 
continuation of growth after nocturnal exposure to nitrate (Heaney and Eppley 1981). 

It should be noted that the perceived ability of an alga to take up and assimilate 
nitrate nocturnally can be in large part determined by the conditions under which the 
experiments are performed. For example, the migratory dinoflagellate Heterocapsa 
(Cachonina) niei (Loeblich ill) Morill and Loeblich has been characterized as having 
a limited ability to take up and reduce nitrate at night (Hersey and Swift 1976). 
Consistent with this pattern, a synchronous culture of Heterocapsa exhibited no net 
synthesis of protein during the dark period of a diel cycle (Loeblich 1977). An 
experiment performed in our laboratory demonstrates that a modification of culture 
conditions can elicit a pronounced change in the magnitude of nocturnal nitrate 
assimilation. This is shown in Figure 1 where a culture of H. niei, grown with 
adequate nitrate in the media, takes up about 60% less nitrate nocturnally as compared 
to during the day. After a short period of nitrate depletion, the culture readily takes up 
and reduces added nitrate either during the light or dark period. Vertical migration of 
H. niei into a nutrient depleted surface layer during the day may be analogous to our 
experimental manipulation in that it may induce sufficient internal nitrogen depletion 
to stimulate effective nitrate uptake at night (e.g., Harrison 1976). It is interesting that 
this response is not restricted to vertical migrators. Our results for a similar 
experiment on the diatom Skeletonema costatum (Greve.) Cleve were nearly identical 
(results not shown), and both sets of results were generally consistent with the 
observed responses of other types of microalgae such as Chlamydomonas and 
Dunaliella (Syrett 1981). 
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Figure 1 
Diel pattern of nitrate uptake as affected by nitrogen depletion: HeteroaJpstJ niei. Two cultures were 

grown at 20"C on a 12: 12 light-dark cycle with photon flux density of 125 .,..E·m- 2 
•s - 1

• All nutrients were 
present in excess except nitrate, which was initially 50 ..._g-at N-1- 1

• 

A. Pattern of nitrate depletion: nitrate was depleted by day 8 and remained undetectable thereafter. 
On days 9 and 10, at the beginning of the light and dark periods, subsamples from the nitrate depleted 
cultures were inoculated with nitrate at 30 ..._g-at N ·1 - 1

• Concentrations at the beginning and end of each 
12 h incubation period are plotted. 

B. Rate of uptake: the specific rate of uptake of nitrate (v: ..._g-at nitrate-N taken up per .,..g-at cellular 
N per day) was calculated using an exponential model, N, = NaeVI where N is cellular nitrogen (sum of the 
initial inoculum and the cumulative nitrate-N taken up). and t is 0.5 days. The dimension of v is d- 1

• 

Measurements of intracellular nitrate + nitrite indicated that concentrations were sufficiently low to be 
ignored in these calculations. Error bars connect determinations for the two independent cultures, grown in 
parallel. Unpublished data of J.J. Cullen and Zhu Mingyuan. 

Due to the severe limitations on experimentation on migrating populations at sea 
(Dortch and Maske 1982), an accurate description of the nutritional patterns of natural 
populations of migrating dinoflagellates will be difficult to obtain. Meanwhile, the 
hypothesis relating the success of some migrating dinoflagellates to the nocturnal 
uptake of nutrients should be retained. 
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PHYSIOLOGICAL CORRELATES OF DVM 

As described above, diel vertical migration exposes the cell to an unusual type 
of environmental variability: a large diel variation of external nutrient concentration 
with a maximum at night. Such variation is exceptional if not unique with respect to 
phytoplankton. The diel pattern of nutrition, with nitrate uptake predominantly in the 
dark, is equally unusual. From an evolutionary perspective, one might suggest the 
DVM has been selected for in these dinoflagellates because they can take up nitrate in 
the dark. Considering experimental results demonstrating the inducibility of nocturnal 
nitrate uptake (Fig 1 and Syrett 1981 ), one could propose the alternate hypothesis that 
the nocturnal uptake of nitrate by dinoflagellates can be attributed primarily to their 
ability to migrate vertically. These hypotheses can be addressed by identifying the 
physiological correlates of DVM and considering the degree to which observed 
patterns represent specialized physiological adaptations to DVM rather than normal 
responses to an unusual regime of environmental variability imposed by DVM. An 
examination of the responses of plants to a diel-varying environment is illuminating in 
this context. 

Unicellular algae and higher plants have adapted to spending about half their 
lives in the dark by maintaining metabolic processes in the absence of light at the 
expense of photosynthetic products stored during the day. A manifestation of this 
adaptation is a diel cycle in the concentration of starch or some other carbohydrate 
(Preiss and Levi 1979; Cook 1966; Eppley, Holmes and Paasche 1967; Loeblich 1977; 
Foy and Smith 1980; Fig 2). The regulation of starch synthesis is thus a subject of 
special interest because it is clear that regulatory processes are effective in matching 
the diurnal accumulation of starch to the nocturnal demand. Geiger and Giaquinta 
(1982) and Challa (1976) have shown that in the leaves of some higher plants the rate 
of accumulation of carbohydrate is inversely related to the length of the photosynthetic 
period such that relatively greater quantities of carbohydrate are available for longer 
nights. Experiments conducted on blue-green algae yield similar results (Foy and 
Smith 1980). These observations support a hypothesis that the accumulation of 
carbohydrate results from a 11 programmed synthesis that is influenced by the energy 
demand of the diurnal dark period 11 (Chatteron and Silvius 1979). This hypothesis is 
relevant to the study of dinoflagllate migration because assimilation of nitrate 
represents a large demand for metabolites (reductant, carbon skeletons and A TP; Syrett 
1981, p. 201): according to the hypothesis, the diurnal accumulation of carbohydrate 
should be dependent to some extent on the amount of nitrate assimilated at night; in 
tum, nocturnal nitrate assimilation depends on storage products such as carbohydrate. 

It is instructive to think in terms of a source-sink balance, well recognized in the 
plant literature but incompletely understood (Wareing and Patrick 1975). The source is 
photosynthesis and the sink, broadly speaking, is metabolism and growth. When 
considering the leaves of higher plants, a major sink is sucrose for export through the 
phloem (Geiger and Giaquinta 1982), whereas in unicellular algae, the synthesis of 
protein is typically the important end product (Myers 1951). 
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Figure 2 
Diel vanahon in carbohydrate content of plants grown on light : dark cycles. Heterocapsa 

(Cachonina) niei, a dinoflagellate which is known to migrate but is considered to have a limited ability to 
assimilate nitrate at night (Hersey and Swift 1976, Loeblich 1977): x, carbohydrate (dextrose equivalents, 
phenol-sulphuric acid method); filled boxes, particulate nitrogen (micro-Kjeldahl method). Logarithmic 
transform: error bars represent the 95% confidence limits for carbohydrate, and the range of duplicates for 
nitrogen (when the range exceeds the dimension of the symbol). Culture conditions as in Fig I, except 
nitrate was present in excess. Unpublished data of Zhu Mingyuan and J .J. Cullen. 

Empirical evidence consistent with source-sink regulation in the allocation of 
photosynthate is plentiful. The C/N ratio in algae is responsive to the ratio of source 
(photosynthesis) to sink (nitrogen assimilation and concurrent protein synthesis) in a 
pattern that of course reflects the relative rates of carbon assimilation and nitrogen 
assimilation but which also facilitates restoration of a typical C/N balance upon return 
to optimal conditions after a period of deprivation ( cf. Myers 1951; Eppley and 
Renger 1974; Lehman and Wober 1976; Morris 1981; Syrett 1981; Rivkin, Voytek 
and Seliger 1982). The plasticity of CIN is attributable in large part to accumulation 
and mobilization of carbohydrate, although Fogg (1959) implicates lipid. Carbohydrate 
is accumulated in response to nutrient depletion or to increments of supersaturating 
light intensity (source exceeds sink), and it is degraded in darkness, in the absence of 
C02, or when adequate nutrients are restored after nitrogen depletion (sink exceeds 
source). Similarly, in the leaves of higher plants, starch levels also respond to 
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experimentally imposed changes in the source-sink balance. After other leaves in the 
plant are shaded to increase demand for sucrose, starch levels in the lighted leaf 
decline in a reversible response (Thorne and Koller 1974), whereas when a leaf is 
removed to minimize sinks for photosynthesis, starch is accumulated in the leaf at a 
greater rate than when attached (Heldt, Chon, Maronde, Herold, Stankovic, Walker, 
Kraminer, Kirk and Heber 1977). 

Biochemical studies of the regulation of starch formation are consistent with the 
notion that the accumulation of carbohydrate is governed by a source-sink balance. 
Central to the regulatory scheme is the ratio of 3-phosphoglycerate (PGA) and other 
photosynthetic intermediates to inorganic phosphate (Pi) in the chloroplast (Preiss and 
Levi 1979, Heldt et al. 1977). If the utilization of photosynthetic intermediates for 
metabolic processes is less than the production by photosynth~sis, PGA accumulates 
and the production and storage of starch is stimulated; if the demand for intermediates 
exceeds the supply, starch will be degraded and utilized. As far as the primary 
products of photosynthesis are concerned, drains to sucrose or protein synthesis may 
act equivalently, given that an efficient shuttle (Heldt and Rapley 1970; Kelley, 
Latzko and Gibbs 1976; Heldt et al. 1977) promotes transfer of PGA, triosephosphates 
and Pi across the chloroplast envelope, thus assuring unobstructed communication 
between source and either sink (cf. Bassham and Buchanan 1982). It is thus 
reasonable to assume as a working hypothesis that source-sink regulation of 
carbohydrate metabolism, essentially as described for higher plants (and cyanobacteria: 
cf. Lehman and Wober 1976, Foy and Smith 1980), applies to microalgae in general. 

Specifically, I would like to suggest that this nonspecialized biochemical 
mechanism is sufficiently flexible to support the physiological correlates of DVM, 
enhanced storage of carbohydrate during the day and significant uptake and 
assimilation of nitrate at night at the expense of carbohydrate. This mechanism of 
source-sink regulation bridges the temporal gap between dark and light metabolism 
such that photosynthesis during the day can affect nitrate assimilation at night and 
nocturnal nutrition can determine the allocation of photosynthate during the day. 
According to the source-sink hypothesis, when migration through a subsurface 
nutricline forces a diel cycle on the availability of nitrate, nitrogen deficiency during 
the day should stimulate the accumulation of carbohydrate (Mykelstad 1974; Haug, 
Myldestad and Sakshaug 1979), concurrently enhancing the capacity for sustained 
uptake and reduction of nitrate in the dark. If inorganic nitrogen is depleted 
throughout the water column, accumulated carbohydrate is not mobilized at night and 
the carbohydrate content and C/N of the population will rise dramatically in a well
recognized response to depletion of nitrogen (Strickland, Holm-Hansen, Eppley and 
Linn 1969; Heaney and Eppley 1981; Cullen and Horrigan 1981). As discussed later, 
there are behavioral as well as physiological responses to sustained nutrient limitation. 

Few data are available to examine directly the regulation of metabolism during 
DVM. However, some preliminary observations (J.J. Cullen and Zhu Mingyuan, 
unpublished) are consistent with the principles of source-sink regulation as outlined 
above. A culture of Heterocapsa niei, grown at 20°C, L:D 12:12, with nitrate as a 
nitrogen source (Fig 3A), displays a regular diel pattern of carbohydrate : nitrogen 



144 John J. Cullen 

content indicative of balanced growth over 24 h, which was accomplished by 

matching the diurnal accumulation of carbohydrate to the nocturnal demands. 

Immediately after nitrogen is depleted from the media, relative synthesis of 

carbohydrate during the day is enhanced (as might be expected, given that N is 

unavailable) and nocturnal utilization of carbohydrate is reduced, due presumably to 

the restriction of catabolic activity by N-depletion. The net result is a rapid, 

substantial increase in carbohydrate : nitrogen comparable to that observed in 

numerous studies on the effects of nitrogen depletion (e.g., Haug et al. 1979). 

Exposure of subsamples from the nitrogen-depleted culture to nitrate at 30 J.Lg-at·1- 1 

resulted in vigorous uptake and reduction (Fig 1) and concomitant changes in 
carbohydrate metabolism (Fig 38 and C). Net synthesis of carbohydrate was reduced 

if nitrate was added at the beginning of the light period and consumption of 

carbohydrate in the dark was greatly enhanced by the addition of nitrate at the 
beginning of the dark period. 

By comparing the magnitude of nocturnal nitrate uptake with the amount of 

excess carbohydrate utilization associated with the uptake (Fig 3B and C), a rough 

stoichiometry can be calculated (Table 1 ): for each nitrate ion taken up and reduced, 

about 6 CH20 units of starch are utilized, theoretically enough to supply the necessary 

electrons, A TP, and carbon skeletons for assimilation of nitrate to cell proteins ( cf. 

Syrett 1955, Raven and Beardall 1981). Some aspects of source-sink regulation are 

thus illustrated. The presence of a nitrogen source during the day affects the degree to 

which carbohydrate accumulates, and the nocturnal utilization of carbohydrate is to a 

large extent dependent on the uptake of nitrate. These data are not sufficient to 

demonstrate that enhanced diurnal accumulation of carbohydrate associated with 

nitrogen depletion is necessary to fuel nocturnal nitrate assimilation associated with 

vertical migration through a nitrate gradient. Experiments to test this hypothesis are 

underway. 
It is noteworthy that the behavioral patterns of some vertical migrators seem to 

be closely linked to physiological responses to nutrition. Laboratory experiments have 

shown that when nutrients are replete throughout the water column, vertical migration 

is such that the maximum time is spent near the surface, within the constraints of 

completing nocturnal descent. When nitrate is depleted in the surface layer, behavior 

is modified to provide more exposure to nutrients at depth while still maintaining a 

high rate of photosynthesis during the day. Gonyaulax polyedra increases its exposure 

to nutrients by beginning its nocturnal descent early (Heaney and Eppley 1981), 

whereas Gymnodinium sanguineum (splendens) restricts its diurnal ascent to a 

subsurface layer, often close to the nitracline, in w11ich light intensity is approximately 

saturating for photosynthesis (Cullen and Horrigan 1981). When nitrogenous nutrients 

are not available within the range of vertical migration, the pattern of migration in 
Gonyaulax polyedra is modified further such that it no longer migrates to the surface 

during the day. These behavioral changes occur when excess carbohydrate 

accumulation as depicted in Figure 3A would be expected. It is possible then, that 
changes in behavioral patterns are directly associated with changes in chemical 

composition or physiological state. Better studied are the responses of cyanobacteria 
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Figure 3 
Diel variation of carbohydrate content of Hnnocapsa niei as affected by nitrogenous nutrition. Same 

experiment as described in Fig 1. 
A. Carbohydrate/nitrogen (ratio by weight): o and x are independent replicate cultures. Carbohydrate 

measured by the phenol-sulphuric acid method. Nitrogen, as nitrate, was depleted from the media on day 8. 
Cellular nitrogen was determined from the disappearance of nitrate, by difference. 

B,C. Carbohydrate concentration after nitrogen depletion on independent replicate cultures. Solid line 
represents nitrogen-depleted culture as in A; dashed line represents subsample exposed to 30 ~g-at·l- 1 

nitrate. Vertical bars indicate standard error of the mean. Unpublished data of J.J. Cullen and Zhu 
Mingyuan. 

(see Klemer 1985 for a detailed discussion). When excessive accumulation of 
carbohydrate is stimulated, downward movement results (Oliver, Utkilen and Walsby 
1983; Klemer 1985), which decreases irradiance and increases the likelihood of 
encountering nutrients. When conditions encourage the depletion of stored carbon 
(adequate nutrients, subsaturating irradiance), upward movement is observed. The 
response of some cyanobacteria to C02 depletion might represent an unfortunate 
consequence of source-sink regulation. Accumulation at the surface in nuisance 
blooms occurs, perhaps because the biochemical manifestation of C02 limitation is 
similar to that of insufficient light, in that the supply of photosynthetic intermediates 
does not meet the metabolic demand. 

9 10 

DAY DAY 
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Table I 
Utilization of carbohydrate during the dark period in the presence 

and absence of nitrate. The experiment was performed on nitrogen
depleted cultures of Heterocapsa niei, day 9 (see Figs 1 ,3). Pairs of 
numbers are determinations for independent replicate cultures. 

1200 h 2400 h Decrease 

CONTROL Carbohydrate (J.Lg·l- 1) 9760, 9908 9024, 9166 736, 732 
Nitrate ( J.Lg-at N ·1- 1) 0,0 0,0 0,0 

EXPERIMENTAL Carbohydrate ( J.Lg ·1- 1) 9760, 9908 4417, 4868 5343, 5040 
Nitrate ( J.Lg-at N ·1- 1) 30.61' 30.07 6.13, 6.50 24.48, 23.57 

DEFINITION OF "EXCESS" CARBOHYDRATE UTILIZATION: 
(decrease in experimental) - (decrease in control) = 4607, 4298 J.Lg·l- 1 

MOLAR RATIO OF EXCESS CARBOHYDRATE UTILIZED TO 
NITRATE TAKEN UP: 6.27, 6.08 

The intraspecific patterns in migratory behavior can thus be linked to relative 
fluxes of light and nutrients. How can interspecific patterns be explained? One 
possibility is that the thresholds for behavioral response to source-sink imbalance 
differ between species according to ecological strategy. (1) On one extreme might be 
Gonyaulax polyedra, which can tolerate very high irradiance and low nitrate during 
the day so long as a source of adequate nutrients is encountered at night to support 
growth and to utilize stores of carbohydrate (e.g., Heaney and Eppley 1981). It 
appears that photosynthate can be stored to a considerable extent before behavior is 
substantially affected. (2) Gymnodinium may represent an intermediate case. When 
nutrients are not available in the surface layer, the organism avoids high light 
intensities (which would stimulate excessive storage of carbohydrate, cf. Cook 1966) 
and aggregates at a lower light level that is still nearly saturating for photosynthesis 
(Cullen and Horrigan 1981). Nonetheless, nitrate is taken up to a significant extent at 
night, so a good deal of source-sink imbalance is accommodated. (3) Phytoplankters 
that aggregate in well-defined strata but do not undergo significant diel migration 
(e.g., in some instances, Ceratium tripos (O.F. Muller) Nitzsch; Eppley, Reid, 
Cullen, Winant and Stewart 1984) would, according to the source-sink hypothesis of 
behavioral regulation, tolerate relatively little imbalance in the fluxes of photosynthate 
and nutrients before adjusting vertical position. Diurnal variation of chemical 
composition would thus be minimal and accordingly, assimilation of nutrients would 
be in large part light-driven, i.e., nocturnal assimilation of nitrate would be relatively 
unimportant. Each of these strategies represents an ecological trade-off that would be 
effective in a restricted range of environmental conditions. 
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Although one is limited to speculation in discussions of mechanisms by which 
behavior interacts with physiology to regulate the growth rate of vertically migrating 
dinoflagellates, it is possible to define clearly the adaptive significance of behavioral 
flexibility in the natural environment. By linking behavioral plasticity to physiological 
state, some environmental stresses are avoided. In stratified coastal waters (cf. Eppley 
and Harrison 1975, Cullen and Eppley 1981) a source of adequate nutrients will be 
found within the relatively shallow euphotic zone; by shifting migrational patterns 
downward in response to nutrient depletion, migrating dinoflagellates in coastal 
waters need not deal with high irradiance and nutrient starvation (cf. Prezelin 1982). 
Likewise, because adequate nitrate is available within the range of migration of 
populations in the lower euphotic zone, vertically migrating phytoplankton need not 
adapt to low irradiance without a source of nutrients available (cf. Prezelin and 
Matlick 1983). 

SUMMARY AND CONCLUSIONS 

It has been demonstrated that plants have developed simple regulatory 
mechanisms that tend to optimize the allocation of photosynthate for maximal growth; 
as a result, enough carbohydrate is synthesized and stored during the day to satisfy 
nocturnal metabolic needs. In stratified waters characteristic of many coastal 
environments, vertically migrating phytoplankton stand to benefit greatly from such a 
strategy. During the day, they can migrate into well-lighted but nutrient-poor strata 
where the storage of carbohydrate would be stimulated by both high irradiance and 
low nutrient concentration. At night, they can descend to water rich in nutrients where 
the processes of nutrient uptake and assimilation depend on storage products. Because 
dinoflagellates differ in their abilities to take up and assimilate nutrients in the dark 
(Hersey and Swift 1976) and also differ in their patterns of vertical migration (Eppley 
et al. 1984 and references therein), it is likely that physiological and behavioral 
patterns are coordinated, making behavior an important aspect of metabolic regulation. 
Indeed, available data indicate that nutrient-dependent modification of vertical 
migration acts to enhance growth of some dinoflagelates; that is, the nutritional status 
of the phytoplankters profoundly influences their vertical migration such that their 
overall pattern of vertical displacement supports balanced supply rates of 
photosynthate and nutrients. Behavioral repertoires differ between species, apparently 
reflecting ecological trade-offs, but in each case demonstrating that in dinoflagellates 
migrational patterns are altered to avoid the stresses of limiting nutrients or overly 
high irradiance. 

Note added in proof: Interspecific vanatwn in dark nitrogen uptake by 
dinoflagellates is discussed in a recent paper by Paasche, Bryceson, and Tangen 
(Journal of Phycology 20: 394-401, 1984). 
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ABSTRACT 

Buoyancy changes in blue-green algae result in vertical migrations during periods of water 
column stability. The buoyancy status of these prokaryotic microorganisms depends on relative 
rates of photosynthesis and nutrient-limited growth. Light affects not only photosynthesis but 
also nutrient uptake. Nitrogen and phosphorus can limit relative gas vacuolation (buoyancy) as 
well as growth, and carbon can limit the extent of negative buoyancy responses as well as the 
incorporation of nitrogen and phosphorus into compounds necessary for gas vacuole synthesis. 
In a stratified lake, blue-green algae tend to show negative buoyancy responses to surface 
conditions (high light-nutrient poor) and positive responses to deep water conditions (low 
light-nutrient rich). As lake enrichment proceeds, migrations between deep, nutrient-rich layers 
and the surface become more frequent, surface blooms persist, and finally blue-green algae may 
envelop the photic zone. 

INTRODUCfiON 

In most aquatic environments, the growth of photosynthetic microorganisms is 
determined primarily by the availability of light and nutrients. In thermally stratified 
bodies of water, light is, of course, more available in the upper or near-surface layers, 
whereas nutrients tend to be more available in the lower, less well-illuminated layers. 
Consequently, in stratified water columns, phytoplankton populations are often 
nutrient limited near the surface and light limited toward the base of the photic zone. 
As nutrients are exhausted in the surface layers, many phytoplankters experience 
increases in specific gravity and in sinking rate, but once in dimmer, nutrient-rich 
layers, they exhibit decreases in specific gravity that slow their sinking rate or, in the 
case of blue-green algae, may render them positively buoyant. The buoyancy status of 
diatoms (Steele and Yentsch 1960) as well as blue-green algae (Klemer 1973, 1976; 
Walsby and Klemer 1974) has been shown to vary directly with the availability of 
certain nutrients and inversely with light intensity . Such buoyancy responses by blue
green algae are of interest because they are largely responsible for the success of this 
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group in waters undergoing eutrophication. When positive, these responses may 
promote the formation of the intense surface blooms characteristic of blue-green algae 
in eutrophic lakes. 

As enriched lakes proceed from oligotrophy through mesotrophy to eutrophy, 
depth profiles of photosynthesis and phytoplankton abundance can change in a manner 
similar to that diagramed in Figure 1. Often such a pattern of change is due to 
invasion and then dominance of the open water of a lake by blue-green algae. During 
the course of eutrophication, the phytoplankton community changes from one that is 
primarily nutrient limited to one in which light becomes the overriding limiting factor. 
In most oligotrophic lakes, blue-green algae are not an important part of the 
phytoplankton, although some may be present at the sediment-water interface. In such 
lakes, the phytoplankton is sparse and develops no large population maxima at any 
depth in the water column. As lakes become richer in nutrients, blue-greens such as 
Oscillatoria rubescens may occur in layers at the base of the photic zone near the 
nutrient-rich hypolimnion or bottom water (Hasler 1947). In the later stages of 
eutrophication, blue-greens are frequently dominant throughout the photic zone by 
midsummer, but in the transition from mesotrophy to eutrophy, these algae may 
appear only occasionally at the surface. Blue-green algal accumulations at the surface, 
at the base of the photic zone and at intermediate depths in a stable water column as 
well as migrations between those depths require buoyancy regulation. 

MECHANISMS OF BUOYANCY REGULATION 

Factors Affecting Buoyancy 

Perhaps the most sensitive buoyancy regulation yet studied in blue-greens is that 
exhibited by metalimnetic populations of Oscillatoria. These algae can migrate within 
a narrow range of depths near the base of the photic zone (Konopka 1982). Short
range migrations by algae in such stratified situations provide them with access . to 

adequate nutrients below as well as sufficient light above metalimnetic layers. Walsby 
and Klemer (1974) obtained the frrst evidence of positive and negative buoyancy 
responses below and above, respectively, a stratified population of Oscillatoria. They 
took 0. agardhii var. isothrix from a metalimnetic layer in Deming Lake, Minnesota, 
and resuspended the alga in 1-liter bottles at 1-meter intervals with and without 
additional nitrogen (0.07 mM N). After two days, determinations of buoyancy 
indicated decreases with the alga suspended at higher light intensities above the layer 
and, with N-enriched alga, a buoyancy increase when suspended below the layer. 
Thus displaced from its position in counter gradients of light intensity and nutrient 
concentrations, the alga exhibited buoyancy changes that would have taken it toward 
its original position. This experiment also provided evidence of a light-nutrient 
interaction in buoyancy regulation by a blue-green alga. Buoyancy did decrease at the 
higher light intensities toward the surface. But at every depth, the alga was more 
buoyant in bottles enriched with N, and only with N enrichment did an actual increase 
in buoyancy occur. 
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Figure 1 
A classic progression in the vertical distribution of algal biomass featuring oligotrophic (0), 

mesotropbic (M) and eutrophic (E) stages in the history of an enriched lake. For example, Lake Zurich from 
the summer of 1895 to that of 1936 (Hasler 1947). Metalimnetic population maxima are not peculiar to 
mesotropbic lakes; they may, in fact, develop weakly in oligotrophic lakes. 

As part of the same study, W alsby and Klemer examined the buoyancy status of 
several subsamples of the Oscillatoria population, each with a different percentage of 
its gas vesicles collapsed, and they found a close relationship between buoyancy status 
and the degree of gas vacuolation. With all of their gas vesicles intact, a majority of 
the filaments of Oscillatoria were positively buoyant, but with about 25% of the gas 
vesicles collapsed, the filaments were, on average, negatively buoyant. Thus the 
degree of gas vacuolation could have been the primary determinant of buoyancy status 
in the 0. agardhii var. isothrix population in Deming Lake. Gas vacuoles are 
aggregates of vesicles with gas-permeable, proteinaceous walls. The vesicles have 
cylindrical walls and conical ends; they are about 65 nm to 75 nm in diameter and 
from about 100 nm to over 1000 nm in length (Smith and Peat 1967, W alsby 1977). 
These vesicles collapse under pressure, and in some planktonic blue-green algae, 
increases in cell turgor pressure can collapse their weaker vesicles (Dinsdale and 
Walsby 1972, Walsby and Klemer 1974, Konopka 1982). 
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The Role of Light Intensity 

Buoyancy regulation in blue-green algae has been related to changes in turgor 
pressure, in relative rates of growth and gas-vesicle synthesis and in the amount of 
"ballast" molecule accumulation. The first environmental factor to be implicated in 
such changes was light intensity. W alsby (1969, 1970) observed that A1Ulbaerul flos
aquae became more buoyant at low light intensities, and he associated low rates of 
photosynthesis and growth with gas-vesicle accumulation and buoyancy increases. 
Light intensities, appropriate for such buoyancy increases, occur at the base of the 
photic zone in the metalimnion or upper hypolimnion of a stratified water column or 
in the mixed portion of a water column if mixing is sufficiently deep or water 
sufficiently turbid, that is, if mean light intensity is low enough. Once positively 
buoyant in a stable water column, an alga can move up into higher light intensities 
that may promote higher rates of photosynthesis and a loss of buoyancy. 

Light-Nutrient Interactions 

Walsby considered two possible mechanisms by which relative gas vacuolation 
(RGV) might decrease with increased light intensity. The alga's gas vesicles might be 
diluted by rapid growth (growth-rate mechanism) or weaker gas vesicles might be 
collapsed by turgor pressure increases resulting from "excess" photosynthesis, 
photosynthesis in excess of nutrient-limited growth (Walsby 1970, 1971; Dinsdale and 
Walsby 1972). Subsequently Grant and Walsby (1977) demonstrated that an 
accumulation of osmotically active photosynthate contributes to the rise in turgor 
pressure associated with gas-vesicle collapse in Anabaena, and Allison and Walsby 
(1981) discovered that potassium accumulation does likewise. Walsby's turgor-collapse 
mechanism allows for light-nutrient interactions because the availability of limiting 
nutrients can determine the rate of photosynthate assimilation, and, hence, the light 
intensity at which photosynthesis becomes excessive and photosynthate begins to 
accumulate. 

Ballast Molecule Accumulation 

In accord with the turgor-collapse mechanism, a positively buoyant alga would 
rise in a stable water column until enough gas vesicles had collapsed as a result of 
increases in light intensity, photosynthesis, and turgor pressure to render the alga 
neutrally or negatively buoyant. However, blue-greens capable of collapsing enough 
gas vesicles to become negatively buoyant do not always do so once at the surface, 
and some blue-greens have gas vesicles that are too strong to collapse by turgor 
pressure (Walsby 1978; Walsby, Utkilen and Johnsen 1983). The former may remain 
buoyant because of specific nutrient effects to be discussed later; the latter may 
regulate buoyancy with cellular ballast in the form of polysaccharides or other dense 
molecules (Oliver, Utkilen and Walsby, Abstracts, IV International Symposium on 
Photosynthetic Prokaryotes, Bombannes, France 1982). With regard to the latter, it 
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Figure 2 
Relationships between factors important to buoyancy regulation by planktonic blue-green algae (from 

Konopka 1984). 

has been known for some time that nutrient limitation (e.g., N limitation) can promote 
carbohydrate accumulation in algae (Syrett 1962). Moreover, Konopka (1981) found 
that polysaccharide accumulation in Oscillatoria from a metalimnetic population 
increased directly with temperature, but only after exposure to a light intensity ten 
times greater than the in situ light intensity. More recently Gibson ( 1984) reported 
that the carbohydrate : protein ratio of phytoplankton increased towards the surface of 
stratified water columns. Gibson related this increase primarily to light intensity but 
also to temperature. Thus the same factors, light intensity and nutrient limitation, that 
can reduce buoyancy in some algae by increasing turgor pressure and reducing RGV 
may also reduce buoyancy by promoting the accumulation of carbohydrate ballast. In 
blue-greens with turgor-resistant gas vesicles, ballast regulation may be the principal 
means of buoyancy regulation. Konopka (1984) has very clearly summarized what is 
known of light-nutrient interactions that can account for the turgor-collapse of gas 
vesicles as well as the accumulation of ballast molecules. As shown in Figure 2, the 
balance between photosynthesis and nutrient-limited growth potential determines 
whether the carbon fixed in photosynthesis flows largely into amino acids, nucleotides 
and other 11 building blocks 11 for growth and gas vesicle synthesis, or whether it 
accumulates as low molecular weight compounds that raise turgor pressure and thereby 
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collapse gas vesicles, or as polysaccharides that act as cellular ballast. In nutrient
limited cells, much of the light energy captured by blue-greens is used to accumulate 
ions (K + ), osmotically-active photosynthate or polysaccharide-all of which can act to 

reduce buoyancy. In nutrient-sufficient cells, on the other hand, more of this energy is 
used in nutrient assimilation and more recently fixed as well as stored carbon is 
incorporated into building blocks for growth and gas vesicle synthesis; thus, turgor 
pressure is not increased, carbon stored as polysaccharides is mobilized, and buoyancy 
is maintained or perhaps increased. 

Nutrient-Specific Effects on Buoyancy 

As mentioned above, algae, even those with gas vesicles weak enough to be 

susceptible to a turgor-<:ollapse mechanism, do not always show a reduction in 
buoyancy as they approach higher light intensities near the surface. Although light is 
frequently referred to as the primary or overriding environmental factor in algal 
buoyancy regulation, light effects on buoyancy in blue-green algae can depend on 
nutritional status. For example, COrdeprived Anabaena flos-aqllile showed no 
reduction in RGV upon exposure to increased light intensity (Dinsdale and Walsby 
1972), and N-limited Oscillatoria rubescens showed no increase in RGV upon 
transfer to reduced light intensity (Klemer, Feuillade and Feuillade, unpublished) or to 

darkness (Klemer 1978). 
The role of limiting nutrients in buoyancy regulation by blue-greens is not as 

clear-cut as that of light appears to be. Inorganic carbon (Ci), nitrogen (N) and 
phosphorus (P) have all been suspected of limiting growth or photosynthesis in such a 
way that RGV either failed to decrease or actually increased as algae gathered at the 
surface (Reynolds and Walsby 1975). In fact, the effect of Ci limitation on buoyancy 
in blue-greens is quite different from that of N and P. Unlike Ct. both N and P 
invariably limit RGV in the process of limiting the growth of Oscillatoria. The RGV 
of 0. rubescens grown in N-limiting chemostats decreased with transitions to lower 
dilution rates and more severe N limitation (Klemer 1978), and in N-limiting and P
limiting cyclostats at steady state, the RGV of Oscillatoria varied directly, not 
inversely, with the availability of N and P (Klemer 1983; Feuillade, Feuillade and 
Klemer, unpublished) . On the other hand, RGV did increase with transitions from N
limiting to COrlimiting conditions in cyclostat cultures of 0. rubescens (Klemer, 
Feuillade and Feuillade 1982). Whereas Dinsdale and Walsby (1972) had demonstrated 
that C02 deprivation could impair the turgor collapse mechanism and prevent a light
induced reduction in the RGV of Anabaena flos-aquae, the work with 0. rubescens 
showed that RGV could actually increase during C02 deprivation and could do so 
despite increases in mean light intensity as the optical density of the COrlimited 
cyclostat cultures decreased. Hence in forming a bloom, Oscillatoria might show an 
increase in buoyancy in response to C02 or light limitation, but not in response to N 
or P limitation. These generalizations regarding specific nutrient effects on buoyancy 
are consistent with the buoyancy regulation scheme outlined in Figure 2. N and P 
limitation of growth can promote an increase in osmotically-active photosynthate 
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(turgor pressure) and/or in polysaccharide ballast, whereas ci limitation can have an 
opposite effect with respect to both the turgor-collapse and the cellular-ballast 
mechanisms. However, these mechanisms may not apply to all blue-green algae as 
they apply to Anabaena or Oscillatoria. Microcystis aeruginosa seems to be one 
exception (Booker and Walsby 1981). 

Negative Versus Positive Regulation of RGV and Buoyancy 

The turgor-collapse mechanism is best understood as a negative means of 
controlling buoyancy and in the ways in which C02 or light limitation can impair its 
operation during bloom formation. We do know that each of the conditions or sets of 
conditions associated with increases in the relative gas vacuolation of planktonic blue
green algae (light limitation, Ci limitation, N-enrichment of N-limited cells) also 
favors relative protein synthesis (Klemer, Feuillade and Feuillade 1982). However, we 
do not know how or to what extent the synthesis of gas-vesicles is controlled, nor do 
we fully understand how light intensity and nutritional status interact to affect 
buoyancy in algae adapted to different combinations of those factors. Hence it is 
perhaps premature to attempt to explain the strategic significance of buoyancy 
regulation. I am not suggesting that we refrain from constructing working hypotheses 
as a basis for experimental work, but that we refrain from making sweeping 
generalizations that may explain the purpose of mechanisms so eloquently that they 
impede our understanding of how those mechanisms work. Even some of the more 
obvious advantages of buoyancy regulation may, if focused on too narrowly, lead to 
such a generalization. The strategies discussed in the next section should be 
considered no more than working hypotheses. 

ADAPTIVE SIGNIFICANCE OF BUOYANCY 

Regulation in Blue-green Algae 

Buoyancy regulation by blue-greens clearly provides them with better access to 
light and nutrients in a stratified water column than other nonflagellated phytoplankton 
have. Fogg and Walsby (1971) discussed this advantage with respect to the formation 
of metalimnetic layers poised at optimal depths in counter gradients of light intensity 
and nutrient concentrations and in regard to migrations between well-lighted and 
nutrient-rich layers. But the adaptive significance of buoyancy regulation may well 
depend on the "trophic" circumstances. In the early stages of eutrophication, blue
greens are more likely to dominate the metalimnion of a stratified lake; only in the 
later stages does blue-green algal dominance of the epilimnion become persistent. A 
classic case history of lake eutrophication is that of the Untersee basin of the 
Zurichsee (Lake Zurich). Between 1895 and 1936 Oscillatoria rubescens populations 
developed from a sparse presence to significant metalimnetic layers and then to surface 
blooms during the summer (Hasler 1947). This transition from metalimnetic to 
epilimnetic dominance is very instructive in its adaptive significance. 
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The Role of Carbon in Bloom Formation 

Phytoplankton ecologists and physiologists have noted several possible 
advantages to buoyancy regulation that permits occupation of the surface layer of a 
stratified water column. Walsby (1970) indicated the possible significance of the fact 
that bloom-forming algae have the advantage of better access to atmospheric C~. 
Recently, Paerl and Ustach (1982) have emphasized this particular advantage. They 
showed that Aphanizomenon jlos-aquae and Anabaena cirdnalis photosynthesize 
faster and may be less buoyant with C02 than with other forms of inorganic camon, 
and suggested that surface scum formation is a means of assuring access to C~. the 
preferred fonn. Klemer and Grover (unpublished) compared the effects of HC03- and 
atmospheric C02 on the RGV of OscillatoriD rubescens taken from a ~-limiting 
chemostat, and observed reductions in buoyancy that differed only in the speed of the 
response. Alga with access to atmospheric C02 showed decreases in RGV within 6 
hours, whereas alga supplied with HC03- (4 mM) in capped vials achieved slightly 
greater reductions in the interval between 7 and 29 hours. In other laboratory and in 
lake experiments, Ci additions as HC03- and C03- 2 have resulted in reductions in the 
buoyancy and in the surface population density of blue-green algae. In experiments 
with Anabaena jlos-aq~~~U, Booker and Walsby (1981) found that NaC03 enrichment 
reduced the buoyancy of the alga in stoppered bottles as well as the amount of surface 
accumulation in a laboratory water column. In lake experiments, blue-green algal 
responses to HC03- enrichment have varied. For example, the addition of HC03

was followed by a more rapid reduction in the intensity of a natural Anabaena bloom 
within treated columns than within similarly isolated control columns of lake water 
(Klemer and Brasino, unpublished). However, the addition of HC03- to aN- and P
induced bloom of 0. agardhii var. isothrix permitted the bloom to intensify for 
several days before it collapsed (Klemer, Pierson and Whiteside 1985). 

Recent Deming Lake Experiments 

In an on-going series of experiments on Deming Lake, Minnesota, a lake with a 
relatively low surface alkalinity (0.5 mEq·l- 1

), we have studied the effects of various 
fonns of enrichment with Ci, N and P on metalimnetic populations of Osdlllltoria 
agardhii var. isothrix. The ftrst of these experiments involved blooms that were 
induced by N and P enrichment of only the metalimnetic portion of isolated water 
columns. The OscillatoriD in those water columns began to move up from the 
metalimnion before the transparency of the surftice water was significantly reduced. 
Thus the buoyancy response was primarily a nutrient effect, not a response to reduced 
light intensity. We then considered the possibility that N and P enrichment had 
produced the blooms by inducing ~ limitation of photosynthesis and thereby 
impairing negative buoyancy regulation. To test this hypothesis, we added NaHC03 to 

the surface water of one of two isolated water columns in which simultaneous blooms 
were underway (exp. 1); to the upper 4 m of four water columns, two with and two 
without additional N and P (N to the upper 4 m, P to the metalimnio~xp. 2); and 
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Figure 3 
Depth profiles of relative chloropbyU fluorescence in eight isolated waJer columns 15 and 21 days after 

initial addition of 2 mM NaHC03, 0.71 mM NH40 and 0.03 mM KH2P04 in the indicated combinations. 
By day 15, one of the two tubes treated with N+P+C (broken line) bad exchanged surface waJer with the 
lake, and on day 16, one of the two tubes enricbed initially with N and P only (solid line) received 2 mM 
NaHC03• Sampling was restricted to the uppa- 4 m to avoid disruptioo of the algal layer concentrated 
around 5 m. 

to the upper 4 m of four water columns, two with and two without N and P added to 
the metalimnetic layers (exp. 3). In the first experiment, the addition of HC03- to one 
of two simultaneous blooms was followed by an intensification of both blooms and 
then a more rapid collapse of the treated bloom (Klemer, Pierson and Whiteside 
1985). In the second experiment of this series, HC03- enrichment increased N uptake 
and intensified blooms in N- and P-enriched water columns instead of deterring their 
formation or causing their collapse (see Figure 3). During the third experiment, we 
restricted N and P enrichment to the metalimnion as in the fli"St experiment, but we 
provided the N and P in graded concentrations with and without 2 mM NaHC03 
added to the upper 4 m. As a result, Oscillatoria moved to the surface much faster in 
the HC03- enriched columns and bloomed more intensely and persistent! y with higher 
concentrations of N and P. Each of these experiments included unenriched control 
water columns and none of these produced surface blooms (Klemer, Detenbeck and 
Grover, unpublished). This study is still in progress but the data in hand do warrant 
some tentative conclusions. The amount of N and P available may not only determine 
the likelihood of ci limitation of photosynthesis in a low alkalinity lake, but it may 
also determine the nature and magnitude of buoyancy responses by ~-limited blue
green algae to increased Ci availability. If N and P sufficiency is marginal, Ci 
enrichment may lead to N or P limitation and a reduction in buoyancy. However, if N 
and Pare present in great excess, increases in Ci may increase N and P utilization and 
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Figure4 
Three types of surface blooms by metalimnetic populations of OscilJatoria agardhii var. Uothrix 

induced within isolated water columns by the addition of C;. N and P in different combinations and 
sequences. Toward the base of tbe water columns, photosynthesis (P) is light limited (-I) and Jess than or 
equal to the nutrient-limited growth potential (G); this condition produces neutrally or positively buoyant 
algae. In the stationary bloom, photosynthesis (P) is C; limited (-C) and again Jess than or equal to the 
nutrient-limited growth potential (G). In the transient bloom, photosynthesis (P) is greater than the nutrient
limited growth potential (G). Here, photosynthesis proceeds until nutrient limitation develops and buoyancy 
reduction occurs. In the active bloom, migration and growth proceed until photosynthesis (P) becomes light 
limited (-I). 

may intensify blooms, perhaps to the point that self-shading becomes a major factor in 
maintaining buoyancy. 

Working Hypotheses 

As stated above, the buoyancy status of blue-greens depends on the balance 
between photosynthesis and nutrient-limited growth. When, under light or ~ 
limitation, the rate of photosynthesis limits growth, the alga will be buoyant. As light 
or Ci levels increase, the buoyancy response of the alga will depend on whether or not 
it remains nutrient (e.g., N or P) sufficient. As shown in Figure 4, the series of 
experiments in Deming Lake produced three types of blooms. Blooms induced by N 
and P enrichment of the metalimnion persisted, at times, for a week or more without 
increasing very much in intensity. These more or less stationary blooms were probably 
Ci limited. Other N- and P-induced blooms, including that in a column supplied with 
Ci only at the surface, and those in columns with Ci added to the upper 4 m and with 
lower concentrations of N and P added to the metalimnetic layers were transient in 
nature and probably became N or P limited. The third type of bloom was active in the 
sense that it continued to intensify until the Secchi disc transparency decreased to less 
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than 0.5 m and light limitation became a major factor contributing to its persistence. 
This type of bloom occurred with Ci enrichment of the upper 4 m of a water column 
and the addition of higher levels of N and P (0.71 mM N and 0.03 mM P) to the 
metalimnion or to both the upper 4 m (N) and the metalimnion (P). 

The responses depicted in Figure 4 can be related to changes in the vertical 
distribution of blue-greens during the course of lake eutrophication. In the early stages 
of eutrophication, nutrient concentrations adequate for the growth of blue-greens may 
occur only in the deeper layers of a thermally stratified lake, that is, near the 
chemocline. Blue-greens do well in this niche not only because they can regulate their 
buoyancy, but also because they have very efficient pigment systems that can harvest 
those parts of the spectrum of photosynthetically active light that are available at the 
base of the photic zone. As the nutrient concentrations at the chemocline increase or 
as the chemocline rises, blue-greens become more and more able to move toward the 
surface; but what's in it for them? The buoyancy of highly gas-vacuolate blue-greens 
can give them greater access to atmospheric C02 (Paerl and Ustach 1982) and perhaps 
even to atmospheric fixed N (Lewis 1983), but a demand for ~ or N ( .Ci or N 
limitation, that is) is not essential to an increase in RGV or buoyancy. In fact, N 
limitation can have a negative effect on buoyancy, and Ci enrichment can promote 
bloom formation by N- and P-rich algae. If forced to attribute a strategy to the 
behavior of bloom-forming blue-greens, I would maintain that, in the later stages of 
eutrophication, their buoyancy regulation allows them to extend their dominance into 
the surface layers where they can monopolize incident radiation and reduce the photic 
zone to a layer containing their surface populations. N-fixing blue-greens, of course, 
can usually make this move once the phosphorus supply is sufficient. Blue-greens are 
able to envelop the photic zone because, with sufficient nutrients, they can balance 
photosynthesis and growth so as to maintain buoyancy as they approach the surface. 
Limitation of photosynthesis by light or Ci can affect this balance; both may be 
involved to some extent at some stage, but neither is essential to bloom formation. 
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ABSTRACT 

Several species of the genera Rhodomonas and Cryptomonas are at times dominant 
contributors to total phytoplankton biomass in Lake Constance. Their growth periods largely 
coincide. Diurnal studies have shown vertical migrations that lead to increasing concentration 
of the different populations close to their light optima during the course of the photoperiod. 
Nevertheless, under field conditions a considerable degree of overlap remains between the 
different species, which is probably due to redispersal by turbulence. Exposition experiments 
with 2 m long plexiglass tubes, in which turbulence is strongly reduced, yielded a more 
pronounced segregation. Four out of five species were found to migrate. As shown by growth 
experiments, depth distribution seems to be mainly light controlled. Separation along the 
vertical gradient is discussed as a possible mechanism of reducing interspecific competition 
between species associated along the time gradient. 

INTRODUCTION 

One of the major selective advantages of flagellates over immotile algae is their 
capacity for vertical migration in a sufficiently stable water column and thus their 
ability to exploit vertical gradients. In stratified lakes there is always a gradient of 
light and sometimes a gradient of temperature and nutrients with depth. This study 
attempts to analyze the differential migration patterns of five closely related 
cryptophyte species in relation to light. 

The study was performed in Lake Constance, a warm-monomictic, subalpine 
lake in Central Europe of 500 km2 surface area and 250m maximum depth. The lake 
is ric~ in nutrients (Ptot at spring overturn about 100 J.Lg·l- 1) and stratified from April 
on. The seasonality of the dominant physico-chemical environmental variables is 
given by Stabel and Tilzer (1981). The analysis of Cryptophyte migration presented 
here was restricted to a period when the temperature gradient was less than 3°C (a 
range smaller than temporal variability within the study period and too slight to be of 
physiological importance) along the migratory range (surface to 10 m depth) and 
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nutrients were available at nonlimiting concentrations throughout the entire water 
column. 

Cryptophyceae are represented in Lake Constance by five different species: 
Rhodomonas minuta Skuja, Rhodomonas lens Pascher et Runner, Cryptomonas 
marssonii Skuja, Cryptomonas ovata Ehr., Cryptomonas rostratiformis Skuja (Fig 
1). R. minuta, R. lens, C. marssonii, C. ovata are important contributors to algal 
biomass during the vernal bloom usually observed in May. After a clear-water phase 
in June, induced by excessive grazing, C. ovata and C. marssonii have a second 
growth pulse in early summer. At the same time the annual maximum of C. 
rostratiformis is observed (Sommer 1981 ). Smaller growth pulses of these species 
occur whenever intrusion of hypolimnetic water has lead to a phosphorus enrichment 
of the euphotic zone. Only R. lens is completely restricted to winter and spring. 
Under calm weather conditions, four of these five species tend to be stratified, with C. 
marssonii, C. rostratiformis and R. minuta restricted to the upper half of the 
euphotic zone and R. lens to the lower half. The vertical distribution pattern of C. 
ovata is variable and often unclear. In 1980 the first of a series of diurnal studies 
provided the opportunity to study the differential migration of the two Rhodomonas 
species. Unfortunately, subsequent 24-h cruises were perfonned under conditions of 
strong water movements which, by the combination of lateral advection and 
phytoplankton patchiness, led to erratic results. Therefore, I decided to study the 
differential migration in in situ tubes, in which redispersal by turbulence could be 
considered minimal and resampling of the same population was guaranteed. The 
migration experiments were combined with in situ growth experiments to compare 
phototactic behavior with physiological light requirements. 

METHODS 

Vertical migration was studied in plexiglass tubes of 2-m length and 8-cm 
diameter. At 20-cm intervals there were outlets for sampling. Thus the depth 
distribution of the algae could be resolved at 20-cm intervals. Exposure started on the 
evening before the experimental day in order to allow the tubes to adjust to the outside 
temperature before the start of phototactic migration. The tubes were filled with 
mixed water samples which were integrated from 0- to 4-m depth and were gently 
mixed to guarantee random distribution of the flagellates at the start. An umbrella 
was used to protect phytoplankton from exposure to full sunlight. One tube (I) was 
exposed at 0- to 2-m depth and the other (II) at 2- to 4-m depth. From the 1980 study 
I knew that vertical segregation increases with increasing exposure time to light. The 
lowest index of overlap between R. minuta and R. lens had been recorded for 1900 h 
(Sommer 1982). On the other hand, it was also desirable that even species with high 
light requirement should find their preferred light intensity throughout the course of 
the experiment. Therefore, only bright days were chosen and half-time between noon 
and sunset was taken as the end point of experiments. Samples were preserved 
immediately by addition of Lugol's iodine solution. 
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Figure I 
Cryptopbyceae in Lake Constance. 

Growth experiments were performed with natural phytoplankton enclosed in 2
liter bottles exposed at different depths, which were adjusted according to the water 
transparency of the respective phase of planktonic development. In order to avoid 
growth limitation by nutrient deficiency or by approach towards carrying capacity, 
epilimnetic samples were diluted at a ratio of 1:10 by nutrient-rich, phytoplankton
poor hypolimnetic water. Zooplankton was removed by filtration through a 100-J.Lm 
mesh-size screen. Subsamples for cell counts were taken at the beginning and at the 
end of the exposure time. Making allowance for minor differences in temperature, all 
environmental factors except light intensities were identical between the different 
bottles within one experiment. It is known from earlier experiments (Heaney and 
Sommer 1984) that Cryptophyceae do not achieve their open-water growth rates when 
enclosed in bottles. To factor out this detrimental "bottle effect" in further analysis, 
an internal standardization was done for each species, assuming that the bottle effect 
was not depth specific. First the (observed) growth rate for each species was 
calculated: 

k = lo& N2 - lo& N 1 (1)
t2- tl 

Where t is the time in days, N is the number of cells at time t, and k is the specific 
rate of increase in units of d- 1• Then the highest value of k for each species within 
one experiment was kmu. and all other growth rates were expressed as lcm (relative 
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growth rate): 

(2) 

Values for daily irradiance were obtained from "Deutscher Wetterdienst" (German 
Weather Service) and the data for the vertical attenuation coefficient (E) of the lake 
water were kindly supplied by Prof. M. Tilzer. Algal cells were counted under the 
inverted microscope. Counting of at least 400 individuals per species and per sample 
gave a counting precision of± 10% (Lund, Kipling and Le Cren 1958). 

RESULTS 

Migration Experiments 

The migration experiments were performed on three occasions which provided 
large differences in water transparency: at the height of the spring bloom (28 May, 
E = 0.85 m- 1 ), near the end of the spring bloom (3 June, E = 0.66 m- 1 

), and in 
the middle of the clear water phase (15 June, E = 0.26 m- 1 ) . Four species produced 
a clear pattern of stratification, thus indicating vertical migration. Only Cryptomonas 
ovata remained randomly distributed until the end of the exposures (Fig 2). Usually 
in one of the tubes vertical migration was stopped by the ceiling or by the bottom of 
the tube ("truncation effect" ) . Hence, only tubes where the mode of the depth 
distribution was not at one of the ends were considered. 

In one case (Cryptomonas rostratiformis on 15 June) depth distribution was 
both truncated by the bottom of the upper and by the ceiling of the lower tube. Here, 
data from both tubes were pooled and 2 m was considered modal depth. Both with 
respect to modal depth and to median depth, the rank order among the migrating 
species was identical between all experiments (Table 1): Cryptomonas TTUJrssonii 
(shallowest}-C. rostratiformis-Rhodomonas minuta-R. lens (deepest). Between 
the first three there was considerable overlap, whereas R. lens was always clearly 
separated from the others. 

Growth Experiments 

Growth experiments were performed at the height of the spring bloom (26 to 31 
May, average E for the exposure time 0.80 m- 1), during the clear water phase (7 to 12 
June, e= 0.25 m - 1), and during the first algal growth phase in summer (4 to 8 July, 
e = 0.55 m- 1). As expected, growth rates in bottles were rather low 
(km:u for Rhodomonas minuta = 0.43 d- 1

, Rhodomonas lens = 0.37 d- 1
, 

Cryptomonas TTUJrssonii = 0. 35 d -I, Cryptomonas ovata = 0. 35 d -I, Cryptomonas 
rostratiformis = 0. 32 d- 1, Asterionella formosa = 0.42 d- 1

). The migrating species 
achieved positive growth rates only in very restricted depth ranges. The rank order of 
depth optima was the same as in the migration experiments (Fig 3). Cryptomonas 
ovata had a slightly wider depth range of positive growth than the other 
Cryptophyceae. For sake of comparison also a nonflagellated alga Asterionella 
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Figure 2 
Migration experiments (1983) . Distribution of algae (CM: Cryptomonas marssonii. CR: C. 

rostratiformis, RM: Rhodomonas minuta, RL: R. lens. CO: C. ovata) at the end of exposures inside the 
tube. Tubes where migration was significant and not truncated are indicated by hatching. Black: inter
quartile zone of depth distribution. broken line: median depth. numbers: %of surface light at median depth. 

formosa Hass. was studied. It achieved positive growth rates in all bottles except one 
and had near to maximum growth rates in a wide depth range. Depths were converted 
to light intensities by using the average surface irradiance data (continuous record) and 
the average vertical attenuation coefficients (logarithmic interpolation) for the exposure 
periods. The dependence of the relative growth rate on light intensity (Fig 4) varied 
slightly within each species. All species exhibited lowest light requirements during 
the spring bloom experiment (lowest water transparency) and highest light 
requirements during the clear water phase (highest water transparency). 
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Figure 3 
Growth experiments (1983). Algal abbreviations as in Figure 2, AF: Asterionella formosa . Relative 

growth rate (kre1) plotted against depth. Attenuation coefficients (E) and surface light intensities (io) are 
mean values for the exposure period. 

DISCUSSION 

The main adaptive advantages of vertical migration of phytoflagellates may be 
concentration near the depth of optimum light (Tilzer 1973, Heaney and Tailing 
1980), access to nutrient reserves in deeper water layers (IIImavirta, in press) or a 
combination of both (Heaney and Eppley 1981 ). In Lake Constance, Cryptophyceae 
only thrive when nutrients in the entire euphotic zone are available at probably 
saturating concentrations (P04 - P > 10 J.Lg ·1 - 1, N03 - N > 300 J.Lg · 1- I) . In the 

growth experiments reported here, nutrients were even increased beyond this level by 
addition of hypolimnetic water. In the example reported here, adjustment of the 
vertical position according to the light gradient seems to be the predominant adaptive 
significance of migration. This conclusion is substantiated by the fact that the rank 
orders of depth distribution and of growth response to light were identical for the four 
migrating species. The separation of Rhodomonas lens as a shade-adapted alga is 
beyond any doubt and agrees with earlier observations (Sommer 1982). Between 
Cryptomonas marssonii, Cryptomonas rostratiformis and Rhodomonas minuta there 
remained some overlap both in depth distribution and in light requirements. 
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Table 1 
Migration experiments: depth distribution of migrating Cryptophyceae at 

the end of exposure in relation to light climate. The frrst number gives the 
proportion of surface light(%), the second number, the average afternoon 
(1200 to 1700 h) light intensity at that depth (J·cm- 2·h-1). 

Species Date 
Light intensity at: 

mode median upper lower 
depth depth quartile quartile 

Cryptomonas 
marssonii 

5/28 
613 

6115 

77 196 74 188 82 208 55 135 
82 220 73 196 81 217 58 156 
75 153 77 157 84 171 71 145 

Cryptomonas 
rostratiformis 

5/28 
613 

6115 

65 165 60 152 72 183 43 109 
63 169 60 161 71 190 51 137 
59 120 59 120 64 131 55 112 

Rhodomonas 
min uta 

5/28 
613 

6/15 

55 140 49 124 60 152 36 91 
48 129 51 137 61 164 40 107 
50 102 49 100 53 108 47 96 

Rhodomonas 
lens 

5/28 
613 

6/15 

12 30 11 28 13 33 8 20 
8.7 23 8.7 23 9.3 25 8.2 22 

no results because of truncation effect 

Nevertheless, their rank order was reproducible in all experiments. The ecological 
differentiation with respect to light between those series seems to be stable. The 
observed absence of vertical migration in Cryptomonas ovata might be compensated 
by a flatter shape of the growth-light curve, although C. ovata is not as much a 
generalist with respect to light as Asterionella formosa. There is also some 
possibility that several genotypes with different behavior are lumped together under C. 
ovata, which is morphologically not as uniform in Lake Constance as the other 
species. 

Differential light requirements of the Lake Constance Cryptophyceae are 
important in the separation of their ecological niches in terms of their time and light 
optima (Fig 5). Figure 5 is a two-dimensional representation in which the time optima 
(x-axis) are defined as successional stages (Sommer 1981) during which the relative 
contribution of the respective species to total algal biomass (pi ) exceeds its annual 
average (jj) plus the standard deviation 

p > p + s (3) 

Period 1 represents the small growth pulses during early spring before the onset of 
stable stratification. Period 2. is the spring bloom, which starts with the stabilizatjon 
of stratification in April/May. Period 3 represents the clear water phase, during which 
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Figure4 
Growth experiments (1983). Relative growth rates plotted against average daily light intensity of 

exposure period. Full circles: 26-31 May. Open circles: 7-12 June. x: 4-8 July. 

excessive grazing leads to extremely low phytoplankton densities (Lampert and 
Schober 1978). Period 4 is the firSt summer growth phase after the end of the clear 
water phase, during which ambient nutrient concentrations are still nonlimiting. The 
light optimum (y-axis) is derived from the growth experiments. Any light intensity at 
which at least in one experiment a relative growth rate of 0.8 was exceeded was 
considered to belong to the light optimum. Along both axes there is a considerable 
degree of overlap. If projected into a two-dimensional field, overlap between 
CryptomollllS marssonii and C. rostratiformis and between C. rostratiformis and 
RhodomollllS minuta is very much reduced, while R. lens shows no overlap with any 
other species. Only the two-dimensional optimum field of nonmigrating C. ovata 
overlaps to any significant extent with other species. 

Among the vertically migrating Cryptophyceae in Lake Constance, migration 
seems to be a necessary compensation for specialized light requirements. Under calm 
hydrographic conditions these specific light optima are expressed by differential 
vertical distribution of algae which would have positive association indices among 
each other, if comparison were restricted to temporal distribution alone. 
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Figure 5 
Ecological niches of Cryptophyceae with respect to light and time. Definition of time and light optima 

given in text. The migrating flagellates are represented by black bars and hatching, Cryptomonos ovata by 
shading. 

In 1961 G.E. Hutchinson posed the "paradox of the plankton," questioning how 
a community without niches could be as diverse as the phytoplankton of natural lakes. 
Since that time an increasing number of ecological distinctions between algal species 
have been described, e.g . differential nutrient requirements (Tilman, Kilham and 
Kilham 1982) and differential predation by zooplankton (Porter 1973). Variation in 
migration as a consequence of differential light requirements may now be added to this 
list. Even if water movements will at times prevent flagellates from reaching their 
optimum depth, the combination of light fluctuations and of differences in light 
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requirements will lead to shifts in competitive advantage among these species, and 
competitive exclusion will not be reached. 

LITERATURE CITED 

HEANEY, S.l. and R.W. EPPLEY. 1981. Light, temperature and nitrogen as interacting 
factors affecting diel vertical migrations of dinoflagellates in culture. Journal of Plankton 
Research 3: 331-343. 

HEANEY, S.l. and U. SOMMER. 1984. Changes of algal biomass as carbon, cell number and 
volume, in bottles suspended in Lake Constance. Journal of Plankton Research 6: 239
247. 

HEANEY, S.l. AND J.F. TALLING. 1980. Dynamic aspects of dinoflagellate distribution 
patterns in a small pnxtuctive lake. Journal of Ecology 68: 75-94. 

HUTCHINSON, G.E. 1961. The paradox of the plankton. American Naturalist 95: 137-147. 

ILMAVIRTA, V. 1984. The ecology of flagellated phytoplankton in brown-water lakes: the 
significance of their vertical migrations. Verhandlungen des intemationalen Vereim fiir 
theoretische und angewandte Umnologie 21: 817-821. 

LAMPERT, W. and U. SCHOBER. 1978. Das regelmiissige Auftreten von Friihjahrsmaximum 
und "Klarwasserstadium" im Bodensee als Folgewirkung klimatischer Bedingungen und 
Welchselwirkungen zwischen Phyto- und Zooplankton. Archiv fUr Hydrobiologie 82: 
363-386. 

LUND, J.W.G., C. KIPLING and E.D. LE CREN. 1958. The inverted microscope method of 
estimating algal numbers and statistical basis of estimation by counting. Hydrobiologia 11: 
143-170. 

PORTER, K.G. 1973. Selective grazing and differential digestion of algae by zooplankton. 
Nature 244: 179-180. 

SOMMER, U. 1981. The role of r- and K-selection in the succession of phytoplankton in Lake 
Constance. Acta Oecologica/Oecologia Generalis 2: 327-342. 

SOMMER, U. 1982. Vertical niche separation between two closely related planktonic flagellate 
species (Rhodomonas lem and Rhodomonas minuta v. nannoplanctica). Journal of 
Plankton Research 4: 137-142. 

STABEL, H.H. and M.M. TIIZER. 1981. Nilhrstoffkreislaiife im Uberlinger See ind ihre 
~~ziehung zu den biologischen Umsetungen. Verhandlungen der Gesellschaft fiir 
Okologie 9: 23-32. 

TILMAN, D., S.S. KILHAM and P. KILHAM. 1982. Phytoplankton community ecology: the 
role of limiting nutrients. Annual Review of Ecology and Systematics 13: 348-372. 

TILZER, M. 1973. Diurnal periodicity in the phytoplankton assemblage of a high mountain 
lake. limnology and Oceanography 18: 15-30. 



A SURVEY OF PROTOZOAN LABORATORY 
TEMPERATURE STUDIES APPLIED TO 

MARINE DINOFLAGELLATE BEHAVIOR 
FROM A FIELD PERSPECTIVE 

Daniel Kamykowski 

Department ofMarine, Earth and AtmMpheric Scimces 
North Carolina State University 

Rokigh, North Carolina 27695, U.S.A. 

ABSTRACf 

Iterative biophysical models that incorporate marine dinoflagellate behavior require 
detailed time-series information that encompasses the acclimated and acclimating responses of 
both swimming speed and orientation in order to be properly parameterized. At the present 
time a survey of the available information dealing with temperature effects on swimming 
behavior demonstrates that adequate time-series information is not available. This lack can be 
ameliorated through an application of available video technology to developing experimental 
systems that more closely represent the field situation. A nonlinear statistical analysis is also 
proposed that can be useful in distinguishing between the temperature versus swimming speed 
capabilities of different species. The application of these experimental tools and the eventual 
application of the results to biophysical models should provide new insights into how 
dinoflagellates utilize motility to their competitive advantage in response to environmental 
variability . 

INTRODUCTION AND METHODS 

The behavior of marine dinoflagellates from an ecological perspective is 
presently studied most intensively by sampling field populations or by using laboratory 
cultures in standing water columns of various sizes. Forward (1976) reviewed the field 
observations. Subsequent coastal records include Kiefer and Lasker (1975), Blasco 
(1978), Kamykowski (1980), Staker and Bruno (1980) and Cullen and Horrigan (1981). 
In addition, Tyler and Seliger (1981) provided an elegant estuarine study of a 
dinoflagellate population that was relatively restricted by land and currents. They 
demonstrated that the behavioral reactions of Proroeentrum mariae-lebouriae to 
temperature, salinity, light, nutrients and possibly other factors must be kn~wn in 
order to successfully interpret the observed distribution of this species in Chesapeake 
Bay. Unfortunately, restricted dinoflagellate populations are unlikely in open coastal 
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and oceanic waters. Various investigators used land-based water columns to obtain 
time-series behavioral measurements of dinoflagellate species from such relatively 
unrestricted areas. Eppley, Holm-Hansen and Strickland (1968) studied the effect of 
clouds and nutrient concentrations and Kamykowski and Zentara (1977) studied the 
effect of thermal stratification in large land-based columns (10 m high, 3 m diameter). 
Staker and Bruno ( 1980), Cullen and Horrigan ( 1981), Heaney and Eppley ( 1981) and 
Kamykowski (1981a) performed a range of experiments which considered temperature, 
salinity, light, and nutrient concentrations and used smaller columns generally less 
than 2 m high. All of these studies emphasized sequential biomass measurements to 
determine changing species distribution and assumed that the average cell follows the 
behavior suggested by the movement of the biomass peak in the water column. 

One method of extending and generalizing these field and column observations 
is through biophysical models. Woods and Onken (1982), studied the effect of 
diurnally varying solar radiation and vertical circulation on primary production and 
dubbed one fruitful class of these models the Lagrangian ensemble approach. 
Kamykowski (e.g., 1981b) used a similar approach to simulate the interaction between 
dinoflagellate behavior and physiology and internal wave currents and thermocline 
motions. As these models are generally solved through iterative calculations over 
short time increments, the time-series details of dinoflagellate behavior and physiology 
are critical variables. The ideal biological subsystem model should respond to 
changing environmental conditions with realistic direction, intensity and time lag. The 
kind of information required to build such a biological subsystem model is 
accumulating for the photosynthetic response of dinoflagellates (Prezelin and Sweeney 
1978) and for nutrient uptake (Cullen and Horrigan 1981, Harrison 1976). Though 
some pertinent information on dinoflagellate behavior is available, the required detail 
is lacking in the ecological literature due to the coarseness of the biomass techniques. 
Some of the requisite information is potentially available from the visual laboratory 
techniques developed for the study of protozoan motility per se (Pfau et al. 1983). 
Past applications of these techniques, however, have generally lacked appropriate field 
focus or statistical rigor. The present paper will review the available literature 
pertaining to dinoflagellate time-series responses of translational velocity to 
temperature changes. Moving from the simpler to the more complex, swimming 
speed studies will be emphasized, with some information provided on orientation 
effects. The latter must assume an equal position, after the temperature effects on 
swimming speed are better defined. Temperature is the chosen variable because 
dinoflagellates are known to cross temperature gradients within a certain range 
(Kamykowski 1981 a) and because the field patterns predicted by models are most 
dramatic when the thermocline is crossed. Suggestions will then be offered for 
improving the data base. 
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PROTOZOAN OBSERVATIONAL LITERATURE 

Reviews 

Though the present focus is on the behavioral reactions of protowa, and 
specifically marine dinoflagellates to temperature, a rich observational literature exists 
that considers a broad spectrum of environmental variables. This literature is 
extensively reviewed by Jahn and Bovee (1967) and more selectively reviewed with a 
focus on dinoflagellates by Levandowsky (in press). Holwill (1966) and Brennen and 
Winet ( 1977) provided additional information on temperature effects. The following 
discussion will first consider swimming speed in terms of acclimated and acclimating 
responses and then swimming orientation. 

Temperature Acclimation Defined 

Prosser (1964) provided a thoughtful discussion of physiological adaptation 
defined as any physiological property of an organism which favors survival in a 
specific environment. Of more immediate interest, acclimation refers to compensatory 
alterations in an organism during maintenance under laboratory conditions altered by 
one stressful parameter. An acclimated organism is therefore one that is in 
physiological equilibrium with respect to this environmental factor. Holwill (1966) 

and Brennen and Winet ( 1977) reviewed the swimming speed observations of a variety 
of flagellated or ciliated organisms including dinoflagellates. Their survey assumes 
that the organisms are acclimated to the recorded temperature, the sole environmental 
variable listed in their tables. The following section describes the acclimation of 
protozoan motility to temperature. 

The Protozoan Acclimation Process 

Kinne (1964) considered how aquatic crustaceans acclimate various 
physiological processes to the full range of environmental temperatures and compared 
rates obtained in a gradually changing temperature regime to rates obtained after 
acclimation to various constant temperatures. The rates obtained under gradually 
changing temperatures generally are less than acclimated rates under conditions of 
slowly rising temperatures and are greater than adapted rates under conditions of 
slowly declining temperatures. These guidelines appear applicable to protozoa based 
on the available information discussed below. 

Hopkins (1937) provided the most complete study of the acclimation of 
protozoan motility to temperature using the marine amoeba Flabellula mira Schaeffer. 
His general conclusions were: 

1. Locomotion rate increases with temperature to a maximum and then decreases 
rapidly at higher temperature. 

2. Adjustment to a decrease in temperature seems slower than adjustment to an 
increase in temperature. 
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The rate of locomotion of F/QbeUultl mira as measured 15 min after transfer from room temperature to 
higher or lower temperatures and compared to that after acclimation (several hours) to the new temperature . 
(After Hopkins (1937).) 

3. Sudden increases in temperature cause oscillations in locomotion responses; the 
smaller the increase, the fewer the increases and decreases in a given time. 

4. Sudden decreases in temperature cause instantaneous decreases in locomotion 
rate, and this rate continues to decrease gradually for several hours; up to seven 
hours may be required for cells to cease moving after a change to a lethal low 
temperature. 

5. Gradual temperature changes (5°C·h -I) do not allow full acclimation; at 
temperatures lower than the acclimated temperature, the rate is lower after 
acclimation to the new temperature. At temperatures higher than the acclimated 
temperature, the rate is usually higher after acclimation (Fig 1 ). 

6. The instantaneous rate of locomotion at a given temperature depends upon the 
temperature to which the amoeba has previously been acclimated. 

Shortess (1942) observed the ciliate Perinema trichophorum over 2-h periods, 
reporting that: 

1. The rate of locomotion increases with temperature to a maximum and then 
decreases rapidly at higher temperatures. 

2. The rate of locomotion in Perinema acclimated to an intermediate temperature 
varies little with time when exposed to constant temperatures which range from 
14°C to 36°C but decreases rapidly at temperatures higher than 36°C (Fig 2). 

3. The instantaneous rate of locomotion at any given temperature depends upon the 
acclimation temperature. 
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Figure 2 
The rate of locomotion of P6inenul trichophorum measured 0, 20 and 80 min after transfer from 

room temperature to higher or lower temperatures. (After Shortess ( 1942).) 

4. Light of moderate intensity has no appreciable effect on the locomotion at any 
temperature, but very intense light causes a considerable increase in the rate of 
locomotion at temperatures below 14°C and a marked decrease at temperatures 
above 14°C. 

Differences between the observations of Shortess ( 1947) and those of Hopkins ( 1937) 
may be related to differences in mode of locomotion (ciliary vs. amoeboid movement). 
Another possibility is that the discrepancy in the results of these two workers is due to 
the difference in the duration of their experiments. 

Two papers discuss the swimming speed response of flagellated protozoans. 
Based on studies over 2-hour periods, Lee (1954) reported on Euglena gracilis and 
Chilomonas paramecium: 

1. Maximum swimming speed occurs at intermediate temperatures (25-30°C) with 
very sharp decreases at higher or lower temperatures. 

2. These species exhibit no temporal change in the swimming rate when organisms 
are held at constant temperature levels at 5° intervals between 5-40°C. 

The lack of a high temperature effect may be due to the few observations obtained 
above 30°C. The otherwise general agreement of these results with those of Shortess 
(1942) probably results from similar experimental duration. Using innovative 
measurement methods, Hand, Collard and Davenport (1965) studied the temperature 
dependence of the swimming speed of two dinoflagellates Gonyaulax sp. and 
Gyrodinium sp. and found: 
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1. Cells exposed to a rapid temperature decline (20° to 8°C in 10 min) maintain 
motility to 12°C, and cells kept at 8°C for 12 hours do not recover motility. 
Cells exposed to a rapid temperature increase (20° to 34°C in 20 min) lose 
motility at 28°C, but cells maintained at this temperature recover motility in about 
an hour. 

2. If Gonyaulax (Gyrodinium) undergoes a gradual increase in temperature 
(2°C·30 min- 1), it maintains motility to 34°C {38°C); cells maintained at 34°C 
(38°C) for 12 hours never recover motility. Under gradually decreasing 
temperature, cells maintain motility to 8°C (4°C) (Fig 3). 

3. Both species maintain uniform velocity throughout a wide temperature range. 

According to the results of Hopkins (1937), these experiments also may lack sufficient 
duration to allow full acclimation at the various temperatures at which measurements 
were made. The relationships presented in Figure 3 may therefore be a complex 
function of incomplete acclimation. 

As previously mentioned, Hopkins (1937) observed in an amoeba that sudden 
increases in temperature cause oscillatory locomotion responses and that sudden 
decreases in temperature cause instantaneous decreases in locomotion rate which 
continue to gradually decrease for several hours. The swimming speed changes 
occurring in the first few minutes of exposure to a new temperature were studied in 
Paramecium (Tawada and Oosawa 1972) and Chlamydomonas (Majima and Oosawa 
1975). Paramecium exhibits an initial swimming speed increase to temperature 
changes greater than ± 1oc and then an exponential decrease with time (ca. 1 min) to 
a new steady rate. Chlamydomonas responds to a sudden temperature increase 
(decrease) by increasing (decreasing) its swimming speed. The high (low) velocity is 
maintained for few minutes, the velocity then decreases (increases) in a few minutes. 
These observations, telescoping the first few minutes of a temperature change, may 
help in the formulation of a conceptual model of ecological responses to temperature 
gradients, but such detailed behavior may not significantly contribute to integrated 
interactions that occur over a day. 

Taken together, these protozoan references suggest that dinoflagellate swimming 
speed might respond to temperature change over several time scales extending from 
instantaneous reactions to additional adjustments toward acclimation that require 
several hours (at present, this is speculation) especially at temperatures below the 
acclimation temperature. As the natural exposure of a given dinoflagellate species to 
altered temperatures may range from minutes to hours in a diurnal vertical migration, 
depending on the depth range traversed and on the thermocline depth, a comparable 
spectrum of information on swimming capabilities and acclimation is required to 
modulate behavioral rates in interactive biophysical models. This necessary 
information cannot presently be generalized either for individual ecologically 
significant species nor even for the dinoflagellates as a class. 



182 Daniel Kamykowski 

400 

300 

200 

'u
CD 
U) 

100 
E 
~ 

"0 
CD 0 
CD 
Q. 

CJ) 500 
D 
c:::: 

E 
E 400 
"i 
CJ) 

300 

200 

100 

0 

Figure 3 

Gonyaulax 

Gyrodinium 

I 
Temperature (OC) 

The rate of locomotion (linear swimming speed) of Gonyaulax and Gyrodinium acclimated to 20"C at 
lower and higher temperatures encountered at a rate of 2oC per 30 min. (After Hand et al. (1965).) 
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Orientation 

Velocity is a vector. Though the present discussion emphasizes temperature 
effects on protozoan swimming speed, temperature can also affect the swimming 
orientation of protozoans, including perhaps dinoflagellates. Nakaoka & Oosawa 
( 1977) examined a strain of Paramecium caudatum which exhibited temperature
sensitive differences in the frequency of directional changes. In a survey of 
Paramecium, most strains demonstrated their temperature sensitive behavior in this 
way. Nultsch (1974) reported thermotaxis, orientation of motile microorganisms in a 
given temperature gradient, in several classes of motile algae but did not list 
dinoflagellates. Kamykowski ( 1981) showed (Table 1) that different species of 
dinoflagellates exhibit different temperature thresholds for altered behavior. He 
observed that the absolute temperatures seemed more significant than the actual 
temperature gradient. Even this preliminary survey demonstrates that temperature 
apparently acts as a modifying factor on the behavior of dinoflagellates w~ich are 
responding to other environmental variables . The dominant cues appear to be light 
(phototaxis) and gravity (geotaxis) (e.g., Eppley et al. 1968, Wilson 1975, Cullen and 
Horrigan 1981). In order to modulate behavioral orientation in interactive biophysical 
models, additional information is required on the effects of temperature and other 
factors on dinoflagellate responses to light and gravity. 

A SUGGESTED LABORATORY PROGRAM 

Prelude 

A coherent, multifaceted, statistically rigorous experimental approach is required 
in order to generate the information on behavior-induced rates for interactive 
biophysical models. An initial attempt at such an approach is presented below which 
emphasizes temperature effects and is based on different applications of a video 
camera system. Several different combinations of hardware and software which are 
suitable for this purpose are available commercially. One such instrument array 
includes a microscope, light source, video camera, video screen, video stopwatch, 
time lapse recorder, and video caliper (Fig 4) . This system allows a straightforward 
measurement of swimming speed and direction. More advanced systems are already 
available as described in Pfau et al. (1983) and by Buskey (1983) but the present 
system provides a relatively inexpensive though more laborious alternative. The 
different applications refer to three experimental designs: (1) the temperature gradient 
plate, (2) the water-jacketed cuvette, and (3) the two-layer, water-jacketed column 
used with parallel water-jacketed cuvettes. In addition, the data derived from some of 
these experiments can be analyzed by a robust nonlinear statistical analysis. These 
experimental designs and statistics will be discussed in more detail. 
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Table 1 
Summary of ascent patterns for a dinoflagellate species under variable 

environmental conditions in a 2 m temperature stratified water column (after 
Kamykowski 198la). 

Organism Salinity Bottom Top Ascent 
(ppt) temperature temperature summary 

Cachonina niei 36 l4°C 25°C Strong aggregation 
at surface 

l0°C 25°C Weak aggregation 
above thermocline 

l4°C 25°C Strong aggregation 
at surface 

27 I5°C 23°C Diffuse through 
column 

7.5°C 25°C Diffuse through 
column 

Ceratium furca 27 20°C 27°C Weak aggregation 
in upper layer 

Gymnodinium 27 17°C 24°C Strong aggragation 
splendens at surface 
Prorocentrum 27 l6°C 25°C Strong aggregation 
micans at surface 
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Figure 4 
A schematic diagram of one workable array of video equipment that can be used to examine 

dinoflagellate swimming speed and orientation. 
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Figure 5 
A conceptual view of how time lagged acclimation may affect dinoflagella1e environmental exposure 

in a thermally stratified water column. 

Experimental Apparatus 

Temperature Gradient Plate-Van Baalen and Edwards (1973) described a light
temperature gradient plate suitable for maintaining algal cultures. In the present 
application, the fluorescent bulbs are positioned 7 em apart just above an aluminum 
block (61 x 61 em) that provides a temperature gradient from l°C to 35°C. The 
fluorescent bulb and the temperature gradient are perpendicular. Disposable 1-cm 
spectrophotometer cuvettes are the culture chambers. The microscope with attached 
video camera is supported on a ball-bearing frame that allows positioning the camera 
over any point on the aluminum block. The microscope gear provides the vertical 
motion that focuses the camera image as the bottom of the microscope moves between 
the fluorescent bulbs. The long wavelength, spectrally filtered light ( > 600 nm) for 
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Figure 6 
A generalized descriptive plot showing the character of a new empirical function that can be used to fit 

the relationship between temperature and swimming speed. The dashed lines at the top of the curve 
continue the trends of the respective exponential parts of the equation. P substitutes for T in Equation 1. 

the camera is reflected off the aluminum block through the cuvette. This apparatus 
allows the determination of the relationship between acclimated swimming speed and 
temperature for several species of dinoflagellates as the organisms maintained in 
enriched seawater medium survive under the described conditions for several days with 
no apparent loss of vigor. 

Water-Jacketed Cuvette-In order to determine the time course of dinoflagellate 
swimming speed response to temperature change, a second system is used. A water
jac\ceted acrylic cuvette (2.5 x 0.7 x 2.5 em) is mounted on a screw rack resting on a 
screw elevating table. The cuvette can be moved through a plane. The microscope 
with attached video camera is mounted horizontally and the microscope gear provides 
motion along the third axis. Organism swimming speed can be recorded continuously 
as the temperature conditions are manipulated. This apparatus will help to determine 
the appropriate relationships in Figure 5, a conceptual view of how acclimation 
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Figure 7 
Plots of temperature (°C) versus mean swimming speed (J.Lm·sec -I) for four species of 

dinoflagellates. The data in lOa and lOb are adapted from Hand et al.(l965); the data in IOc and IOd are 
original. The curved lines represent the fit of Equation I to the data. 

processes may affect dinoflagellate interactions with physical regimes. It will also 
contribute information on the effects of temperature changes on cell orientation. 

Two-Layer, Water Jacketed Coi~The previous methods force the exposure of 
the organisms to different temperatures. The water-jacketed column allows the 
organisms to select their own positions in a temperature-stratified water column of 
enriched seawater medium. The unique aspect of this water column is that the six 
sampling posts, 3 in each layer, are paralleled by 2 sets of 3 water-jacketed cuvettes. 
One set of 3 cuvettes is maintained at the temperature of the upper layer of the water 
column and the other set of 3 cuvettes is maintained at the temperature of the lower 
layer of the water column. This arrangement allows the application of the video 
system as a measuring device applied to samples drawn from the water column. 
These measurements provide a visual parallel to the biomass fluxes in the water 
column that can be measured by standard means. This design can potentially provide 
information on the statistics of cell motion within the biomass peak. 
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Table 2 

Least squares fit to Equation 1 for temperature versus swimming speed plots for four 
dinoflagellate species. 

Species dF a..., b Body Approximate 

oc-1 ~c-1 oc oc m h- 1 oc jJ.m S- I( m h- I)) 

Type Length 

(JJ.m) 

Cachonina 5 0.121 0.041 9.0 33.0 1.20 18.9 103(0.37) Dinokont 13 

niei ±0.339 :!:0.318 ±2.3 ±1.4 :!:1.41 ±0.05 Armored 

Prorocentrum 7 0.201 0.201 9.0 38.0 0.80 23.5 200<0.72)"J Desmokont 42.5 

micans ±0.395 :!:2.833 ± 1.4 ± 110.3 :!: 1.09 Armored 

GonyaulaX" 9 0.041 0.161 2.2 36.0 2.00 24.2 281( 1.01) Dinokont 48 

polyedra ±0.075 ±0.119 ±3.0 ±0.7 ±2.57 ±0.05 Armored 

Gyrodiniuma 13 0.041 0.201 1.0 40.0 2.00 28.1 338(1.22) Dinokont 72 

dorsum ±0.038 :!:0.107 ± 1.8 ±0.9 ± 1.20 ±0.13 Unarmored 

a = Hand et al. (}965); acclimating. 

J3=n-5 

-y = Est ± 1 s.d. 

& = Caution: often based on extrapolated relationship. 

E = Estimated by iteration. 

1!1 = See Appendix I for calculation of confidence limits. 

w = Confidence limits cannot be calculated due to limited data base. 

Statistical Analysis 

Obtaining swimming speed data from the temperature gradient plate for different 
species will allow interspecies comparisons. These comparisons require the definition 
of appropriate biological parameters and a method to determine statistical differences. 
Data derived from the temperature gradient plate can be fitted to the five-parameter 
expression: 

S = SA ( 1 - e -a ( T - h >) ( 1 - e -b c TH -T >) (l) 

where S is the swimming speed at temperature T, SA is the asymptotic swimming 
speed for the two exponential curves, a is the initial slope, TL is the low temperature 
at which swimming stops, b is the final slope, and TH is the high temperature at 
which swimming stops (Fig 6). These five parameters ( SA , a, TL , b, TH) are 
provided with statistical confidence limits by the nonlinear curve fitting procedure in 
the Statistical Analysis System (SAS, 1982) procedure PROC NLIN. In addition, 
confidence limits can be computed for any predicted swimming speed at a given 
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temperature from Equation 1 using the partial derivatives of Equation 1 for each 
parameter and the variance-covariance matrix. Appendix I provides a model 
computation. The most obvious utility of this analysis centers on TL , TH and the 
estimate of SM , the maximum swimming speed. 

An example of the application of this statistical analysis technique utilizes the 
data of Hand et al. (1965) and two original observations. Figure 7 demonstrates the 
fit of Equation 1 to four sets of temperature versus swimming speed data for marine 
dinoflagellates. Table 2 summarizes the equation parameters and their 95% 
confidence limits and computed maximum swimming speed and its 95% confidence 
limits. Interestingly, this preliminary analysis suggests that maximum swimming 
speed increases with cell length (S = 51.08 + 4.09 L, r 2 = 0.94). If generally true, 
this pattern contradicts previous discussions of the size dependence of swimming 
speed within bacteria and flagellated or ciliated protozoans (e.g., Holwill 1977). 
More realistically, a rigorous size dependence of swimming speed is most likely 
among morphologically similar cells at the genus level or, possibly, along 
evolutionary lines within a protozoan class like the dinoflagellates (Taylor 1980). 

CONCLUSIONS 

The data base for the effects of temperature on dinoflagellate swimming speed 
and orientation from a field perspective can be considerably improved using available 
technology and developing experimental systems and statistical analyses. This 
improved data base will allow a more robust characterization of behavioral parameters 
of biophysical models. Such models can be used to investigate more realistically the 
interactions between various physical situations in the field and the representative 
swimming behavior of different dinoflagellate species. This kind of survey will 
contribute to information on the role that motility plays in allowing dinoflagellates to 
successfully compete with other algal classes in the sea. 
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APPENDIX I 

CONFIDENCE LIMITS FOR PREDICTED SWIMMING SPEED 
AT A GIVEN TEMPERATURE 

FROM S = SA (1 - - TL >) (1 - e -b cTH - T'e -a (T 

D. Kamykowski and F.G. Giesbrecht1 

The SAS User's Guide: Statistics (SAS 1982) describes a nonlinear regression 
procedure (NLIN). For the present application, the derivative-free (DUD) method of 
Ralston and Jennrich ( 1978) is used to perform the least squares fit of Equation A 1 to 
the temperature versus swimming speed data. NLIN provides asymptotic confidence 
limits for the parameters (a, b, SA , TL , T8 ) in 

S = SA (I - e -a <T - h >)(I - e -b CTH - T >) (AI) 

for T L ~ T ~ T8 . Confidence limits for predicted values of swimming speed at a 
given temperature for this equation, however, require separate calculations. In matrix 
notation, the variance of a predicted swimming speed at a given temperature is 

A A asl ,. .... asl
Var (S ) = a-9 'a =9 V (0) a-9 a =9 (A2) 

where 0 is a generalized parameter, li lao is the vector of partial derivatives of S ao 

evaluated at 9 = 90, ~; I'Do is its transpose, and V (i)) is the estimated variance

covariance matrix of the estimated parameters from NLIN. 
The partial derivatives of the parameters are: 

~ = SA (T - TL ) (e -a <T - TL >) (I - e-b (JH - T >), (A3) 

:~ = SA (TH - T) (I - e -a (T - h >) (e -b <TH - T '1, (A4) 

as ( -a<T- rr >). ( -b<TH - n)-- 1-e 1-e , (A5) 
asA 

_j.§_ = -a SA (e -a <T - h >)(1 - e -b <TH - T >), and (A6)
CJTL 

_j§_ = b SA (1 _ e-a <T - Tt >) (e -b <TH - T >) (A7)
CJTH 

l. Department of Statistics , North Carolina State University Raleigh, North Carolina 27695, U.S.A . 
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Since :~ = 0 cannot be solved precisely, TM , the temperature at which swimming 

speed is maximum, is determined by an interactive run advancing at small temperature 
increments over a temperature range that is known to contain SM , the maximum 
swimming speed, by inspection of the best fit curve. TM is substituted for T in forms 
of Equations A3-A7 where a, b, SA, TL and TH are provided by NLIN. These 
equations are then solved to give the vectors 

as 1 ..... d as 1, .....ae 9 = 9 an ae 9 = 9· 

NLIN does not print the variance-covariance matrix, V{i}}, but it does provide 
the correlation matrix and estimates of the asymptotic standard errors of the five 
parameters in Equation A 1. The variance-covariance matrix can be reconstructed from 
the estimated correlation matrix and parameter standard errors provided by NLIN. If 
cor (S; .ei ) denotes the correlation between S; 6i and s (S; ) the standard error of 0; 
then the corresponding covariances can be written as 

V (0; ,S j ) = COr (0; ,S j ) X (0; ) X S (0 j ),S 

where S; and ej take on the values a, b, SA ' TL and T H . 
The vector multiplication takes the form 

v<S > = 
[D (a ) D (b) D (SA) D (TL) D (T H)} 

V (a,a) V (a,b) V (a,SA) V (a,TL) V (a,TH) 

V (b,a) v (b,b) V (b,SA) V (b,TL) V (b,TH) 

V (SA ,a) V (SA ,b) V (SA ,SA) V (SA ,TL) V (SA ,TH) 

V(TL ,a) V (TL ,b) V (TL ,SA) V (TL ,TL) V (TL ,TH) 

V (TH ,a) V (TH ,b) V(TH ,SA) V (TH ,TL) V (TH ,TH) 

(A8) 

(A9) 

D(a) 

D(b) 

D (SA) 

D (TL) 

D(TH) 

where the D (S; ) are the partial derivatives defined by A3- A 7 evaluated at the 
observed parameter estimates, i.e . , a, b, SA , TL , and TH . Draper and Smith (1966) 
is one of several sources of information on the matrix manipulations as applied to 
statistics and provides a simple account of the solution of A9. The result of these 
manipulations is the VAR (S ) which can be used to compute the confidence limits of 
SM at TM with the appropriate value of 11 Student's 11 t. 




