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The vertical migration of zooplankton into lower and darker
water strata by day is generally explained by the avoidance of
visually orienting predators, mainly ®sh1±4; however, it is unclear
why daily zooplankton migration has been maintained in ®shless
areas5. In addition to predation, ultraviolet radiationÐa hazardous factor for zooplankton in the surface layers of marine and
freshwater environments6±8 Ðhas been suspected as a possible
cause of daytime downward migration9. Here we test this hypothesis by studying several Daphnia species, both in a controlled
laboratory system and under natural sunlight in an outdoor
system. We selected Daphnia species that differed in their pigmentation as both melanin and carotenoids have been shown to
protect Daphnia from ultraviolet light10,11. All Daphnia species
escaped into signi®cantly deeper water layers under ultraviolet
radiation. The extent to which the daphnids responded to this
radiation was inversely linked to their pigmentation, which
reduced ultraviolet transmission. These results suggest that ultraviolet avoidance is an additional factor in explaining daytime
downward migration. Synergistic bene®ts might have shaped the
evolution of this complex behaviour.

Solar spectrum
1,000
Spectral irradiance (mW m–2 nm–1)

the bio- and chemostratigraphic breakpoints may not coincide
precisely. The restricted facies distribution of distinctive early
Mesoproterozoic acritarchs, however, suggests that biostratigraphic
con®dence will necessarily be tied to careful palaeoenvironmental
characterization.
Process-bearing microfossils were once thought to be restricted to
Phanerozoic strata. Two decades ago, their range was extended to
the beginning of the Neoproterozoic era. Now, it is clear that
process-bearing microfossils have been present for nearly half of
life's recorded history. The Roper Group provides an unusually clear
window on aspects of biology in the early Mesoproterozoic oceans,
demonstrating that 1,500 Myr ago marine protists included cytologically sophisticated organisms that lived in ecologically differentiated communities.
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Figure 1 Spectral irradiation in mesocosms with (test) and without (control) ultraviolet
radiation. Ultraviolet radiation above the water surface was lower than on a cloudless
September day at noon in 1995 in Munich, when we performed the experiments under
natural solar irradiation (solar spectrum).
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Diel vertical migration (DVM) in zooplankton is an impressive
phenomenon, involving tons of biomass changing its vertical
position in a daily rhythm, both in marine and freshwater environments, with profound impact on all trophic levels. This phenomenon was noticed by the earliest scientists in this ®eld and is re¯ected
in the implicit knowledge of ®shermen over the centuries. In cases
of predator-induced DVM, zooplankton avoid `light-dependant
mortality'12 from visually feeding predators by staying in deeper,
darker water layers during the day13. Changes in light intensity
trigger upward and downward DVM of zooplankton14; chemical or
physical stimuli stemming from predators can also induce DVM
behaviour15. However, migrating zooplankton normally have to
cross temperature gradients in the natural water column, and the
smaller growth rates at cooler temperatures in lower water strata is a
major cost16. Thus, additional bene®ts to predator avoidance may be
necessary to explain the evolution and persistence of this complex
and costly behaviour. Furthermore, there are vertically migrating
zooplankton communities even in the absence of ®sh predators in
arctic lakes5, a result that has yet to be explained.
Another harmful factor for zooplankton is ultraviolet-B radiation6±8, which may penetrate to signi®cant depth. In clear marine
water 10% of surface ultraviolet radiation penetrated down to 25 m
(ref. 17), and in low dissolved organic carbon (DOC) freshwater
lakes a maximum penetration depth for 1% of the surface level of
UV-B was measured at 33 m (ref. 18). For Daphnia magna, ultraviolet receptors19 and the ability to see ultraviolet radiation20 have
been shown. Given that ultraviolet radiation is a selective ecological
factor, a similar avoidance reaction could be expected. To test
this hypothesis we performed depth-selection experiments with
daphnids. Our goal was to test if the ultraviolet perception, enabling
for a negative phototactic short-term response to ultraviolet radiation21±23, would result in appropriate depth selection of differently
pigmented daphnids when exposed to ultraviolet raditation. We
performed experiments under both natural and arti®cial sunlight.
We measured the stabilized vertical distribution of pigmented and
unpigmented daphnids in experimental mesocosms. Under natural
sunlight we found a signi®cant deeper migration when the daphnids
were exposed to ultraviolet irradiation (Mann±Whitney U-test,
P # 0.0001; Table 1). We veri®ed our results in laboratory experiments. Our experimental ultraviolet intensity of 0.505 mWm-2

Table 1 Median depth distributions of adult and juvenile Daphnia under
simulated and natural sunlight

Figure 2 Results from laboratory experiments. a±d, Vertical distribution of unpigmented
D. cucullata (a) and D. pulex (b); melanized D. pulex (c); and D. rosea with carotenoids
(d), in mesocosms (height 1 m; diameter 46 mm). e, f, We measured the vertical gradient
of radiation (e) and the vertical temperature gradient (f). Data represent means of three

replicates (6 1 s.d.) taken as the mean of ®ve repeated measurements. Measured values
of depth distribution in all experiments showed a signi®cantly deeper position of daphnids
in ultraviolet treatments (Mann±Whitney U-test; P , 0.0001).
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Under laboratory irradiation
D. cucullata
0.65
D. pulex (unpigmented)
0.85
D. pulex (melanized)
0.15
D. rosea
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Under solar irradiation
D. pulex (unpigmented)
D. pulex (melanized)

0.85
0.60

0.50
0.85
0.20
0.30

0.20
0.15
0.10
0.10

0.15
0.10
0.10
0.10

0.45
0.70
0.05
0.10

0.35
0.75
0.10
0.20

±
±

0.45
0.55

±
±

0.40
0.05

±
±

.............................................................................................................................................................................

(285±400 nm) falls below the natural ultraviolet radiation of
temperate cloudless spring, summer and autumn days at noon
(Fig. 1). By applying steep temperature and irradiation gradients
(Fig. 2e, f), we chose experimental conditions that allowed detection of graded responses in our small-scale set-up. All of our
experiments in mesocosms showed a signi®cant downward migration of ultraviolet-exposed daphnids into the colder part of
the mesocosms (Mann±Whitney U-test, P # 0.0001; Fig. 2 and
Table 1). The daphnids avoided ultraviolet radiation despite the
anticipated cost.
Melanin pigmentation as well as carotenoids increase the ultraviolet tolerance of planktonic species10,11. To minimize the cost of
colder temperatures in deeper water layers, a less pronounced
downward response to ultraviolet light would be predicted for
zooplankton with a higher ultraviolet tolerance. This was con®rmed
by the fact that the response to ultraviolet light was weaker in both
of the pigmented forms (Fig. 2, Table 1). Under ultraviolet radiation
pigmented Daphnia pulex and Daphnia rosea stayed closer to the
surface than unpigmented D. pulex and Daphnia cucullata. This is
re¯ected in a smaller difference in median depth between the
control groups and the ultraviolet treatments for either of the
pigmented clones. Under natural solar radiation in outdoor experiments our results con®rmed a more pronounced downward
response of adult unpigmented D. pulex compared with melanized
D. pulex (Table 1). Melanin in the carapace effectively reduces
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Cultures of unpigmented D. cucullata originated from Lake Thalersee (Bavaria, Germany)
and D. rosea with carotenoid body pigmentation originated from a ®shless pond in the
Bavarian alps (Germany). Two D. pulex clones, one an unpigmented clone and the other
with a melanized carapace, were isolated from Churchill in arctic Canada.
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Figure 3 Spectral transmission of exuviae from transparent and melanized D. pulex
measured in 1-nm intervals from 280 to 780 nm. Thick lines represent means. Melanin
pigmentation effectively reduced transmission of ultraviolet irradiation.

ultraviolet transmission (Fig. 3). The downward migration of both
pigmented and unpigmented daphnids during the day indicates
that ultraviolet radiation is a proximate factor in depth selection.
The stronger response of unpigmented daphnids apparently compensates for a weaker ultraviolet tolerance compared with that of
their pigmented congeners. This implies that ultraviolet radiation is
not only a proximate but, at the same time, is also an ultimate factor
for the migration of zooplankton.
If ultraviolet radiation is both an ultimate and a proximate factor
it could have had an initial role in the evolution of the predatorinduced daytime sinking in DVM24. Perhaps the bene®t for populations whose migration was originally ultraviolet-induced would
have increased with the abundance of visually orienting predators.
An extended migration amplitude would also have further contributed to the bene®t of vertical migration, and then been evolutionarily established as predator-induced DVM in zooplankton.
The depth necessary to avoid visually orienting predators25 generally
exceeds the depth to which damaging ultraviolet intensities
penetrate7, as visible light penetrates deeper into natural waters
than does ultraviolet radiation26, and ®sh are able to forage at very
low light levels27,28. Owing to the abundance of ®sh in many lakes,
ultraviolet protection would already be achieved by a predatorinduced DVM. Nevertheless, if Daphnia can avoid being circulated
to the surface by turbulent mixing in the epilimnion (circulating
surface water), a migration into the hypolimnion (non-circulating,
lower water layer) might even be advantageous in lakes where
ultraviolet penetration is reduced by higher contents of DOC18. It
follows that the impact of natural and anthropogenically increased
ultraviolet radiation29 on zooplankton DVM should have an involvement in aquatic environments with temporally or spatially low
®sh abundance, such as in high mountain lakes, arctic regions and
in many marine areas. On the basis of our results we propose that
pigmentation and migration are two alternative strategies to avoid
harmful ultraviolet radiation and we expect pigmentation, as it
increases visibility and thus susceptibility to visual predation, to be
found in lakes without ®sh, and migration to be found in lakes with
®sh. Our study shows that depth-selection behaviour can be a
multi-causal phenomenon. The additive bene®ts possibly increase
the adaptive value and thus facilitate the evolution and persistence
of such a complex behaviour.
M
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For the experiments we constructed Perspex tube mesocosms (height 1 m; diameter
46 mm). For the laboratory experiments the mesocosms were irradiated from above by
one Phillips TL12/40W ultraviolet-B ¯uorescent tube, two Osram L36/W/11 Lumilux
daylight and two Salvina ES Standard F36W/129ST tubes giving a light spectrum that
covered the ultraviolet and visible bandwidth of natural sunlight. Light was scattered by an
opalescent ultraviolet-permeable Perspex sheet. We used acetate foil to eliminate ultravioloet-C radiation of the Phillips ultraviolet-B ¯orescent tube. Ultraviolet radiation was
excluded from controls by Mylar foil. Three control and three ultraviolet treatments were
positioned in an alternating order and screened off from the others to prevent systematic
errors. The total irradiation difference between ultraviolet and control treatments
(wavelength (l) . 400 nm) was less than 2%. Spectral irradiance was measured with a
calibrated Bentham spectral radiometer. For the experiments with natural sunlight the
system was transported to the roof of the institute, where it had been installed in a dark
container allowing light to penetrate the Perspex tubes only from above.
The mesocosms were ®lled with ®ltered (0.45 mm) water from the eutrophic Lake
Klostersee (Germany), which had been stored for more than a week to exclude the possible
effects of algae and kairomones. Kd310 (the diffuse attenuation coef®cient for wavelength
310nm) in Lake Klostersee (measured in the lake) was 4.33 m-1. Owing to the experimental geometry the attenuation was higher in the experimental columns: Kd310(exp) =
,10 m-1.
To obtain vertical gradients of radiation (Fig. 2e) we constructed Perspex tubes of each
depth, sealed the bottom with ultraviolet-permeable acetate foil and measured the
ultraviolet radiation that penetrated each water column. The system was cooled to 12 8C
and heated from above by lamp irradiation to 20 8C, which resulted in a steep vertical
temperature gradient (Fig. 2f). We optimized the system in a series of previous experiments to obtain not only directional, but also graded responses. We added 20 lightacclimated (20 mWm-2) daphnids to each mesocosms. For the experiments with juveniles
we used 3±4-day-old (3rd to 4th instar) daphnids; for the experiments with adults we used
10-day-old daphnids. On the basis of the results of pilot experiments, we counted the
individuals after 2-h acclimation of the daphnids to the light (both with and without
continuous ultraviolet radiation) and temperature conditions. We veri®ed stabilization of
the behaviour by counting ®ve times (repeated measurement, time interval of 20 min). No
signi®cant shift of the median depth was detected during the 80 min of the measurement.
For statistical analysis we compared the within treatment variation between the replicates
with Kruskal±Wallis tests. Owing to the homogeneous conditions in our set-up we found
no signi®cant difference between replicates. This allowed us to pool the data and to
compare the treatments with Mann±Whitney U-tests.

Measuring the protective effect of pigmentation
To verify the protective effect of melanin, we measured ultraviolet transmission directly at
the exuviae. Five freshly moulted exuviae from transparent and melanized D. pulex were
washed in H2O-bidest and transferred on quartz glass covers slips. The centre of one side of
the exuviae was positioned over a 100-mm diaphragm. The spectral irradiation of a 100-W
quartz halogen calibration light bulb transmitting the cover slide with and without an
exuviae was measured by a Bentham spectral radiometer between 280 nm and 780 nm at
1-nm steps. Transmission was calculated by the quotient of the spectral irradiance of an
empty cover slide qqu(l), and the spectral irradiance of a cover slide with exuviae qex(l):
T(l) = qex(l)qqu(l)-1.
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Price equation in evolutionary genetics16±19. Applying this method
to data from the pan-European BIODEPTH experiment4 reveals
that the selection effect is zero on average and varies from negative
to positive in different localities, depending on whether species
with lower- or higher-than-average biomass dominate communities. In contrast, the complementarity effect is positive overall,
supporting the hypothesis that plant diversity in¯uences primary
production in European grasslands through niche differentiation
or facilitation.
Recent theoretical work has revealed that the observed responses
of ecosystem processes to changes in species or functional-group
diversity can be generated by a combination of different effects13±15.
These biodiversity effects can be grouped into two classes. First,
there are those that arise from niche differentiation or facilitation
between species, and that can increase the performance of communities above that expected from the performance of individual
species. Distinguishing the effects of niche differentiation and
facilitation may often be dif®cult in practice; therefore, we refer to
these mechanisms collectively as `complementarity'. One common
form of complementarity in plant communities (which involves
both resource partitioning and facilitation) arises between legumes,
which have the ability to ®x atmospheric nitrogen, and other plants,
which have access only to soil nitrogen.
The second class of biodiversity effects gives rise to relationships
between biodiversity and ecosystem functioning through selective
processes, such as interspeci®c competition, which cause dominance (high relative abundance) of species with particular traits. For
example, in one model of the `sampling effect'6,13, higher-diversity
plant mixtures assembled at random from a pool of species have a
higher chance of containing and becoming dominated by the
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The impact of biodiversity loss on the functioning of ecosystems
and their ability to provide ecological services has become a
central issue in ecology. Several experiments have provided evidence that reduced species diversity may impair ecosystem processes such as plant biomass production1±5. The interpretation of
these experiments, however, has been controversial6±12 because
two types of mechanism may operate in combination6,13±15. In the
`selection effect', dominance by species with particular traits
affects ecosystem processes. In the `complementarity effect',
resource partitioning or positive interactions lead to increased
total resource use. Here we present a new approach to separate the
two effects on the basis of an additive partitioning analogous to the
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Figure 1 Observed yield YO and net biodiversity effect DY as functions of species richness
across all localities in mixtures of the BIODEPTH experiment. a, Observed yield; b, net
biodiversity effect. Open circles are plots that do not contain any legume species; ®lled
circles are plots that contain legumes. Lines are slopes from the multiple regression
model using species richness on a log2 scale. Lines in a from highest elevation to lowest
are: Germany, Silwood, Shef®eld, Switzerland, Ireland, Greece, Sweden and Portugal.
Values of the biodiversity effect (in g m-2) are square-root transformed to meet the
assumptions of analyses but preserve the original positive and negative signs. (Single
asterisk, P , 0.05; double asterisk, P , 0.01; triple asterisk, P , 0.001; ns:
non-signi®cant.)

© 2001 Macmillan Magazines Ltd

NATURE | VOL 412 | 5 JULY 2001 | www.nature.com

