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UV-induced pigmentation in subarctic Daphnia

Abstract—The distribution of the planktonic crustacean
Daphnia and the occurrence of ultraviolet (UV)-protective
melanin pigmentation in its body wall were studied in relation
to the UV transparency in subarctic ponds and lakes in Finnish
Lapland. In shallow ponds, Daphnia only occurred in those
with sufficient amounts of UV-screening dissolved organic
matter. The highest pigment concentration was found in these
Daphnia and in populations that occurred in lakes with low
organic carbon content (<2 mg L-*). Pigment synthesis was
extremely low during the long winter and peaked immediately
after the ice break-up at the time of the maximum underwater
UV intensity. We propose that the predicted increase in UV
irradiance from ozone depletion in the Northern Hemisphere
spring, along with the earlier ice break-up associated with Arc-
tic warming may favor the survival of those organisms with
the ability to produce UV photoprotective pigments.

The most conspicuous feature of polar regionsis the large
seasonal variation in incoming solar radiation, from zero in
winter months to 24 h of continuous sunlight in the summer.
The poles therefore receive more solar radiation in summer
than equatorial locations, yet the momentary radiation inten-
sity never exceeds equatorial values. Ozone depletion in
northern latitudes and the resultant changes in incident ul-
traviolet radiation have increased markedly during past de-
cades, with some sectors of the Arctic experiencing upwards
of 20% reductions in ozone and more than a 40% increase
in ultraviolet (UV) radiation, the trend being most pro-
nounced during spring months (WMO 1998). Although solar
UV accounts for less than 5% of the total radiation reaching
the surface of the earth, it contains the most energetic and
biologically harmful wavelengths. These wavelengths are
known to have broad effects on aquatic ecosystems, includ-
ing the photoproduction of toxic compounds, mutagenesis,
and physiological stress (Vincent and Neale 2000).

The penetration of UV radiation in lakes is known to be
largely a function of the concentration of dissolved organic
carbon (DOC; Morris et al. 1995). Because of poorly de-
veloped soils, sparse terrestrial vegetation, and low phyto-
plankton production, most of the waters in northern Fenno-
scandia situated above the tree line are poor in both
allochthonous (watershed-derived) and autochthonous (orig-
inating within the lake) DOC, with values usually less than
5 mg L~* Northern Fennoscandian waters are also shallow,
the mean depth being less than 5 m (Blom et al. 1998). This
means that in many cases high levels of UV radiation can
penetrate to the bottom of the water body. The open-water
fauna of high-latitude lakes is therefore experiencing high
enough UV intensities to cause increased mortality (Zellmer
1998).

To address the potential effect of increased UV radiation,
we studied one of the most common and abundant groups
of the subarctic open-water fauna, Daphnia, in relation to
underwater UV conditions. First, we determined the occur-
rence of Daphnia in water bodies with different optical char-
acteristics. Second, we measured the melanin pigment con-
centration of the body wall of Daphnia, which is suggested
to depend on exposure to UV radiation (Hebert and Emery
1990; Hessen and Sgrensen 1990). The growth of a crusta-
cean takes place through the moulting of the shell and the
formation of a new larger carapace. Melanin synthesis has
to be repeated after each moult and has been considered to
be energetically costly (Hebert and McWalter 1983; Hessen
1996). In laboratory experiments, the melanic morphs have
been shown to have lower growth rates than the nonmelanic
ones, thus being competitively inferior to the unpigmented
forms (Hessen 1996). If pigment synthesis requires energy,
the few resources available are not only allocated to growth
and reproduction, but also to UV protection. In addition,
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pigmented morphs are more vulnerable to visually hunting
predators than nonpigmented ones (Hairston 1979). Thus,
there occurs a considerable trade-off between the costs of
pigmentation and the threats from UV radiation and preda-
tion (Hansson 2000). Hence, a plausible hypothesis would
be that pigment synthesis is constrained to periods when it
is really needed.

Methods—A survey of ponds and lakes with varying op-
tical properties was conducted in Finnish Lapland in sum-
mers 1998 and 1999. We sampled 27 fishless ponds with
different DOC concentrations in July 1998 and in July—-Au-
gust 1999 for the occurrence of Daphnia. The numerous
ponds in northern Finland are shallow, seldom exceeding 1.0
m in depth. The clearest localities are exposed to high levels
of UV radiation, whereas some contain high amounts of UV-
absorbing DOC from wetlands in their watersheds. Deeper
water bodies offer some refugia for migrating plankton to
avoid exposure to harmful levels of radiation. To analyze the
effects of such depth refugia on Daphnia pigmentation, we
also studied 16 larger and deeper lakes ranging in latitude
from 68°01'N to 69°26'N in an area that spans the biogeo-
graphical limits of the Norwegian spruce, Scots pine, and
mountain birch (Fig. 1). The lakes were sampled with a he-
licopter during 20—22 July 1998. The maximum depth of the
lakes averaged 8.4 m (range 2—24 m). The majority of all
the lakes were inhabited by planktivorous white fish (Cor-
egonus sp.) or arctic char (Salvelinus alpinus). We also fol-
lowed seasonal patterns in melanin concentrations in a lake
population of Daphnia umbra for a 1-yr period to test the
hypothesis that the occurrence of pigmented organisms is
restricted to times that pigmentation is really required (i.e.,
open-water period). The shift in the pigmentation pattern can
occur either by physiological adaptation of individuals or by
temporal changes in the clona structure of a population
(Hessen et al. 1999).

Pigment extraction followed the method by Hebert and
Emery (1990) and Hobak and Wolf (1991). Live Daphnia
were separated from plankton samples that were taken with
a 200-um net from the whole water column. Adult females
(30—100) from each sample were preserved in 4% formalin
solution to prevent melanin dilution (Hobak and Wolf 1991)
and frozen. Because of low density of Daphnia in the sam-
ples, three replicate net hauls were pooled in order to get
enough individuals for pigment analysis; thus, only one pig-
ment measurement is available for each sampling location.
Pigment analysis took place 3 months after sasmpling. The
formalin was washed off and individuals were measured.
Some of the individuals were reserved for carbon analysis.
The remaining Daphnia from each site were placed in a test
tubein 5 ml 5 M NaOH and homogenized with an ultrasonic
rod (Branson Sonifier Cell Disruptor B15) for 4 min. The
tubes were heated to approximately 65°C once a day for 5
d by placing them in ajar with hot tap water and were then
left to cool. Finally, the samples were filtered (Whatman GF/
F 0.2-um-membrane filters), and absorbance of the filtrate
was measured spectrophotometrically (Shimadzu UV-2100)
through a 1-cm cuvette at 350 nm. Absorbance was related
to concentration by means of a reference curve calculated
from synthetic melanin (Sigma No. M8631), and the rela-
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Fig. 1. Locations of the study lakes in Finnish Lapland. Studied
ponds (not shown in the figure) were al located above 69°N. Al-
titude for the study sites ranged between 249 and 897 m above sea
level (as.l.).

tionship between carbon content and body length was deter-
mined using regression analysis in the expression of cutic-
ular melanin (ug melanin per wg carbon). The carbon
content of individual Daphnia of different body sizes was
analyzed with the Universal Carbon Analyzer using the car-
bon combustion method of Salonen (1979). The same meth-
od was used for measuring DOC from water. Samples for
DOC were taken from 1 m deep in the lakes and from the
surface in the studied ponds. Solar radiation measurements
in 1998 were made every 30 min at a height of about 3.5
m above the surface of Lake Saangjarvi using a Vaisala Mi-
los 500 automatic weather station located about 15 m from
the southeastern lake shore.

Results and discussion—Clear ponds with DOC less than
5 mg L~* lacked Daphnia, whereas all but one of the more
humic sites were inhabited by Daphnia (Fig. 2A). All re-
corded pond populations were melanic, with the level of pig-
mentation being high but variable between samples (Fig.
2B). We propose that the shallow depth (<0.5 m) and re-
sultant lack of depth refugia explain the high melanin con-
centration despite high DOC. The high variation in the mel-
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Fig. 2. Occurrence and pigmentation of Daphnia in ponds with
different DOC concentrations. (A) White bars indicate the number
of ponds where Daphnia is absent, and the black bar the number
of ponds with Daphnia. DOC (5 mg L ~*) defines the transition from
oligohumic to mesohumic waters. (B) The relationship between
DOC and melanin in the six pond populations of Daphnia in 1999
(solid circles). For some populations, the melanin was measured
additionally in 1998 (open circles). In 1999, the samples were taken
once aweek in July—August. The melanin concentration of Daphnia
is related to carbon biomass.

anin concentration between the samples could have resulted
from the different molting phases of the individuals during
different sampling periods, which affect the total pigment
concentration of the population. The lack of Daphnia from
the clear-water ponds may also be due to other reasons apart
from UV. Humic substances such as DOC are known to
serve as food source for Daphnia (Salonen and Hammar
1986), in addition to providing a UV screen, therefore mak-
ing humic ponds more favorable for Daphnia than clear
ponds. Humic ponds were also generally shallower than
clear ponds (Z,..,, = 0.4 and 1.3 m, respectively) and were
inhabited by phantom midge larvae (Chaoborus sp.), which
prey upon Daphnia. However, these features (i.e., poorer
depth refugia and greater risk for predation) rather make
humic ponds less attractive to Daphnia than clear ponds.
Hence the absence of Daphnia from clear ponds is likely a
result from UV radiation or interaction of UV radiation with
other stressors such as an unfavorable food regime.

In studied lakes, a steep gradient of DOC concentrations
was observed, ranging from <1 to almost 10 mg L%, with
minimum DOC values in lakes above the timberline (Fig.
3A). The UV absorbance of lake water was found to be
closely related to DOC (Fig. 3B), which gave us an estimate
of the underwater UV radiation and suggests that most
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Fig. 3. The relationship (P < 0.001) between measured DOC
concentration and (A) atitude above sea level, (B) UV absorbance,
and (C) cuticular melanin content in Daphnia in the 16 study lakes.
Melanin concentration is related to Daphnia carbon biomass.

DOC-poor lakes are exposed to UV radiation to a depth of
several meters. The level of pigmentation in Daphnia varied
between lakes. Melanin pigments were most abundant in
Daphnia that inhabited lakes with low concentrations of
DOC (<2 mg L~ Fig 3C). Similarly with the studied ponds,
the molting phase of Daphnia may have influenced the var-
iability in melanin concentration in the pigmented popula-
tions, as can be seen by the scattering of points around the
regression curve in low-DOC values (Fig. 3C). However, the
major pattern (i.e., the increase in melanin concentration
with low-DOC values) is clear despite the variability in finer
scale. The rise in the melanin concentration in low-DOC
values relates to the biooptics of water. At DOC concentra-
tions <4 mg L%, there is a documented change in spectral
irradiance across the UV and PAR (photosynthetically avail-
able radiation) range, indicating a higher attenuation of PAR
relative to UV (Laurion et a. 1997). Such change is of hi-
ological importance because certain damage—repair effects
are responsive to wavelength ratios in the incident-light field
(Vincent and Roy 1993).

The total amount of radiation reaching ground level is
highest in mid-June in Lapland (Fig. 4). At this time, how-
ever, lakes above tree line are still covered by ice and snow,
which effectively absorbs and reflects the incoming radia-
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Fig. 4. Changes over time in the ground level total radiation and the Daphnia umbra melanin
concentration in Lake Saangjarvi (69°05’'N, 20°87'E; maximum depth = 24 m, altitude = 679 m
asl., DOC = 1.6 mg L-%), showing the effects of increased underwater light intensity on pigment
synthesis. The thickness of the ice exceeds 1 m in late spring.

tion. Under the ice, the cuticular melanin concentration of
Daphnia umbra was negligible but increased immediately
following ice cover break-up (Fig. 4). Toward fall, the mel-
anin concentration decreased with the declining radiation.
Our results thus suggest that despite being costly in terms
of resource requirement and increasing vulnerability to fish
predation (Hessen 1996; Hansson 2000), pigments are syn-
thesized to increase survival of organisms under harmful UV
radiation. Carapace melanization in cladocerans can be either
a short-term response to high levels of UV or a genetic trait.
Documented observations that pigmented individuals be-
come transparent after 1-2 moults in the absence of short-
wave radiation (Hessen et al. 1999) suggests that carapace
melanization may result from phenotypic plasticity. How-
ever, Carvalho and Crisp (1987) and Geedey et al. (1996)
have shown that, in an environment with regularly fluctu-
ating conditions, some clones may become specialized to
high and othersto low levels of agiven environmental factor.
Therefore the dominance of nonmelanic individuals under
the ice and melanic individuals during the open-water period
in our study could aso result from a selection of seasonal
clones differing in their physiological flexibility to UV ra-
diation. The population of Daphnia umbra studied in the
present survey reproduced parthenogenetically throughout
the year, and no males or ephippia were found in any of the
samples, nor are they found in the sediment. The absence of
sexual reproduction can act to maintain clonal variability on
longer time scales because stable, long-term ecological dif-
ferences among clones are thought to persist most likely
where recombination is rare (Carvalho and Crisp 1987). De-
fining whether the variation in the melanin concentration was
caused by phenotypic plasticity, clonal succession or a com-
bination by both will require more work and is one of the
objectives for our future investigations.

The findings reported here have direct implications for
predicted future climate warming. One of the most obvious
effects of higher mean air temperatures for alpine and arctic
lakes is a shorter period of ice cover (Rouse et a. 1997).

Simulation studies assuming a doubling of carbon dioxide
relative to present day values suggest that ice cover in Finn-
ish lakes will melt 1-2 months earlier than in the present
climate (Huttula et al. 1992), and a recent anaysis of long
time series of freeze and break-up dates provides evidence
that the shortening of the duration of ice cover in lakes and
rivers in the Northern Hemisphere is aready in action (Mag-
nuson et al. 2000).

Shorter ice cover duration leads to substantially improved
light conditions and increases the exposure of northern lakes
to the most intensive period of UV radiation. Numerical sim-
ulations, together with observations of lower stratospheric
temperatures, suggest that the interannual variability of
ozone depletion in the Northern hemisphere spring will in-
crease considerably in the future. The doubling of atmo-
spheric CO, concentration may lead to an Arctic ozone hole
and nearly total local depletion of lower stratospheric ozone
(Austin et al. 1992). We propose that an earlier disappear-
ance of lake ice cover, especialy at times of the highest UV-
B flux in late spring/early summer, may impose strong stress-
es to aquatic organisms. Increased UV irradiance resulting
from a combination of climatic warming and ozone deple-
tion is likely to be lethal for those organisms that are not
able to adjust their protection against harmful UV radiation.
This scenario is further exacerbated by the interaction be-
tween photochemical and microbial processes that enhance
the decomposition of DOC, the main protector of biota from
the reactive components of UV radiation in lakes. According
to recently published research, an increase in UV-B radiation
would significantly increase photochemical mineralization of
DOC in high-latitude waters (Vahatalo et al. 2000). Fluctu-
ations in tree line position and associated catchment vege-
tation changes, which are caused by climate change and ac-
companied by variations in the export of DOC from the
watershed, also influence the underwater UV radiation of
waters (Pienitz and Vincent 2000). A combination of all
these factors may ultimately result in changes in species
composition, dominance patterns, and food wed structure.
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Moreover, because melanin synthesis is thought to be ener-
getically costly and because pigmentation may cause in-
creased vulnerability of organisms to predation, it is likely
that even the pigmented clones could not tolerate the in-
creased UV-B over sustained periods. Thisis particularly the
case in high-latitude systems where planktonic communities,
even in the absence of the harmful UV radiation, are facing
considerable environmental stress during periods of snow
and ice melt because of high dilution, pH decline, and in-
creasing sunshine hours.
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