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Introduction

Dissolved organic carbon (DOC) isknownto play aprimary rolein protecting
freshwater organismsfrom exposureto UV radiation (Scully and Lean 1994).
Recent observations in lakes subjected to acidification with strong acids, and
to climatic warming and drought have revealed that both perturbations cause
DOC to decline, suggesting that climatic warming and acidification were
jeopardizing freshwater ecosystems by allowing increasing UV exposure of
freshwater communities(Schindler et al. 1996a, b; Yan et al. 1996; Williamson
et al. 1996).

From November 4—7, 1994, a small group of freshwater and marine sci-
entists from Canada, the USA and Europe met at the Palisades Center in
Jasper National Park, Alberta, Canada, to compare results of their studies
of DOC-UV interactions and DOC budgets and characteristics in different
regions. Environment Canadaand the University of Albertafunded the work-
shop, which was hosted by Parks Canada. This volume contains a group of
papers based on freshwater presentations at the workshop. Here, we present
abrief overview of the papers, other recently published studiesin thisrapidly
developing field, and their implications for freshwater ecosystems.

A concern for clear aligotrophic lakes

Because of the negative exponential relationship between DOC and UV
absorbance, increasing UV exposure in clear, oligotrophic lakes with low
(150-300 uM) natural DOC concentrations is of particular concern if DOC
declines(Scully & Lean 1994; Schindler et al. 1996b; Williamson et al. 1996).



Lakes and streams at high altitudes and latitudes generally have catch-
ments that are treeless, and in extreme cases, nearly free of vegetation. Thus,
there are few sources of the colored DOC compoundsthat provide protection
from UV (McKnight et al. 1997). Indeed, total DOC in apine lakes can be
20 M or less, approaching the limits of detection of even the most rigorous
analytical protocols. In such waters, 1% of incident UV radiation can reach
depths of several meters, and high UV exposures can occur in shallower
waters. The high penetration of UV appears to be due to the scarcity of
highly colored aromatic fulvic acid derivatives in runoff from catchments.
Such compounds are typicaly produced by organic soils, which become
increasingly scarce at high elevations (McKnight et a. 1997). In North
America, there are probably well over 100000 lakes in alpine and arctic
regions that are naturally vulnerable to UV because of limited DOC inputs.

In boreal regions, lakes with extremely small catchments (Curtis &
Schindler 1997) and lakes acidified by deposition of strong acids are also
at risk, regardless of latitude, altitude or vegetation (Schindler et al. 1996b;
Yan et al. 1996). Such lakes are numerous. For example, over 20% of the
over 1000 lakes surveyed in Ontario have DOC < 300 M (Neary et al.
1990). Similarly, Williamson et al. (1996) report that a substantial percentage
of lakes surveyed as part of the U.S. EMAP program had 1% UV penetration
depths of over 4 meters, as the result of low DOC concentrations.

The effects of climatic warming on DOC

DOC in lakes of the Experimental lakes Area (ELA) declined substan-
tially from 1970-1990, a period of substantial climatic warming (1.6°C).
The decline was caused by decreased yield of DOC from the catchment,
caused by reduced streamflows, which resulted from increased evaporation
and decreased precipitation. Lake waters cleared, allowing greater penetra-
tion of all wavelengths of solar radiation. Thermoclines, euphotic zones, and
zones of critical UV exposure all increased (Schindler et al. 1990, 19963, b,
1997). Similar responses of DOC in streams to warming and drought have
been observed at Dorset, Ontario (Dillon & Molot 1997 and pers. comm.) The
decreasein annual DOC yield occurs despite higher concentrations in storm
flows following periods of prolonged drought (Hinton et al. 1997; Schindler
et a. 1992). At the ELA, permanent first order streams were dry for up to
150 days during the ice-free season in the drought years of the late 1980s,
whereasthey had flowed continuously intheice-free seasonin theearly 1970s
(Schindler et al. 1996a).

Groundwater appears to be a particularly important source of highly
colored refractory DOC in catchments of the Precambrian Shield, probably
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because of its passage through wetlands and wet organic soils. Carbon-14
dates from groundwater and streams at baseflow in eastern Ontario indicate
that DOC in such waters predates bomb tests, and is probably at least 100
years in average age (Schiff et al. and Hinton et a. 1997). However, due to
the importance of stormflows, when more recently-formed soils are flushed,
young carbon (average age <40 years, as evidenced by its nearly complete
labelling with bomb 14C) made up the greater proportion of carbon released
from catchments to lakes, even when wetlands containing very old carbon
were the source (Schiff et al. 1997). Obviously, DOC is very refractory in the
soil environment.

The UV reactivity of DOC also varies seasonally, both as a function of
DOC concentration and of the proportion of reactive chromophoric carbon.
Highest overall reactivities were observed in the summer months, when expo-
sure to incident UV would also be greatest (Clair & Sayer 1997).

Hinton et al. (1997) show the extreme difficulty of accurately measuring
DOC yieldsfrom streams. Concentrationsin catchmentsfrom eastern Ontario
increased by 100 to over 400% during storms. Missed storms can cause
important errors in DOC budgets, for 50% of annual DOC exports occurred
during the upper 10% of the annual flow regime.

In addition to decreased DOC inputs, in-lake DOC removal increased in
the EL A lakesduring the 1970-1990 period, presumably becauselonger water
residence times allowed greater exposure to photolyzing radiation, microbial
action, and flocculation processes (Schindler et al. 1997; Dillon & Molot
1997). The increasing penetration of UV as DOC declined also constitutes a
potential positive feedback mechanism, that might be expected to accelerate
DOC removal.

In-lake processes remove colored organic compounds much more rapidly
than uncolored ones, probably by a combination of photodegradation and
photobleaching (Curtis & Schindler 1997; Dillon & Molot 1997). While
the relative importance of different removal mechanismsisn’'t known, they
are probably interdependent. For example, although the breakdown of DOC
appears to be initiated by photolysis, the resulting smaller molecules such
as fatty acids, appears to stimulate oxidation by microbia action (Wetzel
1992; Wetzel et al. 1995). The observation of Hessen et a. (1997) that DOC
declined from spring to fall, but continued to decline under winter ice and
snow, reaching minimain late winter, supports the conclusion that processes
other than photolysis are important in DOC removal. On the other hand,
Molot and Dillon (pers. comm.) showed that photodegradation could account
for alarge part of the DOC losses from Precambrian Shield lakes of eastern
Ontario. Further study is needed to resolve these differences in conclusions.



Forest fires appear to cause declining DOC input by mineralizing organic
matter in soils and vegetation, although the effects are short-lived and gener-
ally much lessimportant than reduced water flows (Schindler et al. 1997).

The end-point of climatic warming and drought appears to be reached in
closed-basinlakes. Peculiarly, DOCinsuchlakesrisesasafunction of salinity.
In contrast to other l1ake types, DOC is nearly colorless and highly refractory,
probably as the result of centuries of photodegradation and photobleaching
(Curtis & Adams 1995). The penetration of UV radiation in these systemsis
much higher than would be expected from DOC concentrations. Many are
also very shallow, and aguatic communities may be vulnerable to high UV.
The effects of high UV exposurein such communities are still unknown.

A doublewhammy: The effects of acidification and drought on DOC

It is well known that DOC declines and transparency increases in lakes as
they acidify (reviewed by Driscoll & van Dreason 1993; see also Williamson
et al. 1996; Yan et a. 1996). The disappearance of DOC in acidified lakesis
much more rapid than in circumneutral lakes of the same region (Dillon &
Molot 1997; Schindler et a. 1996b, 1997). Mass balance budgets (Dillon &
Molot 1997; Molot & Dillon 1996) indicate that much of the lost DOC can
be accounted for by release of CO, to the atmosphere, although this remains
to be confirmed by direct measurements of gas exchange.

In addition to the direct effects of drought on the yield of DOC from
catchments, drought causes increased inputs of strong acid pulses, which
result from reoxidation of previously-deposited and reduced sulfur in catch-
ments (Bayley et al. 1992; Lazerte 1993) and littoral lake sediments (Yan et
al. 1996).

It is noteworthy that the drought-induced acid pulses depend on sulfur
reduced and deposited in catchments and sediments in the past. These pro-
cesses protected lakes and streams to some degree from acidic deposition
at the time. However, the above studies have shown that reduced sulfur
depositsin shallow lake sediments and wet soils can be an acidification “time
bomb” under climatic warming, delaying recovery of lakes and streams from
acidification (Keller et al. 1992; Dillon et a. 1987; Dillon et al. in press). In
contrast, addition of strong acids to catchments appears to have little short-
term effect on DOC yields (Hessen et al. 1997; S. E. Bayley, unpublished
data).

Acidification and climatic warming also cause thermoclines to deepen
in small lakes, as the result of increased buoyancy of deepwater caused by
penetration of solar energy deeper into the water column (Schindler et al.
1996a; Dillon et al. 1984). The volume of summer habitat available for cold-
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water organisms is thus reduced. Conversely, larger and warmer epilimnions
increasethe habitat for warmwater organisms, and can be expected to decrease
the devel opment times and shorten the life cycles of many invertebrates.

Climatic change, acidification and UV exposure

The most common concern about stratospheric ozone depl etion has been the
increase in incident UV that has been predicted to have numerous effects on
aguatic ecosystems (Williamson & Zagarese 1994). However, the decreased
in DOC and resulting increase in transparency caused by climatic warming
and drought, or acidification, can cause much greater increasesin exposure of
aguatic ecosystems to UV radiation than predicted declines in stratospheric
ozoneat northernlatitudes (Schindler et al. 1996b; Yan et a. 1996; Williamson
et al. 1996). Because of the negative exponential nature of the relationship
between DOC and UV penetration, there must be concern for UV damage
when DOC concentrations in lakes decrease to below about 300 uM. Such
values are common in softwater lakes of eastern North America, and pre-
dominant in arctic and alpine areas.

In the past, climate warming, acidification, and UV have been treated as
if they had distinct, separate effects on aguatic ecosystems. It is now clear
that these three major stresses caused by man'’s alteration of the atmosphere
cannot be studied in isolation.

Other effects of declining DOC

Increased exposure to UV light and decreasing coldwater habitats are not
the only concerns if DOC declines. DOC aso has important effects on the
cycle of many metals. For example, Driscoll et al. (1995) noted that both
methyl mercury and total mercury in remote Adirondack lakes increased
with increasing DOC. Similar obervations were made by Mierle and Ingram
(1991) and Lindqvist et al. 1991). These observations are consistent with the
catchment budgets at ELA (St. Louis et al. 1994), where wetlands yielded
nearly 100-fold more total and methyl mercury that adjacent upland catch-
ments, for wetlands are far more important sources of DOC than uplands
(Urban et al. 1988; Driscoll et al. 1995).

Conversely, both forms of mercury also increased in acidified Adiron-
dack lakes (Driscoll et al. 1995), whereas DOC declined, suggesting that
acidification limited the bioavailability of mercury or otherwise decoupled
the DOC-Hg relationship. It is possible that acidification affects the ratio of
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methylation to demethylation (Xun et a. 1987; Ramlal et al. 1985; Miskim-
min et al. 1992), or that the deeper thermoclines in acidified lakes cause
methylation to increase relative to demethylation as described by Ramlal et
al. 1993 and Bodaly et al. 1993).

Further complicating the changes to mercury cycling caused by DOC
decline is the observation of Sellers et al. (1996) that methyl mercury can
be photooxidized directly to Hg®, the primary form of mercury lost to the
atmosphere. Both UV and short wavelength visible light appear to stimu-
late the reaction. Previously, the reduction of divalent mercury to Hg® was
believed to be the only pathway of importance.

Also of concern is the formation of a number of reactive chemicals as
the result of DOC-UV interactions, including OH—, H,O,, superoxides,
formaldehyde and carbon monoxide (Cooper et al. 1989; Kieber et al. 1990).
In additionto facilitating other chemical transformations, these chemicalscan
reach concentrations high enough to be toxic on their own.

Flocculation with DOC may also affect the cycle of many elements,
causing them to precipitate or coprecipitate (Jackson and Schindler 1985;
Weilenmann et al. 1989; Urban et al. 1990).

In summary, the DOC-mediated interactions between climatic warming,
acidification, increased UV, and biological changes in aguatic ecosystems
are many, cumulative, and complex. The papersin this volume represent an
important first step in understanding the rates and biogeochemical mecha-
nismsinvolved.
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