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Ecologists believe that both natu-
ral and anthropogenic stresses cause
changes in ecosystems that cannot be
deduced from effects on individual spe-
cies or populations because of the deteri-
oration of ecosystem structure and func-
tion (). The degree of such ‘‘ecosystem-
level”” responses to anthropogenic
stresses, and the degree to which ecosys-
tems can recover after the stresses are
removed, are subjects of fundamental
importance to natural resource manage-
ment (2), yet only a few studies have
been able to quantify the causes and

effects of stresses on whole ecosystems
(3, 4). Reasons for this include the fol-
lowing: (i) The ecosystems were too
large or complex to study in their entire-
ty. (i) Documentation of ecosystem
structure, function, and natural variation
prior to anthropogenic stress was inade-
quate. (iii) Individual stresses could not
be quantified, or effects of one perturba-
tion on the ecosystem could not be iso-
lated from other stresses (5).

We were able to overcome many of
these problems in an ecosystem-scale
experiment in Lake 223, a small Precam-
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brian Shield lake surrounded by virgin
boreal forest in the Experimental Lakes
Area, and typical of poorly buffered
small lakes of northwestern Ontario (6—
9). Over a period of 8 years, the pH of
the lake has been gradually decreased
from 6.8 to 5.0 by the addition of sulfuric
acid. Our studies revealed various appar-
ent mechanisms of response of the lake’s
biota to increased acidity, ranging from
direct toxicity of hydrogen ion to disrup-
tions of normal food-chain relations, be-
havioral patterns of animals, and biogeo-
chemical cycles in the lake. In some
cases, synergistic interactions of several
stresses appeared to be involved. Some
of the adverse changes occurred much
earlier in the acidification process (that
is, at higher pH) than is commonly be-
lieved to cause ecosystem degradation.
This suggests that early ecological dam-
age from lake acidification may be more
extensive than was previously believed,
a result that should be of vital interest to
agencies regulating the emission of acid
precursors. Other effects were so subtle
or so complex that they might have been
undetected in a system less thoroughly
studied. In this article, we summarize
the biological results of the first 8 years

The authors are on the staff of the Department of
Fisheries and Oceans, Freshwater Institute, 501
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of the Lake 223 experiment and compare
our results with the responses that would
be predicted if simpler methods were
used, such as the laboratory toxicologi-
cal or physiological tests that usually
form the basis for regulating water quali-
ty standards or managing aquatic re-
sources.

After a 2-year (1974 and 1975) back-

Keratella, were more abundant than in
1974, but probably still within the range
expected on the basis of natural variation
(17, 18) (Fig. 1, E and F). Populations of
lake trout and white sucker remained
within the range of natural variation (4),
(Fig. 1G). None of the above factors was
outside the normal range observed for
reference lakes in the area.

Abstract. Experimental acidification of a small lake from an original pH value of
6.8 to 5.0 over an 8-year period caused a number of dramatic changes in the lake’s
food web. Changes in phytoplankton species, cessation of fish reproduction,
disappearance of the benthic crustaceans, and appearance of filamentous algae in
the littoral zone were consistent with deductions from synoptic surveys of lakes in
regions of high acid deposition. Contrary to what had been expected from synoptic
surveys, acidification of Lake 223 did not cause decreases in primary production,
rates of decomposition, or nutrient concentrations. Key organisms in the food web
leading to lake trout, including Mysis relicta and Pimephales promelas, were
eliminated from the lake at pH values as high as 5.8, an indication that irreversible
stresses on aquatic ecosystems occur earlier in the acidification process than was
heretofore believed. These changes are caused by hydrogen ion alone, and not by the
secondary effect of aluminum toxicity. Since no species of fish reproduced at pH
values below 5.4, the lake would become fishless within about a decade on the basis
of the natural mortalities of the most long-lived species.

ground study, Lake 223 was acidified,
from 1976 through 1983 (10, 11). Changes
in the ecosystem caused by these addi-
tions are outlined below. Where possi-
ble, changes are compared with natural
variability in nearby untreated lakes.

1976—Alkalinity decreased, but little
apparent pH change. A mass balance
budget for sulfate revealed that the addi-
tion of sulfuric acid had stimulated re-
duction of sulfate to sulfide in anoxic
hypolimnion waters (9, 12). Dissolved
inorganic carbon decreased as was ex-
pected because of transformation of bi-
carbonate to carbon dioxide and degas-
sing to the atmosphere. No other chemi-
cal changes were distinguishable from
background years or from nearby, un-
modified reference lakes. An increase in
chironomid emergence over 1975 was
the only biological change observed, but
the increase was within the range of
natural variation. Differences in zoo-
plankton sampling methods did not per-
mit data to be compared directly with
those from other years.

1977—Average pH 6.13, target pH
6.00 (13). The relative abundance of
chrysophycean species declined slightly
from earlier years, but this group contin-
ued to dominate the phytoplankton. The
abundance of chlorophytes increased
(14-16) (Fig. 1A.). Phytoplankton pro-
duction, biomass, and chlorophyll were
within limits of natural variation for
lakes in the area (Fig. 1, B to D). Emerg-
ing dipterans and rotifers, particularly
species of Polyarthra, Kellicottia, and
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1978—Average pH 5.93, target pH
5.75. Several key organisms in the lake’s
food web were severely affected. Be-
tween October 1978 and May 1979, the
number of opossum shrimp, Mysis re-
licta, declined from 7 X 10°to only a few
animals (/9). The fathead minnow, Pime-
phales promelas, failed to reproduce (4).
In the phytoplankton, different species
of chlorophytes, cyanophytes, and Peri-
dineae appeared at the expense of origi-
nal diatom and chrysophycean species
(15). Primary production was slightly
higher than in any previous year, and
chironomid emergence continued to in-
crease relative to the reference lake 226S
(Fig. 1, B and E). The copepod species
Diaptomus sicilis, which had been rare
in the lake, disappeared.

1979—Average pH 5.64, target pH
5.50. Filamentous algae of the genus
Mougeotia, which had not been noticed
previously, formed highly visible, thick
mats in littoral areas (20). These persist-
ed throughout the remaining years of
study. The exoskeletons of crayfish, Or-
conectes virilis, hardened more slow-
ly after molting, and animals remained
softer than in previous years or in refer-
ence lakes (21). Pimephales declined to
near extinction because of its reproduc-
tive failure in 1978 and again in 1979, its
short life expectancy, and possibly in-
creased predation by lake trout (Fig. 1I).
The slimy sculpin, Cottus cognatus, also
declined in abundance (Fig. 1H), chiefly
in the oldest and youngest age classes.
Contrary to what we had expected from

the reported data on acidification, phyto-
plankton production and chironomid
emergence remained high, probably con-
tributing to the increased abundance of
young-of-the-year of both white sucker
and lake trout (4). Changes in the species
composition of phytoplankton described
for 1978 became more pronounced. The
large copepod Epischura lacustris be-
came very rare (17).

1980—Average pH 5.59, target pH
5.25. Phytoplankton biomass again in-
creased relative to previous years and
reference lakes. Whereas, on average,
chrysophyceans were still dominant,
Peridineae and Cyanophyceae in-
creased. The acidophilic diatom Aster-
ionella ralfsii, which had previously
been rare in the lake, appeared in large
numbers, causing a decline in soluble
silicate (Fig. 1J) (22). The copepod Epis-
chura lacustris disappeared and has not
been recorded since. The cladoceran
Daphnia catawba was observed in the
lake for the first time (23) probably com-
peting with Daphnia galeata mendotae,
which became rare in 1981. Other spe-
cies were unaffected. As a result, there
was no marked decrease in the biomass
or total number of crustacean species
(17). Infact, the average numerical abun-
dances and biomass of both planktonic
crustaceans and rotifers were the highest
in the 8-year period of observation. In-
creases were noted for the previously
recorded cladoceran species, Bosmina
longirostris. Likewise, the number of
pearl dace (Semotilus margarita) in-
creased rapidly, apparently using re-
sources that had supported P. promelas
prior to acidification (Fig. 1K) (24). Pi-
mephales promelas was now very rare in
the lake. Chironomid emergence reached
an all-time high, despite increases in
pearl dace and young white sucker,
which are both potential predators on
chironomid larvae. The condition of lake
trout was poorer than in 1977 and 1978,
but similar to preacidification values
(Fig. 1G).

Two new stresses were evident in
Orconectes at this pH. In addition to
the recalcification problem mentioned
above, infestation of the population with
a microsporozoan parasite of the genus
Thelohania was higher than in back-
ground lakes (25). Egg masses were of-
ten infested with fungi, and empty egg
capsules were often observed on oviger-
ous females. These phenomena were
only rarely observed in four reference
lakes. No young-of-the-year Orconectes
were observed. There was no lake trout
recruitment in 1980, although normal
spawning had been observed in October
1979 4, 26).
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Fig. 1. Changes in several parameters in Lake 223 during acidification, including comparisons with pristine reference lakes in the area when this
was possible. (A) Changes in the relative abundance of major phytoplankton groups and in small phytoplankton (species less than 30 wm in
maximum dimension; roughly the size edible by zooplankton) in the epilimnion prior to and during acidification. Data shown are averages for the
ice-free season. More detailed seasonal information on species composition and actual abundance is given in the text. (B) Phytoplankton
production in the euphotic zone compared to several control lakes. Values in this and several subsequent panels are normalized to both control
lakes and long-term means as described in (43). Vertical bars represent single standard deviations for the normalized annual means of all
reference lakes. (C) Epilimnion phytoplankton biomass, normalized as in panel B. (D) Epilimnion chlorophyll a compared to control lakes as in
panel C. (E) Emerging dipterans caught by transparent submerged funnel traps in Lake 223 and in unacidified Lake 226S. Values are
morphometrically corrected averages calculated annually from catches of 8 to 27 emergence traps per lake, monitored weekly during the ice-free
season. (F) Changes in relative biomass of zooplankton groups in the whole water column during the study period (except 1975 and 1976). Note
the increases in Rotifera and Cladocera, and the steady or declining contribution of Cyclopoida and Calanoida. Mean ice-free season zooplankton
biomass was 261 mg m~2in 1974, 413 mg m 2 in 1980, and 250-384 mg m~? in the 1981-1983 period. (G) The condition index for lake trout in Lake
233 and unmodified Lake 224, illustrating an initial increase in condition, followed by a dramatic decline during acidification. Condition = 10° w/
B, where w is weight and / is fork length. A similar increase was observed in condition of Lake 223 white sucker in the first few years, but the de-
cline after that date was not as pronounced as for lake trout. Vertical bars are 95 percent confidence limits. (H) The populations of crayfish
(Orconectes virilis) and slimy sculpin (Cottus cognatus) during acidification, derived from areal counts done by scuba divers at night. Counts
were made along eight transects and were stratified by depth and habitat type. Dashed lines indicate 95 percent confidence limits for population
estimates. (I) Relative population size structure of fathead minnow (Pimephales promelas) during acidification. Numbers are from trapnet
catches. The scarcity of new recruits in 1979 led to a total population collapse 2 years later. Note the difference in scale for the 2 years.
Crosshatched bars represent 1978; and open bars represent 1979. (J) The concentration of soluble silicate in Lake 223, normalized as described in
(44). (K) Relative population size structure of pearl dace (Semotilus margarita). Numbers are from trapnet catches. Note the high recruitment in
1980 as Pimephales declined, followed by recruitment failure in Semotilus by 1982, at lower pH. Crosshatched bars represent 1980; clear bars
1982. (L) Simpson’s diversity index calculated over time for phytoplankton species in Lake 223 (44). Samples were taken every 2 to 3 weeks (44).

21 JUNE 1985 1397



1981—Average pH 5.02, target pH
5.00. Chrysophycean abundance de-
clined dramatically, with replacement by
Peridineae and Cyanophyceae (Fig. 1A).
Epilimnetic phytoplankton production
and biomass remained slightly higher
than normal (Fig. 1, B and C). Diaphano-
soma leuchtenbergianum (= D. birgei)
and Daphnia galeata mendotae disap-
peared early in the ice-free season. Holo-
pedium gibberum, Daphnia catawba,
and Bosmina longirostris as well as sev-
eral species of rotifers continued to in-
crease in abundance (23). Most of the
remaining species of copepods declined
in abundance. White sucker recruitment
ceased, even though growth and survival
of individuals over 1 year of age were
similar to values in unperturbed lakes in

the area. Numbers of white sucker were
still abnormally high, due to the large
recruitment in 1980. Spawning in May
1981 appeared normal, but no fry were
present in the summer. In each of the
previous years fry and fingerlings had
been numerous and easily captured.
Growth in length, survival, and abun-
dance of lake trout remained normal as
well, even though recruitment failed for
the second consecutive year and condi-
tion continued to decline (¢) (Fig. 1G).
The crayfish population dwindled,
reaching a few percent of preacidifica-
tion values by late fall (Fig. 1H). No
young-of-the-year were seen, and the
exoskeletons of adults were far softer
than normal. Thelohania infestation in-
creased to 9 percent of the population

Fig. 2. Appearance of lake trout in Lake 223 in 1979 (pH 5.4) and 1982 (pH 5.1), clearly
illustrating the loss of condition as indicated by the factor calculated as in Fig. 1G.
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(25). Despite its earlier positive response
to acidification, very few young-of-the-
year Semotilus were present, as illustrat-
ed by the decreases in small-sized fish.
Sculpins were very rare (Fig. 1H).
1982—Average pH 5.09, target pH
5.00. Phytoplankton groups were similar
to 1981. Phytoplankton production was
slightly less than in 1981, but this was
also the case for all reference lakes (Fig.
1B). While the pH in 1982 was nearly
identical to that in 1981, a considerable
increase in chlorophyll was observed.
Spawning behavior of lake trout
changed. In all years before 1982, these
fish had spawned at the same locations
along the shore of the lake. In 1982,
these sites were partially covered with
Mougeotia. This possibly explains why
trout spawned in areas where spawning
was not previously observed (26). Lake
trout condition had become very poor.
Crayfish had nearly disappeared. No
young-of-the-year of any fish species
were observed (4, 26). Although numeri-
cal data are lacking, leeches were rare.
Zooplankton species, numbers, and bio-
mass were similar to 1981.
1983—Average pH 5.13, target pH
5.00. Even though pH values were held
nearly constant for the third consecutive
year, changes in the food web continued
to occur. Phytoplankton were now rela-
tively stable in composition, with Peri-
dineae and Chrysophyceae being codom-
inant with unusually high proportions
of Cyanophyceae and Chlorophyceae
present, including numerous forms with
tests or gelatinous sheaths (22, 27). Phy-
toplankton production was also stable
relative to reference lakes. While lake
trout were still numerous, their condition
declined below the lowest levels ob-
served for other populations in the area
(Figs. 1G and 2) as might be expected
from the severe disruption of the food
web. Increased frequency of cannibalism
put further stress on the remaining small
trout, probably because of the scarcity of
the minnows and benthic crustaceans
that are normal prey for large trout. Lake
trout spawned at locations different from
those of other years. There was no suc-
cessful recruitment by any species of fish
in the lake. Crayfish, leeches, and tl‘le
mayfly Hexagenia, previously abundant
in the lake, were absent by fall (25).
Long-term trends. In addition to the
changes documented above, a number of
the factors being measured changed
slowly or erratically in the course of
acidification, becoming significantly dif-
ferent from background after several
years. Although phytoplankton produc-
tion increased for several successive
years during acidification, there was a
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reduction in the proportion of phyto-
plankton of the size that could be eaten
by zooplankton. Small edible species
were gradually replaced by large test- or
mucilage-covered forms (Fig. 1A). A de-
crease in the mean body size of zoo-
plankton, resulting from the increase in
rotifers and small-bodied cladocerans,
such as Bosmina longirostris relative to
larger copepods and cladocerans, proba-
bly also favored the survival of larger
phytoplankton and lowered the efficien-
cy of energy transfer. Chironomid emer-
gence increased through 1980, roughly in
proportion to phytoplankton production;
afterward it declined to values observed
in the reference basin (/7, 18) (Fig. 1E).
Reduction of sulfate to sulfide increased
continuously, in proportion to sulfate
concentrations (9, 12). Concentrations of
calcium, manganese, aluminum, and
possibly zinc increased in the water (28,
29) while silicate decreased (Fig. 1J).
There were no other significant changes
in water chemistry (29). By 1983, it was
obvious that the condition of lake trout
had declined slowly from 1977 onward
(Fig. 1G).

Results that contradict current beliefs.
Many of our results were different from
those deduced from laboratory and syn-
optic monitoring studies. Some effects of
acidification were more dramatic than
expected, and some were the opposite of
what we had anticipated. We had expect-
ed a decrease in phytoplankton produc-
tion and chironomid emergence during
acidification, yet no decrease was ob-
served. In fact, data show a possible
increase (Fig. 1B) (7, 9, 30). After 8 years
of acidification, periphyton production
was similar to reference lakes in the
area, despite the increased abundance of
filamentous algae (31). No decrease in
phosphorus was observed, as has been
hypothesized to result from either inter-
ception of nutrients by benthic mats or
by precipitation due to increased alumi-
num concentrations (32). The phyto-
plankton standing crop, chlorophyll, and
production per unit of phosphorus were
similar to those in other lakes in the
area (33). Rates of decomposition in the
lake were unaffected by acidification,
apparently because the microflora at
the sediment-water interface maintained
a microenvironment with a higher pH
39).

Results that confirm current beliefs.
As was expected from synoptic surveys
made in Norway, benthic Crustacea and
some cladoceran species were extremely
vulnerable to acidification, whereas Dip-
tera were not adversely affected (35).
Dipteran emergence increased relative to
a thoroughly studied control basin for
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the first several years of acidification
(Fig. 1E). The epidemic of Mougeotia
provides clear evidence that the appear-
ance of this genus in the lakes of regions
subjected to industrial pollution is
caused by acidity rather than by some
co-occurring stress unrelated to acidifi-
cation. The sensitivity of Pimephales to
acidification confirms laboratory studies
of long-term toxicity (36), and the prob-
lems with calcium uptake suffered by
Orconectes at low pH agree with the
observations from physiological studies
(21). Various mechanisms have been
proposed to explain changes in fish pop-
ulations due to acidification, including
direct toxicity, reproductive or recruit-
ment failure, disruption of food-chain
relations, disappearance of spawning
sites, and effects of aluminum (37). With
the probable exception of aluminum, all
of these changes have occurred in Lake
223. In that the watershed of the lake
was not acidified, the range of aluminum
concentrations observed in Lake 223
was only 7 to 36 pg per liter, far less than
the concentrations that have caused
mortality among fishes during episodic
events. One or more of the other factors
appeared to affect every species of fish
that we studied (4).

Implications for monitoring studies to
detect acidification. Most monitoring
programs now used for detecting lake
acidification rely heavily on measure-
ments of pH and abundance of adult
sport fishes. Our study suggests that
these factors are not sensitive reliable
indicators of early damage due to acidifi-
cation. For example, twice weekly pH
measurements did not reveal the disap-
pearance of 80 percent of the alkalinity
from Lake 223 in 1976, the first year of
acidification. Once bicarbonate alkalin-
ity is eliminated, pH measurements be-
come more useful, although electrode
pH measurements in Precambrian Shield
lakes may be in error by several tenths of
a pH unit, as a result of interference by
dissolved organic carbon and variations
of the partial pressure of CO, from atmo-
spheric equilibrium (38). While alkalinity
is a far more sensitive early indicator of
acidification, reliable measurements in
poorly buffered waters were rare before
the late 1970’s.

Similarly, most large fishes are not
sensitive indicators of early stages of
acidification damage. Large populations
of lake trout and white sucker still exist
in Lake 223, even though there has been
no recruitment into the lake trout popu-
lation for 4 years and into the white
sucker population for 3 years. The food
web supporting lake trout has been so
severely disrupted that continued acidifi-

cation would cause almost complete dis-
appearance of this species within the
decade. Indeed, the paucity of suitable
food organisms and the loss of younger
year classes may make it easier for an-
glers to catch more and larger sport fish
at this stage of the acidification process.
If monitoring of fishes is to be useful, it
must include long-term studies of repro-
duction, condition, and age structures of
populations.

Both survey work in Scandinavia and
our study suggest that benthic crusta-
ceans are very sensitive indicators of
acidification (/9), but collection of these
species is rarely incorporated in acidifi-
cation monitoring in North America.
Pimephales, an important forage fish,
also appears to be sensitive (4). Howev-
er, detailed distributions of these species
are not known, and records of their
occurrence in lakes prior to acidification
are rare, so that it is difficult to tell
whether their absence from g lake is due
to acidification stress, to natural zoogeo-
graphical distribution patterns, or to
year-to-year changes in abundance. The
above species have much shorter life
cycles than larger fishes so that they
disappear rapidly after reproductive fail-
ure.

Phytoplankton production, rates of de-
composition, and nutrient concentra-
tions did not decrease in Lake 223, sug-
gesting that these factors are not sensi-
tive to acidification. There seems to be
little point incorporating these insensi-
tive variables in broad-scale monitoring
programs. Phytoplankton species diver-
sity and species numbers were also unaf-
fected during early stages of acidifica-
tion, although there was some evidence
of a decline in diversity during midsum-
mer from 1981 to 1983 when the pH of
the lake was 5.0 to 5.2 (Fig. 1L). In
contrast, shifts from a largely chryso-
phycean community to one where chlo-
rophycean, cyanophycean, and peridin-
ean species were often dominant in the
phytoplankton, the predominance of aci-
dophilic indicators such as A. ralfsii and
certain species of Gymnodinium in the
phytoplankton and of the genus Mougeo-
tia in the periphyton, do not occur in
circumneutral lakes. Such taxonomic
changes appear to be reliable indicators
of early acidification. Because most
monitoring studies have rarely included
the most sensitive indicators of acidifica-
tion, it seems probable that they have
underestimated the extent and degree of
damage to lakes due to acid precipita-
tion.

Implications for laboratory and micro-
cosm studies. Laboratory tests of meta-
bolic processes have usually overesti-
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mated the stresses of acidification on
ecosystems. When samples of lake water
or sediment are acidified rapidly, de-
creases in growth, photosynthesis, nutri-
ent exchange, or decomposition normal-
ly occur (39). However, such experi-
ments disregard the inherent resilience
of natural ecosystems. For example,
when some species of phytoplankton dis-
appear as the result of acidification, oth-
ers from the reservoir of species in a lake
appear or increase, so that photosynthe-
sis continues at a normal or even in-
creased rate.

The magnitude of food-web disruption
which occurred early in the acidification
of Lake 223 could not have been predict-
ed from small-scale studies. Redundant
features of the Lake 223 ecosystem—
such as the increase in Semotilus when
Pimephales disappeared, and the in-
crease in Daphnia catawba when Daph-
nia galeata mendotae declined—un-
doubtedly delayed the effect of food-web
damage on upper trophic levels. For
example, the condition of lake trout de-
clined slowly over several years as the
abundance of key species of its prey
became rarer. The overall increase in
Daphnia catawba could have resulted
from the elimination of Mysis relicta by
acidification because the latter species
preys heavily on large Cladocera (40).

Likewise, laboratory or microcosm
studies cannot predict declines or disap-
pearances that result from the interac-
tion of multiple stresses. The demise of
Orconectes virilis appeared to involve
disruption of recalcification, indicating
problems in regulating ion balance, in-
creased infestation with microsporozoan
and fungal parasites, increased egg
losses, decreased survival of young-of-
the-year, and possibly increased preda-
tion by lake trout. Detrimental effects on
lake trout included a host of food-chain,
physiological, reproductive, and behav-
ioral interactions. While it is difficult to
isolate the effects of single stresses in an
ecosystem-scale study, it is clear that the
large herbivorous or carnivorous species
which are of most concern to man cannot
be realistically studied in an experimen-
tal vessel smaller than a whole ecosys-
tem.

The experimental conditions imposed
on small-scale experiments often are not
a realistic simulation of those in natural
ecosystems (4/). For example, we have
shown that decomposition in undis-
turbed surface sediments is not affected
when overlying water is acidified be-
cause high pore water pH values are
maintained by the action of microbes. In
contrast, decomposition decreases when
the pH of sediments is deliberately low-
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ered in laboratory experiments, but such
conditions do not occur in acidified lakes
(34).

Experimental ecosystem manipula-
tions can reveal which properties of eco-
systems are likely to be sensitive to
particular stresses. They can also eluci-
date interactive features of ecosystem
organization that would aid in the inter-
pretation of results from smaller scale
studies and allow the calibration of pa-
leoecological methods (42). Such studies
can play a key role in the detection and
interpretation of man’s impact on natural
ecosystems. '
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The hemostatic system has evolved to
minimize blood loss following vascular
injury. In higher vertebrates, including
man, the system is quite complex and
requires the interaction of circulating
platelets, a series of plasma coagulation
proteins, endothelial cells, and compo-
nents of the vascular subendothelium.
The initial and critical event in hemosta-
sis is the adhesion of platelets to the
subendothelium. It occurs within sec-
onds of injury and provides a nidus for
platelet plug assembly and fibrin clot
formation.
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The factor VIII molecular complex is
composed of two distinct protein compo-
nents, the antihemophilic factor (AHF or
VIIIC) and von Willebrand factor
(vWF), and plays a major role in both
platelet adhesion and fibrin formation
(7). Two of the most common inherited
clinical bleeding disorders are the result
of a deficiency in the activity of one

ing in a group of numbers clustered about 1.0.
These clusters did not depart significantly from
normal distributions. For each year, the average
ratio of the annual mean to the long-term mean
was calculated for all control lakes, and 95
percent confidence limits were calculated. For
the four examples shown, data from two to eight
control lakes were used in any year, varying
somewhat with the difficulty and cost of mea-
surement. Lake 223 annual averages, normal-
ized to the long-term mean as described above
are shown for comparison with reference lakes.
The following data allow conditions in lake 223
before acidification to be compared to long-term
means for four to six reference lakes in the area,
for the period 1974 to 1982. Means and standard
deviations are given for reference lakes, fol-
lowed by the preacidification value for Lake 223
in brackets. Phytoplankton production, as car-
bon, 164 * 60 mg/m? per day (140 = 56); phyto-
plankton biomass, 1.03 = 0.41 mg/liter (0.69
* 12); chlorophyll a, 3.00 = 0.84 pg/liter
(1.92 % 0.14); dissolved inorganic carbon, 1.41
* 0.61 mg/liter (1.60 + 0.07); Ca, 2.43 * 0.85
mg/liter (2.19 * 0.02); SO,, 4.09 = 0.99 mg/liter
(3.35 £ 0.20);  Si, 1.20 = 1.04  mg/liter
(1.29 * 0.01); total nitrogen, 314 = 51 ug/liter
(272 = 25); and total phosphorus, 6.6 + 1.2 pg/
liter (6.8 = 0.1). Mean depth and lake surface
area hectare for Lake 223 and the reference
lakes (mean and standard deviation, n = 6) were
7.2 m versus 7.2 m * 3.3 m, and 27.3 ha versus
31.3 ha + 16.6 ha, respectively.

44. E. H. Simpson, Nature (London) 163, 688
(1949).

45. R. Playle did many of the calculations for Fig. 1.
P. Campbell, D. Rosenberg, R. Hecky, E. de-
Noyelles, Jr., G. D. Koshinsky, and K. Patalas
provided helpful reviews of this manuscript.
This work was supported by the Canadian De-
partment of Fisheries and Oceans and the Alber-
ta Oil Sands Environmental Research Project
(AOSERP).

S November 1984; accepted 2 May 1985

or the other of these components.

The VIIIC molecule is an important
regulatory protein in the coagulation cas-
cade. After activation by trace quantities
of thrombin, it accelerates the rate of
factor X activation by factor IX, eventu-
ally leading to the formation of the fibrin
clot. Classic hemophilia (VIIIC defi-
ciency) is an X chromosome-linked dis-
order that affects one in 10,000 males,
and has been recognized as a major
source of hemorrhagic morbidity and
mortality since biblical times. Treatment
consists of supportive measures and usu-
ally requires frequent transfusion with
blood products. The latter results in a
high incidence of infectious complica-
tions in this population, including vari-
ous forms of hepatitis and acquired im-
mune deficiency syndrome.

The vWF molecule is an adhesive gly-
coprotein synthesized by endothelial
cells and megakaryocytes. It serves as a
carrier in plasma for VIIIC and facili-
tates platelet-vessel wall interactions. By
binding to subendothelial structures and
to the platelet surface it promotes shear-
dependent platelet adhesion to the vessel
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