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ABSTRACT

Analysis of the distributions of chironomid (midge) and‘other dipteran
* subfossils from two high elevation lake sediment cores in the Cascade
Mountains reveals changes in midge communities and inferred climate since the -

-

late-glacial. Cabin Lake and 3M Pond are located ne;n‘ treeline in the subalpine
Engelmann Spruce/Subalpine Fir biogeoclimatic zone. Chironomid head.capsule
asserr;blages lustrate a cl}aracteristic late-glacial community (Cabin Lake
only), and three distinct Holocene communities, In Cabin Lake, the late-glacial
community 1s composed of cold~stenothe‘i.‘hlous .taxa dpminated by
Stictochironomus, Mesocricotopus, Heterotn'séocladius, Parakiefferiella nigra,
Sergentia, Prota)z ypus, and‘ Paracladius, and warm water midges are absent or
rare, indicating cold conditions. In both lakes the early Holocene is dominated
by a diverse warm-adaptéd assemblage, correspon'ding to the warm climatic
conditions of the xerothermié period. Cabin Lake’s mid-Holocene zone records a
decrease in relative abindance of the warm water community and is
accompanied by an increase in cold-stenotherms. At 3M Pond this zone shows a
dramatic loss in diversity of warm-adapted taxa, as the temperate genus
Dicrotendipes dominates. This zone corresponds to the mesothermic period.

Further cooling in the late Holocene (to modern conditions) is inferred from

continued reduction of warm water midges and persistence (at Cabin Lake) or

i
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app;aarance (at 3M Pond) 6f a cold-stengthermal community. This lgte ‘Holocene
- cooling 1s similar_in timing to Neoglacial_advance.s‘n the Coast, Cas.ciade, and
Rocky Niountains of southern British Columbia.ﬂ ’
Similarities in the timing of chironomid and vegetation community
changes at these’high elevation ‘sites, along with the more rapud respbn.?e time of

the Chironomidae, s‘upport the sensitivity of midges to postglacial climatic

change at high elevation sites.
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INTRODUCTION -

Climate plays a role in determining the abunda{nce and distnnbution of
maﬁy organisms as well as physical. and chemical resources, upon which
“;lirtuaﬂy all lifé depends. It largely determines the évailabih’ty of waté', which
in turn affects health, and the abundaﬁce and distribqtion'of crops and other
plants wh{ch sl;stain all “higher” life forms (Watson et al., 1992). Thus, from a
»purely anthropocentric view, climate is a key to our food security and the
availabih'ty of forest prodixctE.J As a;consequencé, the potential ecological effects

/!

of today's human-induced global warming lijave becon:e a leading area of
: €
" research (Delcourt and Delcourt, 1991). |
Over the past forty years, computer models have been developed which
describe the physical processes that d_étermine climate (Huggett, 1991). With
these general circulation models (GCM’s), predictions of future climatic
directions become possible (COHMAP, 1988). Like any good scientific model,
they must be tested to determine their level of reliability, and thg best way to
test them 1s through their predictive power 1n reconstructing past climates.
Validation from ihdependent lines of proxy climatic evidence is of gfeat
importance in determining thé reliability of GCM’s (Schweger and Hickman,
1989).

Instrumental records of climatic variation are relatively recent in human

history and so provide inadequate perspectives on climatic variation over a long



K
~ time scale (Bradley, 1985). Paleoclimatology is the study of climate prior to the

. period of i;n.strumeni;;al measurements, primarily using various proxy data, in
_— .

4
4 the form of climate-dependent natural phenomena (Bradley, 1985). It is Qossi,ble

to synthesizedifferent proxy data into a comprehensive picture of fogmer

% &

A ‘ * . . . - . . . B . - '
climatic fluctuations, thus increasing the possibilities of identifying their causes

“

and mechanisms.

The focus of this . study concerns changes in chimate since the last
deglaciation in southern British Columbia. | As will be illustrated in the
follo:ring literature review, most studies in this region have involve(i the use of
paleobotanical information to infer climate change, which show some
discrepancies ’withw resbect to the timing of changes (Hebda, 1995).

This palebhmhological study utilizes fossil chironomid larval remains in
the sediments of two high‘elevation. lakes to.infer changes in summer water
temperatures since late-glacial time. Ir‘1 small lakes, water temperature in
summer can be used to indirectly reconstruct air temperature, a key component
of climate. Walker et al. (199.1a) convincingly illustrate that summer 31.1rface
water temperature 1s the key environmental variable in determining chironomid
distributions. An important aspect of my study is the location of the two sites in
the Engelmann Spruce-Subalpine Fir biogeoclimatic zone of British Columbia.

Cabin Lake and 3M Pond lie very near alpine treeline, which is known to be

very sensitive to the effects of climate on plant growth and distribution (Arno &
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Hammerly, 1984; Luckman & Kearney, 1986), and so it was anticipated that.
this ecotone boundary would also be sensitive in terms of chironomid
distributions.

This work is being completed in conjunction with a study of pollen and
plaht macrofossils at the same sites by Pellatt (1996), tilereby contributing

<4

independent proxy information for late-glacial and Holocene climatic change. -

LITERATURE REVIEW .

(1) Late-glacial and Holocene Climates in Southern British Columbia:

Climate is known to strongly influence broad-scale vegetation patterns
and is often cited as a major cause of cHanges in species abundances and
djstribut}£’s (Mathewes, 1985). Thus, paleobotanical evi(ience using pollen and
plant macrofossils is cglmonly used to determine past vegetation changes and
to infer associated shifts in climate.

Reviews of the climate history of southern British Columbia (Mathewes,
1985; Hebda, 1995) have identified the timing of climatic events since the:last
deglaciation. All dates reported here are in uncalibrated radiocarbon years
before present ('*C yr BP).

Mathewes (1985) reported that in the late-glacial, prior to 12,000 yf BP,

the climate was cooler and drner than today. From ca. 12,000 yr BP until ca.



10,500 yr BP, cooler and wetter conditions have been infgrred in both coéstal
(Mathewes, 1973) and interior (Hebda, 1995) regions. Transfer functions
applied to the coastal Marion Lake pollen (iata (MatheWes & Heusser, 1981)

.

gave a quantitative interpretation that supported the qualitative inferences

L

given by Math;wes (1973). Recent evidence suggests that a cooling event
around the time of the amphi-Atlantic Younger Dryas also occurred on the
British Columbia coast (Mathewes et al, 1993; Mathewes, 1993). Th'is evidence
may pro;e very significant in terms of understanding the cause and geographic
extent of this climatic event aand its implications for global climate dynamics.
Further evidence from various types of proxy indicators at more sites is needed
to confirm this vievw of late-glacial deterioration to colder conditi(;ns.

A warm and dry early Holocene interval is evident from many studies in
B.C.. although the timing of the period of maximum warmth appe!érs to be
different at coastal and interior sites. Mathewes & Heusser (1981)
quantitatively showed a rap:id rise In temperature and decrease in precipitation
around 10,000 yr BP, with a maximum July tempgrature and minimum anpual
precipitation between 10,000 yr BP to 7500 yr BP, aptly named the “early
Holocene xerothermic interval”. Hebda (1995) interprets a grassland maximum
1n the southern interior from 10,000 - 8000 yr BP to represent warmer an(i drier

than present conditions, but correlates a “mesic grassland period” from 8000 -

4500 yr BP as being warmer than present but moister than the early Holocene.




Alley (1976) suggested a warm, dry interval between 8400 - 6600 yr BP from his
study at Kelowna Bog, with a shift to moister and cooler conditions coinciding
with Mazama Ash deposition (6800 yr BP). Cawker (1983) and Mathewes &

P

King V(1989) also inferred a warm, dry early Holocene that persisted until 6800
yr BP. Maximum warmth in the southern coast-interior transition was inferred
to occur around 8000 - 9000 yr BP by Clague & Math;zwes (1989) and Clague et
al. (1992), based on growth of trees above present treeline at Castle Peak.

The mi(é-Holocene climate generally became cooler than the early
Holocene xerothermic, but still remained warmer than present, and an increase
in moisture is often noted (Hebda, 1995). The timing of this trend also does not
api)ear to be synchronous over southern British Columbia. Hebda (1995)
demonstrates an increase in moisture around 8000 yr BP in the southern
interior grasslands, which remained warmer than today until ca. 4500 yr BP.
Many studies identify a cooling and moistening trend beginning near the time of
Mazama Ash deposition (Mathewes, 1973; Ma’thewés & Rouse, 1975; Heusser,
1983; Mathewes & King., 1’989). This mid-Holocene stage was generally
prevalent until ca. 4500 yr BP (Mathewes, 1985; Hebda, 1995).

The late Holocene climate change towards modern conditions 1s
considered to begin at ca. 5000 yr BP, at which time signs of neoglacial

readvances appear at high elevations (Clague, 1981; Ryder, 1989). Most

paleobotanical studies show a cool and moist period beginning between 4500 -

N 5



4000 yr BP (Mathewes, 1985; Hebda, 1995) at both coastal and interior sites,
which corresponds well with the proposed end of the eastern H}:psithermal as

¢

described by Ritchie (1987), and with significant shifts in climate in the U.S.
interior northwest (Mehringer, 1985). N

The tifning of Holocene climatic changes appears to vary considerably
‘between some sites in southern British Columbia. Mathewes (1985) views the
Hypsithermal as a time-trvansgressive event here as in other parts of North
America, and so these apparent discrepancies in fact may not be contradictory,
especially in comparing sites in a region of extreme climatic and physiographic

variability. Timing of changes may also reflect the proximity of each site to

important ecotonal boundaries during gradual climatic changes.

(2) Chironomids as Indicators of Lake Typology

A complete coverage of the hlstoncal development of this topic is b\yyond
the scope of this review, and the reader is referred to comprehensive summaries
by Brinkhurst (1974), Walker (1987,1993), and Hofmann (1988).

Early limnological studies involving chironomids were concerned with
classifying lakes according to lake productivity. As outhned by Walker (1987),
Einar Naumann introduced the lake types used today in trophic classification,
describing very productive eutrophic lakes and unproductive oligotrophic lakes.

August Thienemann used this same scheme, and matched specific chironomid



&

genera with lake types, suchh as ohgotrophic' Tanytarsus lakes and eutrophic
Chironomus lakes (W alkér, 1987). |

Later studies by Szther (1975a, 1979) illustrated the continuous range of
lake trophic states and ;epresentative chironomid communities. Sazther (1979)
reviewed the various mathematicai indices that summarized chironomid data in
relation to eutro;;hicgat;bi(on_ and proposed importanti refinements to increase the
validity of this classiﬁcatibn system.

It is important tog'no‘te »‘tilat’: this lake type classification scheme was
originally intended to bé based Oéxtib\.egt;hi‘c fauna of stratified lakes. The benthos
are exposed fo variations in nutrient and oxygenﬁ'levels in their environment,
which are reflected in the occurrence and distribution of these organisms
(Szther, 1979), and so it 1s suggested that changes in profundal chironomid taxa
be examined separately from littora'l taxa when considering trophic indicators
(Kansanen et al.,, 1984; Hofmann, 1986; Walker, 1987). Hershey (1985)
' considered littoral taxa'to be useful in lake typology in her study of an arctic
lake,vwhich appeared to illustrate a complex relationéhip between the effects of
productivity and temperature. Saether (1975a) discussed the occurrence of
typical profundal chironomid species in the littoral zoné of subarctic, arctic, and
alpine lakes, and, along with Hofmann (1988), explained that in shallow lakes,

climatic influences are likely to be more influential in determining chironomid

distributions.
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In addition to lake pro@uctivﬁty, ano>th'er factor that has been suggested to
control chironomid cémmum’ty composition is the hypolimnetic oxygen regime.
Using this system of classification, it was found that seasonal oxygen depletion
in the profundal of stratified lakes gives rise to specific chi’ronomid commu;xities
consisting primaril& of Chironomus spécies (Oliver, 1971; Frey, 1976; Hofmann,
1988; Walker, 1993), which are used as indicators of eutrophic Conditions.
Another community (Brundin's 7Tanytarsus lugens community) is indicative of
oligotrophic conditions in the profundal of stratified, temperate lakes in which
there is a continually high oxygen ’content (Hofmann, 1988).

Once agair;, the complexities of the environmental factors influencing
chironorr{id distributions can be noted. As Hofmann (1988) explains, the oxygen
conditions in the profundal zone ,Of lakes are closely related to productivity.
Higher metabolic oxygen demands in productive, eutrophic lakes leads to oxygen
depletion in the hypolimnion of stratified lakes, and so chironomids such aé the
hemoglobin-bearing Chironomus dominate (Walker, 1987). = Conversely,
unproductive, oligotrophic lakes may benefit profundal chironomids that require
high oxygen levels, such as the genus Heterotn'ssoc]adius.(Saether, 1975b).

Many recent paleolimnological studies of fossil chironomids have
employed the notion, of chironomid coﬁmunities as indicators of lake types
(Wiederholm & Eriksson, 1979; Devai & Moldovan, 1983; Kansanen, 1985;

Menlainen & Hamina, 1993; Walker et al., 1993). Clearly, conclusions made
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from studies ‘such as thevse should éake into account the close interrelationships
between trophic state, oxygen conditions, and climatic influences, and thus great
caution must be ’applied to environmental reconstructions based on these
changes in chironomid communities.

-

(3) Chironomidae in Paleoclimatic Investigations:

Larval chironomids have many attributesrwhich make them applicable to
paleolimnological studies and the reconstruction of paleoenvironments. These
larvae inﬂabit the profundal and littoral regions of nearly all freshwater
habitats (Walker, 1987). Among the freshwater invertebrates in the temperate
zone, midges contribute the highest number of species, and their larvae
generally are present in large numbers (Hofmann, 1988), along with the
oligochaetes (Walker, 1993). Head capsules of moulted [arval exoskeletons and
dead larvae are well preserved in the sediments, allow-ing identification of these
remaips (Hofmann, 1986, 1988; Waiker, 1987). Species are adapted to certain
ecological conditions withinéa Tl;;lk,e, so the chironomid fossil record is indicative
df the ecological conditions at the time of sedimentation. Successional changes
in chironomid fauna are documented vertically in the sediment, and these
changes should reflect shifts in ecological conditions during lai:e development.

Using a single core to determine past whole-lake conditions raises the

important question of how representative such a core can be, since the site of
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sedimentation of chironomid remains is not nece5§arﬂy the habitat of the living
organisms (Hofmann, 1988). The deepest part of the lake appears to be the
optiinal éite from which to obtajn a complete and undisturbed sediment core
(Hofmann, 1986, 1988). It has been determined that cores obtained from this
region of a lake are highly reproducible, and so it can be assumed that a corr—ect
interpretation of lake conditions can beymade from a single core (Schmah, 1993). -
Because deep basin cores contain a mixture of profundal, littoral, and pelagic
remains, chironomid subfossils should be considered separately for analysis.
The relative abundances of littoral vs. profundal spécies gives an indication of
the influence of littoral species on the death assemblage (Hofmann, 1986).
Caution should also be exercised when equating chironomid life and
death assemblages. Many studies on present chironomid ecology rely on
samples taken at one time of yéar only, and taphonomic pr(;cesses determine
which taxa will be pres_erved; in what numbers, and where (Walker and
MatheWes, 1989a)?€Comparisons of chironomid life and death assemblages have
in fact shown relatively good correlation (Walker, 1987), and propér comparison
of fossil and modern assemblages can minimize errors of interpretation.
Studying recent fossil assemblages in surficial lake sediments is more cost
efficient compared to conventional sampling, and, more importantly, the fauna

1s more comparable to the fossil assemblages retrieved from cores (Walker and

Mathewes, 1989a).

10 ‘



. (a) SALINITY

Ecological studies of chironomids in saline lékes have ﬂlﬁstrated
relationships, between chironomid community composition and salinity levels
(Cannings, 1975; Cannings & Scudder, 1978a,b; Hofmann, 1987; Williams et al.,
© 1990). | | |

The hydrologic budgets of lakes ‘jé're 1:elated to climate, and significant
fluctuations in lake levels are often cofieiatéd with periods of cl{matic change

(Fritz, 1990). Therefore, the reconstruction of past changes in lake levels can
provide a background for understanding modern hydrologic conditions and be a
tool for predicting future hydrologic responses to changing climate. This
information may also provide analogues of precipitation patterns during past
warm periods, as \well as a means of validating general circulation models used
to simulate global climatic change (Fritz, 1990). Closed basin lakes in regions
with a negative water balance are very good paleohydrologic and paleoclimatic
reéorders, as fluctuations in the balance of precipitation and evaporation result
in lake level changes and concentration or dilution of dissolved salts. This
information has been shown to be recorded in chironomid community
composition, and so these organisms hold good potential in tracking changes in
paléosalinities and associated climate.

Mees et al. (1991) reconstructed Holocene paleosalinities using

chironomids in a study of Lake Melha, Africa, in which marked fluctuations in

11



salinity were noted. Similarly, Verschuren (1994) inferred past salinities and
lake level fluctuations from changes in chironomids archived in the sediments of
Lake Oloidien, Kenya.

Chironomid remains in surficial sediments from 86 British Columbia
lakes werg used to assess the possibility of quantitatively reconstructing past
salinities from fossil chironomid assemblages (Walker et al., 1995). 'Using
canonical correspondence analysis (CCA), late summer salinity was found to be
the environmental variable that explained most of the variance in the weighted
averages of the taxa. The most appropriate wéighted-averaging calibration,
function was used to produce a chironomid - salinity transfer function, which
achieved close agreement at low to moderate salinities, but became poorer at
salinities greater than 10 g/L. It was concluded that although chironomids
appear to be very good indicators of transitions between freshwater and
moderately saline waters, they cannot produce accurate estimates of salinity
changes in&highly saline waters (Walker et al., 1995).

The transfer funcj:ion developed by Walker et al. (1995) was tested by
Heinrichs (1995) in reconstructing paleosalinities of three lakes in the south-
central interior of British Columbia, and comparing these inferred postglacial
chhmate changes with accepted regional climatic trends. Salinity reconstructions

at Mahoney and ‘Kilpoola Lakes indicated a shift from freshwater to saliné
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conditions in the early Holocene, suggesting a temperature increase

corresponding to the early Holocene xer(ylermic interval (Hebda, 1995).

() TEMPERATURE

Many studies involving chironomid physiology, behayvior (Danks, 1971),
and life cycles have shown that temperature is a very important limiting factor
in the distribution of various chironomid.taxa. Studies on emergence (Danks &
Oliver, 1972a,b; Nordlie & Arthur, 1981), growth and development (Mackey,
1977), eclosion times (Kureck, 1979), and genetic diversity (Thorp & Chesser,
1983) have illustrated this temperature constraint. Pinder (1986) presents a
good rev}ew of many related studies. Modern faunas do vary with climate, with
the Orthocladiinae and Diamesinae occurring abundantly in cold arctic and
alpine conditions, while the Chironominae and Tanypodinae are prominent at
low altitudes and latitudes (Oliver, 1971; Walker & Mathewes, 1987a). Further
evidence suggesting a chironomid;temperature relationship 1s shown by the fact
that many temperate species that are absent from arctic and alpine habitats are
also rare or absent from the cold profundal waters of temperate regions (Walker
& Mathewes, 1989a). Conversely, most cold-stenothermous taxa common in

arctic and alpine sites are predominantly limited to cold profundal regions of

temperate lakes Walker & Mathewes, 1987a, 1989b; Walker, 1990).

13



Work done by Walker & Mathewes (1987a), interpreting changing

chironomid communities as a response to changing climate, was challenged by

£

“Warner and Hann (1987), who considered substrate characteristics and

turbidity to be more important in regul?lting midge distributions. They proposed
the- wide geographical distribution of cold-stenothermous taxa as evidence
against climate-related changes in chironomid faunas, and interpreted faunal
changes as reflecting changes in allochthonous organic r;latter deposition and
nutrients as a result of vegetation changes in the watershed that may have only
beex; indirectly climatically controlled. Warner & Hann (1987) also assumed
that freshwater invertebrate communities are not directly influenced by climate,
since the aquatic environment acts as a strong buffer against climate change.
W’a;wick (1959) also supported a role of -sediment composition in determining
the presence of chironomid taxa, referring primarily to his study in the Bay of
Quinte (Warwick, 1980). | , .

In response, Walker & Mathewes (1987b) argued that although many
cold-stenotherms (such a$ Heterotrissocladius) are widely distributed, they are
limited to cold northern or montane to alpine lakes, and are found only in the
deep cold profundal regions of temperate lakes. Evidence against turbidity or
substrate-controlled communities is given by the presence of Heterotrissocladius

in both turbid waters of glacial lakes and very clear waters (Walker &

Mathewes, 1989c). H. marcidus is the least cold-stenothermous species of the
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genus, but is still restricted to relatively cold watérs, although it is found on
various types of substrates (Sazther, 1975b; Walker‘ & Mathewes, 1987b). In
addition, the very low sedimentation rates at approximately 10,000 years BP at -
Marion Lake, British Columbia (Walker & Mathewes, 1987a,b, 1989¢), when the
chironomid fguna changed, contradicts the suggested correlation with high
sedimentation rates. In studying biotic and abiotic factors associated with '
diversity and'density of larvae, Thorp and Chesser (1983) found that water
temperature was the‘ factor most strongly associated with chironomid
assemblag;r changes, while particle size and organic content of the substratum

were relatively unimportant.

Early studies (i.e., Thienemann, 1918; Brundin, 1949, 1956, 1958), as
citéd by Walker (1987), concerned with benthic lake classiﬁcatio;; in terms of
trophic state also hinted at a reiationship between chironomids, trophic state,
and climate. Walker (1987) and Walker & Mathewes (1987a) explain this
relat{onship, whereby higher temperatures and longer growing seasons lead to
increased biologjcal activity and productivity, and increased chemical
weathering rates at higher temperatures contribute to higher nutrient levels.
Thus, many taxa characteristic of oligotrophic conditions are cold-

stenothermous, and taxa common in eutrophic waters are warm-adapted

(Walker, 1987).
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Walker (1987) reviewed some important preliminary studies of_ climate-
related chironomid- suecession, illustrating good correspondence between
climatic inferences based on chirdnomid data and trehds shown by pollen-
climate transfer functions. In the first study of postglacial chironomid
succession in lthe Pacific NorPhwest; Walker & Mathewes (1987a) looked at
changes in the fossil assemblages % Marion Lake, British Columbia. They
discovered a prevalence of cold-stenotherms during late-glacial time, which they
designated the “late-glacial Heterotrissocladius fauna”, indicating cold
conditions. At approximately 10,000 yr BP, reduction or complete loss of this
fauna suggested rapid warming. The strong similarity between chironomid
profiles ;n different geographic regions @ﬁtish Columbia, New Brunswick,
Germany) clearly reflects fh@ fact that lake faunas independently respond to
similar regional influences, most likely climate (Walker & Mathewes, 1987a).
Further evidence of rapid climatic warming at Marion Lake at the
Pleistocene/Holocene boundary was based on pollen-climate transfer functions
(Mathewes & Heusser, 1981; Walker & Mathewes, 1987a). Similar changes in
chironomid communities were observed at Mike and Misty ‘Lakes (Walker &
Mathewes, 1989a).

The next logical ‘té:tep in gaining confidence in chironomid-climate
relationships came with a study of surficial lake sedirhents distributed across an

altitudinal gradient (Walker & Mathewes, 1989b), which could be assumed to be
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analogous to a_latitudinal climatic gradient, since temperature decreases with
increasing élevation (environmental lapse rate) (Oke, 1987). Here, it was again
found that a typical Heterotrissocladius fauna was prevalent at higher, colder
altitudeé and i1n the bottom, oligotrophic waters of deep, temperate lakes,
whereas many species common at lower elevations were absent at alpine and
upper subalpine sites. Although horizontal and vertical climatic gradients are
not linear functions of altitude or latitude, the parallel trends along altitudinal
and horizontal chimatic gradients strongly suggest that climate is either directly
or indirectly influencing chironomid distribution. |

A major advance in this research was attained with a statistical study of
chironomid remains from surficial sediments of lakes in Labrado‘r' and Quebec,
using canoni(fal correspondence analysis (CCA) to quantitatively determine
which environmental variables were most influential on chironomid
distributions (Walker et al., 1991a). CCA (ter Braak, 1986) appears to provide
the most appr;)priate means for analyzing the factors imfluencing biological
distribution, where relationships between organisms and their environment can
be used directl; 1In reconstructing past environmental conditions, assessing
several environmental variables independenﬂy using the same fossil data
(Walker et al., 1991a). This study was initiated to test the importance of
summer surface water temperature, maximum lake depth, and organic content

of sediments in influencing relative abundances of fossil chironomid taxa.
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Results showed that summer surface watelc‘\/toemperature (r=0.79, p <0.0001)
accc;unted for most of the explained variaggé' (Walker et al., 1991a), and so a
temperature-constrained CCA produced a weighted-averaging regression and
calibration model of the chironomid-temperature relationship‘{ which was used
as a transfer function to predict summer surface water temperatures from fossil
data. |

Attempts to discredit ciimate as a fagtor in directing chironomid faunal
changes were again attempted by Hann et al. (1992), but most of their comments
were unsubsfantiated or simply incorrect, and were dealt with adequately by
Walker et al. (1992a).

From Walker et al.’s (1991a) work, chironomid-temperature relationships
have been utilized to support the occurrence of an Allered/Younger Dryas-age
climatic oscillation in Atlantic Canada (Walker et al., 1991b; Wilson et al.,
1993). The Allered/Younger Dryas transition, which is well documented in
Europe, marks a change from relatively warm conditions before 11,000 yr BP
(Allered) to a much cooler environment approximately 11,000 - 10,000 yr BP
(Younger Dryas chronozone). Palynological and lithological evidence suggested
late-glacial temperature fluctuations in Atlantic Canada that correlate well with

this oscillation (Mott et al., 1986; Wright, 1989), but other independent evidence

was needed to confirm this trend.
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Continued expansion of the dataset and use of the chironomid-
temperature transfer function were the result of studies of chironomids, pollen,
and sediment organic content from sites in New Brunswick, Prince Edward
Island, and Nova Scotia (Levesque et al., 1993a,b, 1994), and Maine (Cwynar &
Levesque, ‘1995). In addition to support for Younger Dryas-age cooling, evidence
of a short cold period in eastern North America just prior to the Younger Dryas,
called the Killarm;y Oscillation (11,160 - 10,910 yrs BP), was discovered through
very high resolution analyses. This period corresponds to the Gerzensee
Oscillation in Switzerland and other events detected along the North Atlantic
seaboard, suggesting a single event in the North Atlantic region, possibly
causally related to the Younger Dryas.

Most recently, an improvement of this inference model was achieved by

Walker et al. (in press). With further expansion of the surface sample dataset,

more accurate temperature reconstructions and error estimates are expected.

STUDY SITES

Located in the Kamloops Forest Region of the southwestern interior of
British Columbia, Mount Stoyoma (2283 mkasl; 121°13 W; 49°59" N) 1s at the
northern limit of the Cascade Mountains (Figure 1). The Cascades are primarily
composed of strongly folded Paleozoic and Mesozoic sedimentary and volcanic

rocks (Holland, 1976).
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Figure 1: Map of British Columbia showing location of Mount Stoyoma in
the Northern Cascade Mountains.
(Inset: topographic setting of study sites)
»
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Vegetation reflects the environment and recent history of a given site, and
thuslis a key to ecosystem classification and identification (Lloyd et al., 1990;
Pojar et al., 1991). In British Columbia, ecosystem classification is based on the
relationship between ecosystems and climate, as climate has th‘é greatest
influence on the development of an vecosystem‘ (Mitchell & Green, 1981).
Utilizing this relationship, the ecosystems are divided into biogeoclimatic zones.
The sites involved 1n this study lie in the Engelmann Spruce-Subalpine Fir
biogeoclimatic zone (ESSF), which is the highest forested zone in the southern
and central interior of British Columbia (Hebda, 1995). More specifically, the
study sites are within the dry, cold Engelmann Spruce - Subalpine Fir subzone
variant 2 (ESSFdc2) (Lloyd et al., 1990). Characteristic trees and shrubs
include Engelmann spruce (Picea engelmannii), subalpine fir (Abies lasiocarpa),
whitebark pine (Pinus albicaulis), white-flowered rhododendron (Rhododendron
albiflorum), and black mouﬂta;n huckleberry (Vaccinium membranaceum)
(Pellatt, 1996), producing continuous forest at lower and middle elevations in
the zone. and subalpine parkland at higher elevations (Lloyd et al., 1990). The
two sites involved here are at the upper regions near treeline, just below the
alpine tundra biogeoclimatic zone.

Climate in the ESSF zone is continental, characterized by long, cold
winters with high snow cover, and short, cool summers. Table 1 summarizes

mean values for important environmental variables of the ESSFdc2 (Lloyd et al.,



Table 1: Mean values for selected ESSFdc2 climatic varnables.

(Lloyd et al., 1990).

Annual precipitation 839 mm
Annual snowfall 635 cm
Annual temperature -0.2°C
Frost free period 45 days
Growing degree days (> 5°C) 579 days
Growing season precipitation 296 mm
Growing season temperature 8.0°C
Mean minimum January temperature -14.1°C




1990).

The two lake basins selected for paleoecological analysais were Cabin Lake
(1850 m asl) and 3M Pond (1950 m asl). Both are located near present treeline,
and are therefore expected to be sensitive to past climatic‘changes. Cabin Lake
(Figure 2) lies within the dry southern Engelmann Spruce - Subalpine I;ir
Parkland (E§SFpe) and is surrounded by a well developed forest of Engelmann
spruce and subalpine fir on the south, east, and west sideé; The north slope
forest was burned relatively recently, with abuhdant charred snags and open
meadow vegetation. The lake has an area of approximately 4 ha, and a
maximum water depth measured at 4.2 m. A small inlet stream is located at the
north end which i1s active during the warmest months as snow melts at higher
elevations, and an outlet stream is present at the south end, again probably c;nly

active when meltwater raises lake level.
‘ b,
¢ &

Dominant trees and shrubs surrounding Cabin Lake include Engelmann
spruce, subalpine fir, white-flowered rhododendron, partridgefoot (Leutkea
pectinata), black mountain huckleberry, grouseberry (Vaccinium scoparium),
pink mountain heather (Phyllodoce empetriformis), and mounta{n heather
(Cassiope mertensiana) (Pellatt, 1996; Lyons, 1965).

3M Pond (Figure 3), within the transition betwe;n ESSFpe and tile Dry
Southern Alpine Tundra (ATd) (Mitchell & Green, 1981), is approximately 0.75

ha in area and has a maximum water depth of 1 m. Common trees and shrubs
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Figure 2: Photograph of Cabin Lake showing surrounding ESSF forest with
Mount Stoyoma in the distance.

Figure 3: Photograph of 3M Pond with surrounding ESSF parklad.
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surrounding the pond are subalpine fir, Engelmann spruce, whitebark pine,
common juniper (Juniperis communis), white mountain heather, pink mountain
heather, and pariridgefoot, with a more prominent herb component ‘than

observed around Cabin Lake (Pellatt, 1996).

METHODS

Field and Laboratory:

Cabin Lake was sampled in July, 1993 using a modified Livingstone
piston corer with a core tube diarr;gfér of 5 cm. A 399 cm sediment core was
obtained from the deepest part of the lake. The five drives comprising the entire
core length were exfruded in the field and wrapped in cellophane and
aluminium foil, and subsequently transported to Simon Fraser University (SFU)
where they were stored at approximately 4°C for later analysis.

The Cabin Lake sediments were subsampled most commonly every 15 cm,
with higher resolution sampling in regions of expected faunal change (i.e.. late-
glacial basal clay and basal clay/gyttja interface). Subsamples consisted of 0.5
ml or 1 ml of sediment, but up to 10 ml of sediment were necessary in some
intervals to obtain sufficient numbers of chironomid head capsules for analysis
(at least 30). All subsamples were stored 1n glass vials in 2 ml of distilled water

and kept refrigerated at 4°C until analyzed.



Coring of 3M Pond was done using the methods outlined above in August,
1993. A 74 cm sediment core was removed from the deepest region of the pond
and transported to SFU.

Subsampling of 3M Pond was usually done at 2 cm or 4 cm intervals in
the top half of the core (0 - 35 cm), and every 8 cm in the bottom half (35 - 67
cm). Again, 0.5 ml or 1 ml (but up to 2 ml) subsamples were placed in 2 ml of
distilled water in glass vials and stored at approximately 4°C for future
analysis.

Isolation of chironomid head capsules, Chaoborus mandibles, and
ceratopogonid head capsules generally follewed the procedures outlined by
Walker (1987). Sediment samples were deflocculated in 8% KOH at
approximately 60°C for 60 minutes, followed by a thorough distilled water rinse
on a 95 um Nitex' mesh. Since carbonates were a very minor component of the
sediments of both lakes, a treatment with HCl was not necessary. The residue
retained on the sieve was back-washed into a beaker using distilled water, in
which it was stored until sorted.

Sorting of the residue was done in a Bogorov counting tray under 25 - 50X
magnification with a Wild M5 dissecting microscope. Remains were transferred

to drops of water on a coverslip under 12X magnification using #4 or #5 forceps.

Coverslips containing approximately 30 remains each were dried and mounted



onto glass slides using Permount® or Entellan” mounting medium for later
1dentification.

Remains were identified under 100 - 400X magnification using various
Zeiss compound microscopes. Identifications were based on descriptions given in
keys by Walker (1988), Oliver & Roussel (1983) and Wiederholm (1983). Whole
head capsules and fragments containing greater than half of the mentum were
counted as one head capsule. Fragments that were exactly half of a head
capsule were counted as one half, and fragmentS‘thét consisted of less than half
of the mentum were not counted. Most identiﬁcationf were made at the generic
level, although a few species identifications were possible. Broader taxonomic

categories were necessary where the genus could not be determined (eg.,

subtribe Tanytarsina, Cricotopus/Orthocladius, Corynoneura/Thienemanniella).

Data Analysis:

Data were compiled on a spreadsheet using Tilia version 2.0 (Giimm,
1993), and chironomid percentage diagrams were produced using Tilia Graph
version 1.17 (Grimm, 1991). A constrained sum-of—squar;s cluster analysis
(CONISS) (Grimm, 1987) for percentage d.ata was done to examine major

changes in chironomid communities throughout the stratigraphy.

52



Chronology:

Ash Layers:

Tephra derived from Mount Mazama (6800» yt BP) (Hebda, 1995) 1is
present in both Cabin Lake (246 - 253 cm) and 3M Pond (36 - 42 ¢cm) sediment
profiles. Cabin Lake also contains the Bridge River Tephra (ca. 2410 yr BP)
(89.5-90.5 cm). Identifications of tephra using microprobe analysis were made

by Dr. Jerry Osborne and Glen DePaoli (University of Calgary).

Radiometric Dating:

AMS radiocart\mn dating (by IsoTrace Radiocarbon Laboratory, Toronto,
and Center for Accelerator Mass Spectrometry, Lawrence-Livermore National
'Laboratory) was used to determine the ages of organics at two ppints in 3M
Pond's sediment profile, and three points for Cabin Lake, and all dates given in
this study are in uncalibrated radiocarbon years before present (''C yr BP),
datum 1950. Table 2 shows sediment depths, types, and ages of samples from
Cabin Lake and 3M Pond. Regression analysis (Grimm, 1993) was utilized to

interpolate radiocarbon ages at key intervals of chironomid community change.



Table 2: AMS radiocarbon dates for 3M Pond and Cabin Lake

Y

Sample Identification Sample Description Lab # Age (I1C yr BP)
3M Pond (65-67 cm) conifer needles TO-5329 10,000 + 320
3M94-B-21 (Isotrace) :
3M Pond (24-26 cm) conifer needles TO-5330 3530 = 60
3M94-A-25 (Isotrace)

Cabin Lake (306 cm) carbonized wood TO-5205 8910 + 120
CLJL94-5-12 (Isotrace)

Cabin Lake pollen 29826 10,090 + 70
CL-324 cm (CAMS) -
Cabin Lake leaf fragments - 29829 9860 + 60
CL-368-370 cm (CAMS)

(Errors presented as + 1s)



RESULTS

Figures 4 & 5 illustrate head capsule counfs for each taxon, as a
percentage of the total number of identifiable chironomid head capsules in each
sampling interval. The chironomid taxa, along with Chaoborus and
Ceratopogonidae, are separated into typical warm and cold water assemblages
according to éurrent informaticn regarding their thermal optima and tolerances
(Walker et al., 1n press). Figure 6 shows examples of head capsules from
common cold and warm-adapted taxa. The remaining uncategorized taxa
consist of “rheophilous” (flowing water) groups (.e., Bzﬂb'a/Eiuzybapsis,

Doithrix/Pseudorthocladius, Corynoneura/Thienemanniella, Rheocricotopus,
‘Eukiefferiella &  Tvetenia, Parametriocnemus, Smittia/Pseudosmittia,
Synorthocladius), eurythermic groups (i.e., Psectrocladius, Procladius), and

broad taxonomic categories (i.e., subtribe Tanytarsina, Cﬁ'cotopus/Oz'tboc]adius),

all of which are of relatively little value 1n assessing paleotemperature regimes.

Cabin Lake

The basal sediments (399 - 324 (;m) qf Cabin Lake consist of a dark grey
clay with two distinct bands (369 - 364 cm, 357 - 355 c¢cm) of very dark grey
mixed organic/inorganic material which are graded coarse to fine. A relatively

uniform dark brown to black gyttja was deposited above 324 cm. The remainder
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Stictochironomus Paracladius

Sergentia » Heterotrissocladius

Figure 6a: Mentum and ventromental plate characteristics of typical cold-
stenothermic chironomid taxa found at Cabin Lake and /or 3M,Pond
(drawings adapted from Walker (1988)).
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Microtendipes - Pagasuella

Chironomus Dicrotendipes

Figure 6b: Mentum and ventromental plate characteristics of typical warm
water chironomid taxa found at Cabin Lake and 3M Pond (drawings
adapted from Walker (1988)).
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of the sediment profile consists of dark gyttja, with the exception of two tephras
at 252.5 - 247 cm (identified as Mazama ash) and 90.5 - 89.5 cm (identified as
Bridge River tephra).

A sample of carbonized wood at 306 cm was dated at 8910 + 120 yr BP
(Table 2). It should be noted that a previous core of the lake also provided a
date of 9319 + 120 yr BP a few centimetres above the clay/gyttja interface.
Dates of pollen at 324 cm and leaf fragments at 368 - 370 cm (both within the
clay) were 10,090 + 70 and 9860 + 60 yr BP, respectively. Therefore, it was
assumed that the clay was deposited rapidly at the late-Pleistocene/Holocene
boundary at ca. 10,000 yr BP. Mazama ash deposition has a widely\accepted age
of 6800 yr BP (Hebda, 1995), and the Bridge River tephra has been dated to
2410 yr BP (Clague et al., 1995).

The chironomid fossil record of Cabin Lake has been divided into four
zones, determined by a constrained sum-of-squares cluster analysis (Grimm,
1987), which places boundaries where the greatest changes in chironomid
community composition occur (Figure 4). Zone CC-1 (399 - 330 cm) represents
late-«PIeistocene sediments before ca. 10,000 yr BP near the clay/gyttja
transition. Zone CC-2 (330 - 265 cm) encompasses the early Holocene, between
ca. 10,000 yr BP and ca. 7220 yr BP. Zone CC-3 (265 - 112 cm) spans the mid-

Holocene between ca. 7220 yr BP and ca. 3210 yr BP. The most recent



sediments make up zone CC-4 (112 - 0 cm), representing ca. 3210 yr BP to

present.

Zone CC-1:

The late-glacial assemblage primarily consists of the widespread
Tanytarsina group (up to 54%) and typical oligotrophic, cold-stenotherms
(Parac]adius,‘ Parakiefteriella nigra, ’Mesoc"n'cotopus, Stictochironomus.
Protanypus, and Heterotrissocladius), along with Sergentia, which characterizes
cold, mesotrophic x;/aters (Walker, 1990). An interesting feature of this zone is
the brief peaks in the relative abundances of some typical warm-adapted
chironomids (Chironomus, Stempellinella & Zavrelia, Parakiefferiella cf.
bathophila, Dicrotendipes) and the Dasyhela type of ceratopogonid, which occur
at the time of increased deposition of organic sediment prior to the Holocene.

The predatory Procladius also makes up a significant proportion of the
late-glacial assemblage (up to 33%), and remains relatively abundant

thr‘ohghout the Holocene.

Zone CC-2:
The beginning of the Holocene is characterized by a sudden
disappearance of most of the cold-stenotherms, with only Heterotrissocladius

and Sergentia persisting as very small proportions of the faunal assemblage. In
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conjunction with this trend, significant increases in the warm-adapted
chironomids occur. Most notably, Chironomus, Stempellinella & Zavrelia,
Pagastiella, Microtendipes, along with various Cbaoborus species rapidly
become major faunal elements in the early Holocene. The eurythermic
Tanytarsina and Procladius approach their lowest levels in this zone, which may
be a result of less production in these groups or simply because of a greater
prevalence of other taxa. Unfortunately_, sedimentation rates are not available
and so influx rates could not be determined.

This zone. also shows an 1increase in proportions of the rheophilous

Corynoneura/Thienemanniella group, and the eurythermic Psectrocladius and

Corynocera.

Zone CC-3:

Just prior to Mazama ash deposition, a major shift in fauna occurs.
Although this mid-Holocene zone still supports a large warm-adapted group of
chironomids, a notable reduction in Stempellinella & Zayrelia and Pégastjella 18
seen, and Sergentia, a cold-water genus, reaches significant proportions (up to
27%) of the community composition. Heterotrissocladius also reaches levels
comparable to its late-glacial contribution.

Chironomus remains a dominant genus through this zone (up to 27%),

with Microtendipes consistently making up approximately 5% of the community.



Other important warm-water taxa compnsing this zone are Dicrotendipes and
Parakiefferiella cf. bathophila, with Chaoborus mandibles reaching their
greatest proportion. ™y

Tanytarsina. (37%) and Procladius (34%) again attain significant relative
abundances in the Tmid-Holocene, and various rheophilous taxa continue to be

.

consistently represented in small proportions.

Zone CC-4:

The most recent late Holocene sediments reveal a dramatic decrease in
the relative contribution of warm water taxa as a group, with many genera
becoming locally extinct and others reaching their minimum Holocene values.
Sergentia remains relatively abundant, with Heterotrissocladius retaining its
typical late-glacial abundance at the beginning and end of this interval.
Possibly significant is the reappearance of Paracladius, a strongly cold-
stenothermous taxon (Walker et al., in press), in the late Holocene fossil
assemblage.

Procladius remains a dominant faunal element, whereas Tanytarsina
reaches 1ts maximum extent (61%), surpassing its late-glacial assemblage
contribution. Rheophilous taxa continue to be deposited into the lake, although

a shightly less diverse group 1s evident in the late Holocene.
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3M Pond

The core taken from 3M Pond contains a uniformly grey basal clr:iy from
65.5 - 73 cm. Above 65.5 cm, various shades of gyttja, ranging from black to
olive grey to the green surface sediments, make up the remainder of the core.
Mazama ash (6800 yr BP) was also‘present in the stratigraphy between 46 - 42
cm.,

In addition to the dated tephra, two AMS radiocarbon dates were obtained
for core chronology. Conifer needles found at the clay/gyttja interface (66 cm)
produced a date of 10,000 + 320 yr BP, corresponding with the late-
Pleistocene/Holocene boundary, as expected. Similar needies were 1solated from
24 - 26 cm (near major chironomid zone boundary), giving a date of 3530 + 60 yr
BP (Table 2).

Changes in chironomid communities in 3M Pond can also be divided into
three Holocene iones (Figure 5), as in Cabin Lake. Rarity of head capsules in
the clay prevented the extraction of information regarding the late-glacial at 3M
Pond. Thus, zone 3MC-1 (66 - 44 cm) represents the early Holocene, from 10,000
yr BP to the time of l\&azama ash deposition at 6800 yr BP. Zone 3MC-2
encompasses the mid-Holocene from 6800 yr BP to ca. 3950 yr BP at 27.5 cm.

Zone 3MC-3 represents the late Holocene, spanning ca. 3950 yr BP to present.
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Zone 3MC-1:

The early Holocene was dominated .by Tanytarsina, making up
approximately 60% of the faunal assemblage. The eurythermic Psectrocladius (7
- 16%) and Procladius (up to 12%) also significantly contribute to this
assemblage. A distinct and diverse warm water assemblage is clearly evident,
composed primarily of the tribe Pentaneurini, Chironomus, Cladopelma,
Polypedilum, Microtendipes, Dicrotendipes, Chaoborus, and other minor
components. Not surprisingly, a lack of cold-stenothermic chironomids 1s
apparent, with only three Heterotrissocladius head capsules being found. A
very minor allochthonous contribution 1s possible due to the presence of
Cricotopus/Orthocladius, Corynoneura/Thienemanniella, Limnophyes,

Rheocricotopus, and Zalutschia.

Zone 3MC\-2:

Following Mazama ash deposition, a major shift i the faunal assemblage
occured, with most of the warm-adapted taxa becoming locally extinct or reduced
to a very minor component of the community. An exception to this trend is the
rapid increase in the relative abundance of Dicrotendipes (up to 80%), also a
typical temperate genus. A significant reduction in the relative abundances of
Tanytarsina and Psectrocladius may be the result of decreased production or an

artefact of the dominance of Dicrotendipes. Again, influx data are lacking, and
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so the cause of this change remains uncertain. The contributions of Procladius,
Cricotopus/Orthocladius, and Corynoneura/Thienemanniella show little change

from the early Holocene.

%

Zone 3MC-3:

Another major zone boundary is evident at 27.5 cm, when Dicrotendipes
rapidly declines in relative abundance to near extinction. All other warm-
adapted chironomids diéappear, with the exception of Microtendipes, which
persists for a short time as a very minor faunal element. Offsetting the
disappearance of Dicrotendipes is the now abundant littoral Pgectroaladius (up
to 57%), which dominates the late Holocene along with Tanytarsina (32 - 72%).

The emergence f of cold-stenotherms (Heterotrissocladius,
Stictochironomus, Sergentia) in this zone 1s significant, as it represents their
ﬁrst/»sxfgpearance as a distinct community in the Holocene sediments.

Procladius, Cricotopus/Orthocladius, and Corynoneura/Thienemanniella
remain relatively unchanged until the most recent sediments, and there again
exists a minor rheophilous contribution, as in the early Holocene. The
appearance of Derotanypus in the late Holocene freshwater assemblage 1s

surprising, as this genus is common 1in saline waters.
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DISCUSSION‘

ChangesAin chironomid assemblages through postglacial time could be the
result of many different environmental influences, but at Cabin Lake and 3M
.Pond on Mount Stoyoma, these éommunity shifts can be explained by direct or
indirect cimatic effects, which closely correspond to other Holocene paleoclimate

reconstructions in southwestern British Columbia.

Cabin Lake

Zone CC-1:

The late-glacial midge assemblage clearly contains a significant cold-
stenothermous community, including Paracladius, Parakiefferiella nigra,
Mesocricotopus, Stictochironomus, Protanypus, Heterotrissocladius, and
Sergentia (Figures 4 & 6a).

Paracladius 1s a characteristic genus in high arctic and alpine lakes
(Walker, 1990; Walker et al, in press), and often is found in the cold profundal
zone of large, deep, oligotrophic temperate lakes. This cold-stenotherm is
largely absent from shallow ponds of arctic and alpine sites, where summer
temperatures can be much higher than those of larger, deeper lakes nearby, and
where winter anoxia can result from long winters and freezing of bottom waters

(Walker & Mathewes, 1989b).



Parakiefferiella nigra occurs widely in subarctic and arctic areas, as well
as alpine and subalpine lakes (Walker, 1990; Walker & Mathewes, 1989b;
Walker et al., 1992b), and in temperate latitudes is restricted to cold profundal
zones of large, deAep oligotrophic lakes (Walker et al., 1991a; Walker &
MacDonald, 1995).

Mesgcn'cotopus 1s typical of high arctic lakes and the larvae are normally
found in oligotrophic to mesotrophic waters (Levesque et al., 1996; Walker et al..
in press). Levesque et al. ('1996) present the first positive identification of this
genus in Canadian fossil assemblages.

Stictochironomus also has a low optimal temperature (Walker et al., 1n
press) and is most commonly associated with arctic and alpine sites, as well as
the deep, cold profundal waters of temperate lakes (Walker, 1990; Walker &
Mathewes, 1989b; Walker & MacDonald, 1995), but may occur (different
species?) in warmer mesotrophic waters (Sather, 1979; Walker & Mathewes,
1989a).

Protanypus is similarly widely distributed in arctic and alpine lakes
(Walker, 1990; Walker & Mathewes, 1989b), as well as in many deep, cold
waters of temperate lakes (Walker & MacDonald, 1995).

The genus Heterotrissocladius has been 1dentified as a common element
of cold water assemblages (Walker & Mathewes, 1987a,b; Walker & Mathewes,

1989a.b,c). These midges are typical of arctic to subarctic and alpine to
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subalpine waters (Walker & Mathewes, 1989b), and are common in the deep
profundal regions of temperate lakes. In addiition, Heterotrissocladius has been
shown to be well represented in late-glacial chironomid assemblages from
British ’ Columbia, New Brunswick, Michigan and Germgny (Walker &
Mathewes, 1987a).

Sergentia is also a cold-stenotherm (Walker et al., in press), and is often
found under the same temperature regimes. as the above taxa. An important
difference with respect to_ most other cold-stenothermic taxa is the occurrence of
Sergentia in mesotrophic waters (Walker, 1990; Leveéque et al., 1996). This
genus contains hemoglobin and can thus tolerate moderate oxygen depletion due
to the increased biological oxygen demand in moderately productive waters, or
from winter anoxia in bottom-freezing shallow waters (Walker & Mathewes,
1989b; Walker et al., 1991a; Levesque et al., 1996).

This diverse cold-adapted assemblage, along with the rarity of typical
temberate, warm water chironomids, provides evidence of a cold, late-glacial
climate at this high elevation site. Alpine tundra conditions during late-glacial
time are also indicated by the presence of subalpine/alpine herb pollen in these
sediments (Pellatt, 1996).

Initially, the appearance of -an intercsting peak of warm-adapted midges
between 340 cm and 370 cm, within the lat2-glacial cold community of Cabin

Lake, suggested the possibility of a shift in teraperature from cold to warm and
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back to cold, possibly similar to the proposed Older Dryas-Allerod-Younger
Dryas shifts which occurred in Europe (Wright, 1989), Atlantic Canada (Walker
et al., 1991b; Wilson et al., 1993), and the Pacific Northwest of North —America/
(Mathewes, 1993: Mathewes et al., 1993). Aithough this interval contains two
distinct bands of very dark grey mixed organic/inorganic material within the
basal clay, radiocarbon dating revealed little difference in ages between this
interval and the clay/gyttja boundary at 330 cm (Table 2). Thus, at this time, a
Younger Dryas-age event cannot be verified at this site. Higher resolution
chironomid sampling and more dates at this radiocarbon plateau may shed more

light on the nature of this apparent temperature shift.

~ Zone CC-2:

The beginning of the Holocene is accompanied a dramatic reduction of
cold-stenotherms, as Sergentia and Heterotrissocladius become very rare, and
other typical late-glacial taxa become locally extinct. The rapid diversification
and dominance of warm water taxa in the early Holocene suggests aAshift from
late-glacial cold conditions to a warm climate, which persisted to ca. 7220 yr BP
(Figure 4). Warmer water temperatures would inhibit cold-stenothermous taxa
from completing their life cycles (Oliver, 1968, 1971; Danks & Oliver, 1972a,b),
whereas the warm water taxa would utihize sufficiently high temperatures

necessary for completion of their life cyclés.
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Although 1t may appear that the decline of oligotrophic taxa and
dominance of the eutrophic indiqator Chironomus suggests a eutrophication
process in theeearly Holocene, it should be recalled that Cabin Lake was
shallow. probably with less than 7.5 m maximum depth at that time, and no
indication ef thermal stratification is evident in the sediment. Cabin Lake was
likely very well mixed in the summer. Thus, it would be unwise to apply the
lake typology system as discussed earlier to explain the chironomid community
shift at the beginning of the Holocene. Kansanen and Aho (1981) and Hofmann
(1978) explain that in unstratified lakes bottom temperatures can be high, and
so the cold-stenothermal deep-water species, which are usually important
components of the oligotrophic fauna, may be absent in shallow, oligotrophic
lakes, not because of eutrophy and its associatea summer bottom oxygen
depletion (Hofmann, 1986, 1988; Walker, 1987), but simply due to high
temperatures.

Hofmann (1983, 1986) notes that during late-glacial cold conditions, the
cold-stenothermic community common in oligotrophic waters may have occurred
in the littoral zone, as is observed in arctic and-subarctic lakes, and so would not
reflect trophic state or oxygen conditions in deeper waters.

A community dominated by Chironomus usually suggests eutrophic
conditions, but a study of chironomids in Lake Mallasvesi, Finland, challenges

this generalization (Kansanen et al., 1984). Lake Mallasvesi is oligotrophic to
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mesotrophic and irregularly stratified, with high hypolimnetic temperatures in
both summer and winter. Thus, rather than indicating trophic state, the
Chironomus community reflects climatic conditions, either directly through
temperature effects on the larvae, or indirectly as high temperatures would
cause increased oxygen consumption and lead to decreased oxygen concentration
in deep waters (Kansanen et al., 1984).

Pellatt’s (1996) vegetation analysis of Cabin Lake postglacial sediments
reveals total pollen concentrations at their highest in the early Holocene. High

o

extra-local or regional transport of diploxylon pine and Alnus viridis pollen
suggest that open/dry conditions existed around Cabin Lake in the early
Holocene. Relatively high values of Picea, haploxylon pine, AJ'temisia," and
Poaceae pollen support this hypothesis (Pellatt, 1996). Thus, agreement of the
paleoclimate reconstruction (with respect to temperature) using fossil vegetation
and chironomid community composition 1s consistent with coastal British

Columbia’s early Holocene xerothermic periopd (Mathewes, 1973, 1985;

Mathewes & Heusser, 1981;: Hebda, 1995).

Zone CC-3:
The chironomid zone encompassing the mid-Holocene (ca. 7220 yr BP to
ca. 3210 yr BP) supports a well defined warm water chironomid community,

although there i1s a significant decrease in the relative abundances of

47



Stempellinella/Zavrelia and Pagastiella (Figure 4). The contemporaneous
presence of the cold-stenotherm Sergentia appears to be contradictory to the
diverse warm-adapted community in the shallow, unstratified lake.

In considering temperature requirements alone3 it appears that the
reduction in some warm water taxa and prominence of Sergentia (and to a small
extent Heterotrissocladius) suggests cooling following the early Holocene (Zone
CC-2), but warmer than present. The most probable exp}anation for the
épparently discrepant coexistence of cold and warm water taxa centers on the
fact that Cabin Lake is shallow and situated at a high elevation. Walker and
Mathewes (1989b) compare taxa common in lakes versus shallow ponds of the
arctic and high elevations. Cold-stenotherms such as those prevalent in Cabin
Lake's late-glacial sediments are typical of the deeper basins, whereas a
completely different community is found in shallow ponds, including
Chironomus, Cricotopus/Orthocladius, Procladius, Psectrocladius, Tanytarsini,
and Sergentia (note these taxa throughout zone CC-3). In these shallow waters,
bottom freezin‘g in the winter ofteﬁ leads to anoxia (Walker, 1987; Walker &
Mathewes, 1989b; Walker et al., 1991a), which would exclude cold-stenotherms
that require the high oxygen concentrations found in oligotrophic waters.
Sergentia, in contrast, thrives in cold waters with moderate oxygen depletion
(Walker, 1990). Timing of development also is important in explaining the

coexistence of both cold and warm water taxa, as cold-adapted taxa grow most
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predominantly and quickly in winter, whereas warm-adapted chironomids grow
more rapidly through the summer (Oliver, 1971; Walléer, 1987). Therefore, the
different developmental timing patterns can allow Sergentia and the various
warm water taxa to inhabit Cabin Lake in any given year.

Another climatic factor which could contribute to winter anoxia in Cabin
Lake durin? the mid-Holocene 1s increased precipitation. Although not
discernible from the chironomid assemblage directly, more precipitation would
produce greater snow pack on the lake and lead to longer wi.nter conditions, as
the time required for the snow to melt would be extended and apoxic conditions
would persist for a longer period. A small but more diverse assemblage of
rheophilous taxa in this zone may suggest increased precipitation, as a greater
volume of melting snow from higher elevations could carry more stream taxa
into Cabin Lake.

The presence of pollen types indicative of relatively wet conditions (1.e.,
Abies, Cyperaceae, Ericales) reveal that conditions were wetter during the mid-
Holocene than in the late-glacial or early Holocene at Cabin Lake (Pellatt,
1996). In addition, high pollen concentrations and low spruce/pine ratios
indicate a climate warmer than present, while an increase in some subalpine

taxa suggests a decrease 1n temperature with respect to the early Holocene

(Pellatt, 1996). Therefore, the chironomids and vegetation at Cabin Lake both
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indicate a climate that corresponds with the mesothermic period noted in
southwestern British Columbia (Hebda, 1995).

I_E’ellatt (1996) distinguishes é second pollen zone in the more recent
sediments of chironomid zone CC-3, as typical subalpine vegetation becomes
established and further decrease in temperature is inferred. Thié continued
cooling of the latter part of the mid-Holocene is not as obvious in the chironomid
stratigraphy, although the cold-stenotherm Heterotrissocladius becomes more
abundant and the relative contribution of Chironomus declines. As Pellatt
(1996) suggests, the mid-Hdlocene may have been a time of continued gradual
cooling rather than a stable temperature s,tate,‘and this 1s evident from the

chironomid profile although further zones are not as distinct. Higher resolution

chironomid sampling may have better illustrated this subtle trend.

Zone CC-4:

The late Holocene (ca. 3210 yr BP to present) brought a further reduction
in the relative abundances of the warm water taxa, as many genera become
locally extinct and others reach their lowest Holocene' values (Figure 4).
Conversely, the cold-stenothermous Sergentia and Heterotrissocladius
essentially retain their mid-Holocene community contributions, and

Paracladius, although rare, appears again for the first time since the late

glacial.
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This significant change in the chironomid assemblage suggests 'further
cooling in the late Holocene, and is consistent in timing to glacial advances in
the Canadian Rocky Mountains, Coast Mountains, and northern Cascade
Mountains (Porter & Denton, 1967; Ryder & Thomson, 1986; Luckman et al.,
1993).

Although the late Holocene appears to represent a discrete climate state
based on chironomid temperature inferences, Pellatt (1996) further subdivides

this period based on vegetation changes.

3M Pond

Zone 3MC-1:

The first chironomid assemblage zone in 3M Pond sediments corresponds
to the early Holocene (ca. 10,000 to 6800 yr BP), since a late-glacial community
was -not found (Figure 5). The most prominent feature of the early Holocene
with respect to paleoclimatic reconstruction is the diverse warm water midge
community and absence of cold-stenotherms. Clearly, the water of 3M Pond was
quite warm to support this assemblage. With a maximum depth of less than 1.7
m during this time, the shallow waters would warm very quickly after the snow
and ice melt, and likely attain sufficiently high temperatures to exclude cold
water taxa (Hofmann, 1983; Kansanen & Aho, 1981; Kansanen, 1985: Walker &

Paterson. 1983).
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Pollen and plant macrofossil analyses of early Holocene sediments
indicate relatively dry conditions, but indicators of warm temperatures, other
‘than high pollen concentrations, are lacking (Pellatt, 1996). Taken together,
palynological and chironomid evidence suggest that the early Holocene was
warm and dry from 10,000 yr BP until the the time of Mazama ash deposition,
coinciding with the observed xerothermic in coastal British Columbia
(Mathewes, 1985; Hebda, 1995) and the southern interior of British Columbia

(Mathewes & King, 1989; Hebda, 1995).

~ Zone 3MC-2:

The dramatic shift in chironomid community composition following
Mazama ash deposition involves the local extinction of most warm water taxa,
with the exception of the rapid and substantial increase in relative abundance of
the warm-adapted Dicrotendipes (Figure 5). This major change does not include
the appearance of cold-sienothermous taxa, but the decreased diversity,
especially involving warm water chifonomids, may indicate cooling.

Hoffman et al. (1996) have shown that the number of nﬁearshore
macroinvertebrate taxa 1s positively correlated to water temperature and
mversely related to elevation in lakes of Washington’s North Cascades National

Park Service Complex. Low elevation forest lakes were found to have the
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highest number of taxa and highest maximum lake temperatures, whereas
alpine sites had lowest number of taxa and lowest maximi¥m temperatures.

Walkef and Mathewes (1989b) indicate that a decrease in chironomid
diversity with increasing elevation in coastal British Columbia may reflect a
relationship betwéen diversfty and temperature, although they warn against
uncautious inte'rprertations based on assemblage diversity alone. Smol (1981)
suggests great care in making paleoecological interpretations of diversity
measures, preferring that interpretations be based on the ecology of specific
taxa. Recall that in the case of 3M Pond, the loss of diversity involves warm
water taxa specifically.

Thorp and Chesser (1983), in their study of larval midges in a cooling
reservoir in. South Carolina, show that water temperature was the
environmental factor most strongly associated with changes in chironomid
assemblage diversity, with a significant relationship between diversity and
average and maximum water temperatures. More recently, Levesque et al.
(1996) found that both chironomid species richness and diversity were lowest
during the coldest parts of the late-glacial (following deglaciation and during the
Younger Dryas) in four New Brunswick lakes, whereas during the warmer
periods richness and diversity were higher.

Consistent with this interpretation, Pellatt (1996) infers mid-Holocene

temperatures as warmer than present from plant macrofossils and high levels of
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local conifer pollen, but cooler than in the early Holocene. Thus, the chironomid
and vegetation compositions within this zone correspond 'well with Hebda's
(1995) mesothermic period.

The reason for the dominance of Dicrotendipes over the other warm water
taxa is not clear. The majority of this genus’ larvae are found on the surface of
aquatic vegetation, and among vegetation on rocks, logs, or similar substrata
(Epler, 1988). The larvae also feed on a great variety of organic substrates, from
coarse to fine detrital particles, to algae and vascular plants (Coffman, 1984). A
possible explanation for the success of Dicrotendipes after the deposition of
Mazam‘a ash may concern habitat and food choices. The accumulation of
volcanic ash in the shallow basin of 3M Pond could have greatly disturbed most
habitats in which chironomid larvae were hﬁng, but Dicrotendipes was
relatively less affected than the other taxa at this time. This may have been due
to the flexability of food types and the ability of the larvae to live on the large
surface aréa of vegetation rather than directly on the sediment surface.

Tokeshi (1995) reports that for epiphytic species in one study, the time to
reach 95% of the mean natural density after complete denudation of a
macrophyte habitat was less than two weeks, and Davies (1976) reviews that in
Volta Lake, the Chironomidae, and specifically Dicrotendipes, dominated the

colonization of new substrates within 25 days.
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Although 3M‘ Pond did not support a large macropﬁyte community
!throughout the Holocene, Pellatt (1996) found that the number of Carex seeds
increased at approximately 6800 yr BP, with a complimentary increase in
Cyperaceae (sedge) pollen percentages at this time. Sedges would have been
growing on the margins of 3M Pond, and it is likely that many plants were
partly submerged. If this was the case, the larvae of Dicrotendipes would have
had the habitat availability necessary to be relatively less affected by disruption
as a result of Mazama ash deposition. An expanded knowledge of the ecology of
each chironomid species is necessary to support this type of interpretation of

community changes.

Zone 3MC;3:

The main shift in chironomid assemblages between the middle and late
Holocene occurred at 28 cm in the core (ca. 3950 yr BP) (Figure 5). This change
involved the dramatic reduction in Dicrotendipes relative abundance, which was
replaced primarily by the eurythermic Psectrocladius. Thus, the late Holocene
assemblagé contf;u'ned few warm water taxa, with Dicrotendipes and
Microtendipes persisting very rarely and sporadically. Accompanying this trend
1s the appearance of a cold-stenothermic community which includes Sergentia,
Stictochironomus, and Heterotrissocladius. Although the cold-stenotherms are

not a dominant group in terms of the community as a whole, their presence,
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along with the disappearance of warm-adapted taxa, indicates cooling in the late
Holocene.

The timing of this shift in the community coincides, as at Cabin Lake,
with the timing of glacial advances in northwestern North America (Porter &
Denton, 1967; Ryder & ’I;homson, 1986). As the climate cooled at 3M Pond,
water temperatures would have decreased, causing the exclusion of chironomid
larvae with high temperature optima and tolerances, attaining cool enough
summer temperétures to support cold-stenothe;mal taxa. This correlates well
with the cool, modern subalpine conditions indicated by decreased needle

abundance and diversity, and decreased local pollen productivity at the site

after ca. 3530 yr BP (Pellatt, 1996).

CONCLUSIONS

In viewing the changes in chironomid assemblages and vegetation at both
Cabin Lake and 3M Pond since the late-‘glacial, a clear correlation in the timing
of these shifts becomes apparent (Figure 7).

The late-glacial cold-stenothermal chironomid community found in the
Cabin Lake basal sediments, along with the rarity of temperate taxa, indicates
cold conditions before ca. 10,000 yr BP. After this time, diverse warm water
chironomid assemblages comprise a significant proportion of the communities at

Cabin Lake and BM;f’ond, corresponding to the warm early Holocene
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Figure 7: Comparison in timing of zone cBanges for chironomids
and vegetation at Cabin Lakée and 3M Pond.

Note: Approximate dates of zone boundaries were interpolated
through regression analysis (Grimm, 1993).
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xerothermic period (Mathewes, 1985). Palynological evidence from Cabin Lake
(Pellatt, 1996) suggests that this shift from late-glacial cold to early Holocene
warm (and dry) conditions lagged behind the midge response by approximately
700 years (ca. 9320 yr BP). Pollen and macrofossil changes at 3M Pond occur at
ca. 10,000 yr BP, suggesting a climate-related vegetation change at the more
sensitive higher elevation site about 700 years prior to the lower elevation site.

The early Holocene xerothermic period persisted to ca. 7220 yr BP at
Cabin Lake, at which time cooling 1s indicated by an increase in cold-
stenotherms and a reduction in temperate midge taxa. At 3M Pond, the major
decrease 1n relative abundance of warm-adapted chironomids occurred slightly
later, at ca. 6800 yr BP. Evidence from pollen indicates local vegetation changes
corresponding primarily to increasing moisture at ca. 6800 yr BP at 3M Pond
and ca. 7000 yr BP at Cabin Lake (Pellatt, 1996). The midge-inferred cooling
and vegetation changes indicative of increasing moisture closely correspond to
the timing of the mesothermic period found in coastal and southwestern interior
British Columbia sites (Hebda, 1995).

The termination of the mesothermic appears to be somewhat time-
transgressive. Earliest indications of possible slight cooling are found in the
Cabin Lake pollen assemblage at ca. 4800 yr BP, although a more dramatic drop
1n temperature 1s evident at ca. 2410 yr BP (Pellatt, 1996). Chironomid evidence

suggests increasing cooling at ca. 3210 yr BP at Cabin Lake, and slightly earlier



at ca. 3950 yr BP at 3M Pond. Vegetation response lagged behind chironomid
respohse at 3M Pond , where shifts in pollen at ca. 2870 yr BP and plant
macrofossils at ca. 3530 yr BP indicate decreasing temperatures @ehatt, 1996).

The timing of the mesothermic period’s termination at,Cabin Lake and
3M Pond coincides with Neoglacial advances. The Tiedemann advances on the
Coast Mountains of British Columbia have been dated at app;oximately 3345 yr
. BP to 1300 yr BP (Ryder and Thomson, 1986), while the Burroughs Mountain
Stade moraines of the Cascade Range were built ca. 3500 yr BP (Porter and
Denton, 1967). In the Rocky Mountains, the Peyto, Robson, Yoho and
Saskatchewan glaciers advanced between ca. 3300 yr BP and 2800 yr BP
(Luckman et al., 1993). Earlier indications of cooling have been outlined for the
Rockies at ca. 5000 yr BP (Luckman et al., 1993), the Coast Mountains at ca.
. 6000 yr BP (Garibaldi phase; Ryder and Thomson, 1986), and the Southern
Cascade Glacier of the northern Cascade Mountains at ca. 4700 yr BP (Porter
and Denton, 1967).

As Porter and Denton (1967) and Ryder and Thomson (1986) point out,
the transition from relatively warm Conditions of the early to mid Holocene to
cooler and moister conditions was prolonged up to 2000 years, and the timing of
the start of glacial advénces varied regionally. Therefore, although the
mesothermic period in southwestern British Columbia indicates wetter and

shightly cooler conditions than the early Holocene xerothermic, its timing of
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termination with Neoglaciation cannot be generalized throughout this entire
region.

In summary, this study has shown that the Chironomidae are valuable in
paleochmatic re"constructions at sensitive high elevation sites, and that response
times of midge communities to temperature changes are generally shorter than
that of vegetation, as would be expecte;d by the mobility and much shorter life
cycles of chironomids. Similarities in the timing 'of vegetation and chironomid
community changes on Mount Stoyoma, and their correlation with inferred
climate shifts at other southwestern interior and coastal British Columbia sites
clearly illustrate that shallow lakes at elevational treeline ecotone boundaries
are very useful areas for future paleoclimatic studies involving chironomid-

inferred temperature changes.
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