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Does a one point sample adequately characterize the lake
environment for paleoenvironmental calibration studies?

J. Bunbury Æ K. Gajewski

Received: 10 February 2007 / Accepted: 2 June 2007 / Published online: 24 July 2007

� Springer Science+Business Media B.V. 2007

Abstract A major goal of paleolimnological studies

is the quantification of past environmental conditions.

This is accomplished by computing transfer functions

relating organism assemblages to environmental

factors. The environmental data are typically com-

prised of a point sample of water chemistry and other

environmental parameters that are collected at the

same time as a surface sediment sample. We explore

whether the year of sampling of the environmental

variables affects the parameterization of organism-

environment relations, in particular chironomids,

ostracodes and diatoms. Canonical correspondence

analyses revealed that the year of sampling is of

secondary importance when relating the organism

assemblages to environmental variables, but only

with the major explanatory variables. A chironomid-

inferred bottom water temperature partial least

squares transfer function revealed similar perfor-

mance statistics between the years. Taxon optima and

tolerances were computed for both years using

weighted averaging, and the results are comparable.

A paired t-test computed on the proxy-inferred

bottom water temperature values indicated that the

results between the 2 years are not statistically

different. The results of this study provide guarded

optimism that the methodology of estimating transfer

functions as currently applied is not entirely deter-

mined by the particular year when the data were

collected, although more case studies are needed.

Keywords Paleolimnology � Calibration sets �
Transfer functions � Canonical correspondence

analysis � Limnology � Southwest Yukon

Introduction

A major goal of paleolimnological studies is the

quantification of past environmental conditions. Fre-

quently, it is the change through time in some

environmental parameter (e.g. pH, temperature) that

is of interest, but these parameters may leave no

direct trace in the sediment. However, it may be

possible to infer this change through the use of some

proxy indicator. Commonly, subfossil assemblages of

some organism can be used to derive such environ-

mental series through the application of a transfer

function. This is based on a space-for-time substitu-

tion, where the present-day organism assemblages are

sampled from the modern sediments of a spatial

series of lakes. Water chemistry and other character-

istics of the lake environment are sampled at the same

time.

The first step in a paleolimnological study is thus

to assess the organism-environment relations from

a set of lakes along some environmental gradient
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(e.g. temperature, pH, total phosphorus). These are

referred to as calibration or training sets, and different

aquatic organisms including chironomids (e.g. Barley

et al. 2006), ostracodes (e.g. Viehberg 2006), and

diatoms (e.g. Bouchard et al. 2004) have been used in

these studies. The statistical calibration methodology

is based on the assumption that the point sample

represents the ‘‘environment’’ in which the organism

is living, just as the subfossils extracted from the

sediment sample are supposed to be a representative

sample of the aquatic community. It is recognized

that this is only a crude approximation, but practical

considerations usually do not allow the complete

characterization of the lake environment over the

entire lake volume, for the entire season, and over

several years. Violations of this assumption are

probably less critical for the sediment sample, as

the sediment integrates several years of accumulation

and contains organisms from many parts of the lake.

In comparison, the properties of the water column are

more variable. The methodology works only to the

extent that the spatial differences between the sites

are much greater than the annual and interannual

differences within any lake.

Paleolimnologists acknowledge this and other

problems (e.g. Birks 1995, 1998), and there have

been a few studies addressing the impact of environ-

mental variability on the development of transfer

functions. For example, Siver and Hamer (1992)

studied the seasonality of certain algae in relation to

their potential for reconstructing the seasonal vari-

ability of water chemistry. They found that the flora

represented in the surface sediments grew primarily

during late autumn. Bradshaw et al. (2002) studied

the seasonal variability of total phosphorus in relation

to the diatoms in an effort to improve calibration sets.

Models based on spring total phosphorus concentra-

tions only slightly improved the results, but the lack

of improvement may be due to the small size of the

dataset (23 lakes). Köster and Pienitz (2006) inves-

tigated diatom seasonality in relation to environmen-

tal variables, derived a transfer function, and applied

this to 1,000-year fossil record. They suggest that

accounting for seasonality may improve paleolimno-

logical inference models. Other studies have assessed

the influence of within-lake variability on, for

example, cladoceran (e.g. Kattel et al. 2007), chiron-

omid (e.g. Heiri 2004; Eggermont et al. 2007), and

macrofossil (e.g. Zhao et al. 2006) sediment

assemblages. However, whether interannual variabil-

ity of the environment affects the parameterization of

transfer functions has not been sufficiently studied.

Many studies document the chemistry of spatial

series of lakes (e.g. Armstrong and Schindler 1971;

Hamilton et al. 2001) and other studies have mon-

itored the seasonal or interannual variability of the

water chemistry and physical properties (e.g. Schin-

dler et al. 1974; Sorvari et al. 2000), and phyto-

plankton populations and communities (e.g. Pearsall

1930, 1932; Riley 1939; Scheffer and Robinson 1939;

Hutchinson 1944; Brock 1985; Talling 1993; Harris

and Baxter 1996; Watson et al. 1997) of one or

several lakes. One conclusion of these studies is that

the chemical and physical parameters are to some

extent correlated with climate, suggesting that the

year of sampling may strongly influence the species-

environment relations and ultimately, the computa-

tion of paleoenvironmental transfer functions.

In this paper we address one question: does the

year of sampling of the environmental variables

affect the parameterization of organism-environment

relations? In the years 2000 and 2006, we measured

environmental variables and collected water samples

from a set of 41 lakes in the southwest Yukon

Territory and northern British Columbia, Canada.

Diatoms, chironomids, and ostracodes have been

identified from the surface sediments of these lakes

and the organism-environment relations have been

studied (Wilson and Gajewski 2002, 2004; Bunbury

and Gajewski 2005). The combination of two years of

environmental data collected during a similar time

period (early summer), together with three groups of

organism assemblage data from the same set of 41

lakes, has resulted in a dataset that can be used to

investigate this question.

We recognize that there is a limit to the results that

can be obtained because this was not a planned

experiment. However, this will provide a first

approximation towards answering this question. In

this study, we assume the microfossils in the

sediment are measured without error, as do all

workers using this approach, and that the sediment

assemblage is representative of the organisms in the

lake. In addition, because a sediment sample accu-

mulates several years of deposition and integrates the

microfossils that grew under the conditions present in

those years, it is reasonable to compare these

organism assemblages to environmental datasets
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collected in different years, as this is what is done in

practice.

Methods

Field and laboratory methods

A description of the field methods, water chemistry

analysis, organism extraction and identification, and

the study area (Fig. 1) are presented in Wilson and

Gajewski (2002, 2004), and Bunbury and Gajewski

(2005). Basically, a surface sediment sample was

collected using either a Glew gravity corer (Glew

1991) or an Ekman dredge from the deepest part of a

series of lakes (Fig. 1). Water samples were collected

and analysed using standard methods.

Diatom data from 41 lakes were available in

Wilson and Gajewski (2002). Only 39 of the sites

were used in Wilson and Gajewski (2004), therefore

chironomids were extracted and identified from the

two remaining sites (Appendix 1) in order to retain

the same set of lakes in all three comparisons

performed here. Ostracode data were available from

31 of the sites (Bunbury and Gajewski 2005), and

data from 10 lakes were added for this study

(Appendix 2).

Environmental data for the year 2000 is found in

Wilson and Gajewski (2002). In 2006, we returned to

all 41 lakes to collect water chemistry samples and

measure environmental parameters to compile a

comparable dataset (Appendix 3) to the one that

had been collected in 2000. Secchi depth was

removed as an environmental variable from all

analyses because measurements were often con-

strained by shallow lake depths, thereby not accu-

rately representing water clarity.

Data analysis

Organism-environment relations

Wilson and Gajewski (2002, 2004) document datafile

preparation for the year 2000 data. For example,

mean values were substituted for missing data, and

the trace metal variables were selected based on 50%

of the data points being above detection limits; see

the original papers for full details. The same approach

was used in 2006 with the following exceptions.

Surface-water pH was averaged from two different

measurements taken by Oakton handheld pH meters.

Alkalinity measured in the laboratory was missing for

Cub, Kusawak, Little Louise, Scout and West Twin

Lakes, therefore a regression was computed relating

field and laboratory measurements of alkalinity (not

shown), and the modelled values substituted. Alka-

linity values of Grayling Lake appeared unreasonable

for both field and laboratory values based on previous

years’ data (unpublished); the mean of the modelled

alkalinity values was substituted in this one instance.

Detrended correspondence analysis (DCA) (Hill

and Gauch 1980) and canonical correspondence

analysis (CCA; CANOCO 4.5) (ter Braak and

Šmilauer 2002) were used for all analyses. DCA
Fig. 1 Map of the southwest Yukon and the 41 lakes sampled

for this study
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with detrending by linear segments and non-linear

rescaling of axes revealed gradient lengths indicating

unimodal methods were appropriate for chironomids

(2.7 standard deviation units (SD)), ostracodes (3.8

SD), and diatoms (4.1 SD). The DCA gradient length

was shorter for chironomids (2.7 SD), suggesting a

redundancy analysis (RDA) might also be applicable.

However, the results of the CCAs and the RDAs were

comparable (not shown), therefore the CCAs are

presented to make comparisons between the different

proxies easier to interpret.

Different environmental variables are important

for each group of organisms and those used in the

analyses of the organism-environment relations are

outlined in Wilson and Gajewski (2002, 2004) and

Bunbury and Gajewski (2005). Bottom water tem-

perature (T b), and bottom dissolved oxygen (DOb)

were added to the ostracode environmental dataset as

we thought these to be potentially important variables

not included in the original analysis. Strontium (Sr)

and the strontium–calcium ratio (Sr/Ca) were not

included in the analysis as strontium was not

measured in 2000.

The ordinations for chironomids and diatoms were

performed using 38 species and 29 environmental

variables, and 130 species and 24 environmental

variables, respectively. Ostracodes were absent in the

sediments of 4 lakes. Since the ordination techniques

we used do not accommodate complete species

absence at a site (Lepš and Šmilauer 2003), the

analyses for ostracodes were performed on the

remaining 37 lakes using 30 species and 31 environ-

mental variables.

Environmental variable transformations were

determined based on the frequency distribution of

the values of the variables in each year (not shown). It

was necessary to apply different transformations to

sulphate (SO4), total phosphorus (TP), and filtered

total phosphorus (TPF) because the shape of the

histograms varied between the 2 years. Depth,

specific conductance (Cond), calcium (Ca), magne-

sium (Mg), dissolved organic carbon (DOC), total

Kjeldahl nitrogen (TKN), silica (Si), and iron (Fe)

were square root transformed; area, sodium (Na),

chloride (Cl), chlorophyll a (Chla), aluminum (Al),

manganese (Mn) and molybdenum (Mo) were log

transformed; and all other variables were left un-

transformed. Sulphate, TP, and TPF were log trans-

formed in 2000 and square root transformed in 2006.

Transformations applied to the species data were

based on the original papers; chironomids were

square root transformed, ostracodes were log trans-

formed, diatoms were left untransformed, and rare

species were downweighted in the DCAs and the

CCAs. Biplot scaling was applied to the chironomid

analyses, whereas Hill’s scaling was applied to the

ostracode and diatom CCAs. Leverage diagnostics in

CANOCO 4.5 were used to check on the influence of

outliers and, where applicable, samples were made

supplementary.

To reduce the number of collinear environmental

variables, we first performed a series of constrained

CCAs where each environmental variable was indi-

vidually selected to determine its marginal effect in

the analysis (Lepš and Šmilauer 2003). Only signif-

icant (P < 0.05, 499 Monte Carlo permutations)

variables were included in further analyses. Second,

preliminary CCAs were run to check for variables

with high variance inflation factors (VIF), which

were sequentially removed, resulting in VIFs <10 in

all analyses. Lastly, step-wise regression (forward

selection) was used to identify the variables that

together best explain the variation in the species data.

Intra-set correlations are presented for the vari-

ables chosen in the forward selection procedure, and

to assist in explaining the relative importance of each

environmental variable to the composition of the

given organism community (ter Braak 1986). More

specifically, these correlations are related to the rate

of change in the assemblages that can be expected by

the per unit change of the environmental variable in

question. We chose to use these correlations instead

of the canonical coefficients, as the covariance of

other variables incorporated into the model is

considered in the computation of the intra-set corre-

lations, thereby increasing their stability (ter Braak

1986).

Development of inference models

For the chironomid data, inference models were

derived to determine the potential impact of inter-

annual variability on the reconstructions that would

be estimated from those models. Sediment loss-on-

ignition (LOI) was measured only once using the

same sediment from which the organisms were

extracted, therefore development of an inference

model of this variable was not appropriate. The CCAs
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conducted on the 2 years’ data revealed bottom water

temperature (T b) as an important variable explaining

the variance in the species data in 2000, and surface

water temperature (Ts) in 2006. T b was selected as

the variable of which to prepare inference models for

the 2 years, and to assess differences in species

optima and tolerances between years. This variable

was selected over Ts because the ratio between the

first and second eigenvalues (k1/k2) was greater in

CCAs constrained to T b (2000 = 0.527, 2006 = 0.507)

than it was in CCAs constrained to Ts (2000 = 0.158,

2006 = 0.355) indicating a better relation between the

chironomids and T b. Generally, better inference mod-

els can be developed for environmental variables that

have higher k1/k2 (ter Braak and Prentice 1988).

Detrended canonical correspondence analysis

(DCCA) (ter Braak 1986) was used to evaluate the

percent variance explained in the chironomid data,

with T b as the sole constraining variable in each year.

DCCA with detrending by linear segments revealed

gradient lengths of 1.2 standard deviation units (SD)

when using the 2000 data and 1.1 SD using the 2006

data. Transfer functions were developed for both

years using partial least squares regression and

calibration (PLS), weighted averaging regression

and calibration (WA), and weighted averaging partial

least squares regression and calibration (WA-PLS).

The cross-validation performance statistics indicated

that the PLS model outperformed the WA and WA-

PLS models in both years (not shown). Therefore, the

PLS results are presented here.

The PLS models for each year were assessed using

leave-one-out cross-validation (jack-knifing), and

compared based on model performance statistics.

Weighted averaging regression and calibration (WA)

was used to estimate the optima and tolerances of the

38 chironomid species to T b in both years. The

predicted (jack-knifed) optimum and tolerance values

were used instead of the estimated (apparent) values

as the estimated values tend to be over-optimistic

(Birks 1995). Transfer functions were developed

using the computer program C2, version 1.4.3 (Jug-

gins 2003), and the chironomid data were square-root

transformed in both the PLS and WA analyses.

To assess if proxy-inferred values differed depend-

ing on which year’s data was used, we ran the PLS

model for 2000 and 2006 and applied it to the

chironomid data. A paired t-test was used to evaluate

whether the difference between the predicted

(jack-knifed) reconstructed bottom water temperature

values between the years was statistically significant.

Results

Organism-environment relations

Chironomids

In the 2000 and 2006 data, nine variables were

identified as statistically significant (P < 0.05, 499

Monte Carlo permutations) in the constrained CCAs

after the removal of those with the highest variance

inflation factors (Table 1). LOI explained the largest

proportion of the variance in the species data in both

years (14.8%), followed by T b (10.9% and 10.6%),

and Depth (12.1% and 10.0%). Statistically signifi-

cant variables in the forward selection process using

the 2000 data were LOI (P = 0.002), T b (P = 0.002),

Alk (P = 0.014), and TP (P = 0.010), and using the

2006 data were LOI (P = 0.002), Ts (P = 0.012), and

Alk (P = 0.024) (Fig. 2). These variables account for

18.0% of the variance in the species data on the first

two CCA axes (eigenvalues of 0.17 and 0.11,

respectively) using the 2000 data, and 15.8% of the

variation on CCA axes 1 and 2 (eigenvalues of 0.16

and 0.09, respectively) using the 2006 data.

Correlations between the environmental variables

and the ordination axes (as revealed by intra-set

correlations) indicate that LOI and bottom tempera-

ture contribute to CCA axis 1 in 2000, TP contributes

to axis 2, and Alk to axes 2 and 3 (Table 2). Similar

intra-set correlations exist between variables and axes

in 2006, however Ts replaces T b as the second

variable contributing to axis 1, and also contributes to

axes 2 and 3. Scatterplots depicting T b and Ts

indicates that this dataset contains two populations of

lakes, deep and shallow (Fig. 3).

Lakes, species, and variables are situated in the

same relative location on the biplots using data from

both years (Fig. 2). Three Guardsmen and Little

Louise Lakes have lower surface and bottom water

temperatures, whereas Sulphur, WHA and Little

Hungry Lakes have higher surface and bottom water

temperatures due to their shallow lake depth (i.e. 3 m

or less). Stella, L1, L2 and Blanchard Lakes all have

sediment with high percentages of organic content

(LOI), while Fox Point and Small Lakes have
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sediment with low percentages of organic content,

and alkaline lake water.

Psectrocladius (Allo/Mesopsectrocladius), Tanytar-

sus sp. C, and Tanytarsus pallidicornis type occur in

lakes with greater sediment organic content (LOI),

whereas percentages of Nanocladius and Parakiefferi-

ella cf. sp. B are negatively correlated with LOI

and positively correlated with Alk. Glyptotendipes,

Tanytarsus lugens group, and to a lesser extent

Cladopelma and Microtendipes inhabit lakes

with warmer surface and bottom water, while

Heterotrissocladius and Micropsectra atrofasciata are

found in lakes with cooler surface and bottom water.

Ostracodes

Leverage diagnostics revealed that the Mg/Ca ratio in

Emerald Lake had an extreme influence on the

analysis using both the 2000 and the 2006 data (23.1·
and 16.4·, respectively). In the 2006 analysis, St.

Elias Lake had an influence on the environment

ordination (3.4·). These two samples were made

Fig. 2 Canonical correspondence

analysis biplots of lakes and

species with the environmental

variables that explain the majority

of the variation in the chironomid

data using environmental data

between 2000 and 2006. For

corresponding taxon list refer to

Appendix 1

Table 2 Intra-set correlations for the first three axes of the forward selected variables in the chironomid analyses for 2000 and 2006

Variable 2000 2006

Axis 1 Axis 2 Axis 3 Axis 1 Axis 2 Axis 3

LOI 0.87 0.36 �0.02 0.93 0.34 �0.14

TP 0.44 �0.60 �0.57

Alkalinity �0.04 �0.62 0.78 �0.03 �0.81 0.59

T b 0.66 �0.40 �0.30

Ts 0.48 �0.58 0.66

LOI, loss-on-ignition; TP, total phosphorus; T b, bottom water temperature; Ts, surface water temperature
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supplementary in the CCAs so as not to influence the

definition of the ordination axes (ter Braak and

Šmilauer 2002), but they were included on the biplot

to observe where they ordinated.

The constrained CCAs indicate six variables are

statistically significant in the 2000 data and seven

variables are significant in the 2006 data, after the

removal of variables with high VIFs (Table 1). Mg/

Ca individually explained a large amount of the

variance (33.1% in 2000 and 30.4% in 2006) in the

species data in both years, as did several other

variables (see Table 1). Forward selection chose Mg/

Ca (P = 0.002), T b (P = 0.002), Depth (P = 0.010),

and K (P = 0.016) as the statistically significant

variables that explain 18.7% of the variance in the

ostracode data on the first two canonical axes (Fig. 4).

This procedure selected only two variables using the

2006 data; Mg/Ca (P = 0.002) and Depth (P = 0.002),

yet a similar amount of variance in the ostracode data

was explained (17.3%). Eigenvalues for CCA axis 1

and 2 are 0.39 and 0.21 in 2000, and slightly lower in

2006 (0.36 and 0.19).

Intra-set correlations revealed that the Mg/Ca ratio

is correlated with CCA axis 1, and Depth is correlated

with CCA axis 2 in both the 2000 and 2006 analyses

(Table 3). T b and K are also highly correlated with

axis 2 in 2000.

The plot of lakes and environmental variables reveal

a similar relation among the variables and cases between

the 2 years, as does the species plot (Fig. 4). Teapot,

Grayling, Long, and Fox Point are deep lakes with

cooler bottom water and ordinate together in the 2000

analysis. Several lakes have very low Mg/Ca ratios (e.g.

Otter Falls, Decourcy, Ash, K819, Atthilu), whereas

only a few have high Mg/Ca ratios in both years

(Emerald, Keyhole, Jenny, Sulphur).

Ilyocypris bradyi, Limnocythere itasca, Candona

acutula, and Candona compressa inhabit lakewater

with high Mg/Ca ratios, whereas Cypria globosa,

Cypria serena, and Cyclocypris sp. are found in water

Fig. 3 Scatterplots of the relation between surface water

temperature (Ts) and bottom water temperature (T b) in 2000

and 2006

Fig. 4 Canonical correspondence

analysis joint plots of lakes and

species with the environmental

variables that explain the majority

of the variation in the ostracode

data using environmental data

from 2000 and 2006
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with low Mg/Ca ratios. Although their scores differ

on CCA axis 1 in the 2 years, values of Candona

ikpikpukensis, Limnocythere sp., Ilyocypris gibba,

Candona rawsoni, and Cytherissa lacustris are cor-

related with CCA axis 2 (defined by variables

associated with Depth) in both years.

Diatoms

Seven variables were identified as statistically sig-

nificant in the constrained CCAs using both the 2000

and the 2006 environmental data, after variables with

high VIFs were removed (Table 1). In 2000 and 2006,

when selected as the sole constraining variable,

Depth explained 25.5% and 22.4% of the variance,

and Alk explained 24.4% and 22.3%, respectively.

Other variables could also explain much of the

variance when selected individually (see Table 1).

Depth (P = 0.002; P = 0.004), Alk (P = 0.002;

P = 0.004), and Area (P = 0.024; P = 0.018) were the

variables chosen using forward selection in both 2000 and

2006 (Fig. 5). Together, these variables explained 11.5%

of the variance when using the 2000 environmental data,

and 10.5% variance with the 2006 data. Eigenvalues for

CCA axis 1 and 2 in 2000 were 0.28 and 0.22, and slightly

lower in 2006 (0.25 and 0.19). Intra-set correlations from

analyses conducted on both years of data revealed Depth

and Alk were correlated with CCA axis 1, and Area was

correlated with axes 2 and 3 (Table 4).

As with the analyses based on the other two groups

of organisms, lakes, species, and environmental

variables were positioned in the same relative loca-

tion on the ordination plots in both years (Fig. 5).

Three Guardsmen, Pine and Wolverine Lakes have a

relatively large surface area, whereas Little Hungry,

Decourcy and Patrick Lakes are small. Long, Gray-

ling and PC Lakes are relatively deep, whereas Ash

and KL1 Lakes are shallow. Emerald, Keyhole, and

Small Lakes have higher values of alkalinity than

other lakes on the joint plot.

Abundances of Nitzschia frustulum v. bulnheimiana,

Denticula valida, and Cymbopleura cf. subaequalis were

correlated with Alk, percentages of Fragilaria cyclopum

and Cyclotella aff. comensis were positively correlated

with Depth, whereas values of Encyonopsis silesiacum

(Bleisch) Mann and Nitzschia fossilis were negatively

correlated. Abundances of Navicula aff. veneta were

correlated with both Depth and Alk, while percentages of

Achnanthes ricula aff., Fragilaria brevistriata and

Fragilaria capucina were correlated with Area.

Inference models

The PLS one-component model that was developed

using the 2000 Tb data had a higher jack-knifed r2, a

lower jack-knifed maximum bias, and a lower RMSEP

than the model developed using the 2006 Tb data

(Fig. 6). A one-component model was selected because

the prediction error of the second component was

greater in the models produced using both years’ data

(Birks 1998). The estimated (apparent) and predicted

(jack-knifed) r2 were higher with the 2000 model

(estimated = 0.61, predicted = 0.38) than they were with

the 2006 model (0.60, 0.35). The root mean square error

(RMSE) and the root mean square error of prediction

(RMSEP) were both lower with the 2000 model (RMSE

= 2.51�C, RMSEP = 3.18�C) than with the 2006 model

(2.87�C, 3.67�C). In addition, the estimated and

predicted maximum bias was lower with the 2000

model (estimated = 3.90�C, predicted = 5.04�C) than

with the 2006 model (4.50�C, 6.94�C). A paired t-test

revealed that the predicted proxy-inferred values gen-

erated by the transfer functions were not statistically

different (t = �4.16, df = 40, P = 0.0002).

The optimum and tolerance of each of the 38

chironomid taxa to T b were generated for both years

using WA (Table 5). In general, values of both

optima and tolerances were comparable whether

computed using the 2000 or 2006 data. Approxi-

mately 50% of the optima were within 0.5�C of each

Table 3 Intra-set

correlations for the first

three axes of the forward

selected variables in the

ostracode analyses for 2000

and 2006

T b, bottom water

temperature

Variable 2000 2006

Axis 1 Axis 2 Axis 3 Axis 1 Axis 2 Axis 3

Mg/Ca 0.83 0.56 �0.00 0.82 0.57

K 0.31 0.66 0.02

Depth �0.33 0.74 0.54 �0.22 �0.98

Tb 0.49 �0.73 0.13
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other when computed with the 2 years data and nearly

80% were within 1�C. Many of the taxa for which the

difference in the optima computed using the 2000 and

2006 data greater than 1�C were those found in a

small number of lakes, where it would be expected

that the estimated value would be less reliable.

Although optima computed using data from the year

2000 were equally smaller or larger than those

computed using data from the year 2006, the

tolerances from the year 2000 were in most cases

smaller than those of 2006. However, the tolerances

generated from the 2000 data overlap those produced

using the 2006 data, indicating that the statistics are

similar between the years (Table 5).

Discussion

The fundamental issue is whether a one-point sample

can adequately characterize the lake environment, as

this is the basis of quantitative paleolimnology using

Table 4 Intra-set

correlations for the first

three axes of the forward

selected variables in the

diatom analyses for 2000

and 2006

Variable 2000 2006

Axis 1 Axis 2 Axis 3 Axis 1 Axis 2 Axis 3

Alkalinity 0.79 �0.40 0.47 0.77 �0.54 0.33

Depth 0.78 0.49 �0.39 �0.84 0.49 �0.22

Area �0.09 0.61 0.79 0.00 0.54 0.84

Fig. 5 Canonical correspondence

analysis joint plots of lakes and

species with the environmental

variables that explain the majority

of the variation in the diatom data

using environmental data from

2000 and 2006. For corresponding

taxon list refer to Appendix 4
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various transfer function methods. Within-lake spatial

differences and seasonal changes all contribute to the

total variability of environmental samples, and there

have been studies that address the importance of this

variability. Our interest was in the importance of

interannual variability in exploratory multivariate anal-

yses of organism-environment relations. We ap-

proached this research by inquiring whether the year

of sampling of the environmental variables affects the

parameterization of organism-environment relations.

It appears that, in spite of the differences in the

environmental conditions between the 2 years, the

year of sampling does not overly affect the organism-

environment relations derived from these data.

Environmental variables were positioned in the same

relative location on the ordination plots, and the

primary forward selected variables were the same in

both years for each of the three groups of organisms.

The eigenvalues and percent variance explained by

CCA axes 1 and 2 are consistently lower in 2006 than

in 2000 for all groups, suggesting that more of the

variation in the species data is explained by the

environmental variables in 2000 than in 2006 (ter

Braak 1995); however, the differences are not great.

Physical features of the lake (temperature, surface

area and/or depth) are important variables in explain-

ing the distribution of chironomids, ostracodes, and

diatoms, as the interaction among these variables

Fig. 6 Estimated (apparent) and predicted (jack-knifed) chironomid-inferred bottom water temperatures using a one-component

partial least squares (PLS) model for 2000 and 2006
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determines the relative amounts of shallow and deep

water environments available to the organisms

(Håkanson 2004), as well as the temperature of the

water in these environments. The chironomid-envi-

ronment analysis included T b in 2000 and Ts in 2006

in the forward selection process (Fig. 2). A positive

Table 5 Number of occurrences and predicted optimum, tolerance, and range of 38 chironomid taxa to bottom water temperature for

2000 and 2006

Taxon Count 2000 2006

Optimum Tolerance Range Optimum Tolerance Range

Tanytarsina 41 13.5 3.9 9.6 17.5 13.9 4.3 9.7 18.2

Procladius 37 14.1 3.4 10.7 17.6 14.5 3.9 10.7 18.4

Psectrocladius (Fig. 9.61 E/F in Wiederholm) 37 14.1 3.4 10.7 17.4 13.9 4.4 9.5 18.3

Chironomus 36 13.8 3.7 10.1 17.4 13.2 4.6 8.6 17.8

Dicrotendipes 33 14.3 3.2 11.1 17.5 14.3 4.0 10.3 18.3

Orthocladiinae (unknown) 33 12.4 4.6 7.8 17.0 12.7 4.8 7.9 17.6

Pentaneurini 31 13.8 3.8 10.0 17.6 13.7 4.9 8.8 18.6

Paratanytarsus 31 12.9 4.5 8.4 17.4 12.8 5.4 7.4 18.2

Cricotopus/Orthocladius 30 13.3 4.2 9.0 17.5 13.9 4.7 9.2 18.5

Tanytarsus lugens group 28 14.3 3.8 10.5 18.1 14.6 4.5 10.1 19.1

Polypedilum 27 14.6 3.8 10.8 18.4 15.0 4.2 10.8 19.2

Cladopelma 27 14.0 3.3 10.7 17.4 14.6 4.0 10.6 18.6

Cricotopus/Orthocladius (C. tremulus type) 22 12.9 4.4 8.5 17.3 13.0 4.9 8.1 18.0

Cladotanytarsus 20 14.8 3.2 11.7 18.0 15.0 3.7 11.3 18.7

Cricotopus/Orthocladius (C. cylindraceus type) 20 13.5 4.1 9.4 17.5 13.8 4.5 9.3 18.3

Tanytarsus lugens/Corynocera oliveri type 19 11.9 4.5 7.4 16.5 11.6 4.8 6.8 16.4

Microtendipes 18 15.3 3.2 12.1 18.6 16.1 3.4 12.7 19.5

Corynocera oliveri 17 9.3 4.6 4.7 14.0 10.6 5.0 5.6 15.6

Sergentia 15 10.0 4.4 5.5 14.4 9.7 4.5 5.3 14.2

Psectrocladius spp. 14 13.6 2.3 11.3 15.9 15.0 3.9 11.1 18.9

Endochironomus 13 14.3 2.6 11.7 16.8 14.3 3.5 10.7 17.8

Micropsectra atrofasciata 13 10.4 4.5 6.0 14.9 10.7 4.5 6.2 15.2

Tanytarsus pallidicornis type 12 13.9 3.8 10.2 17.7 13.8 4.5 9.3 18.2

Nanocladius 12 13.4 4.5 8.9 17.9 13.0 5.3 7.7 18.3

Corynoneura 12 11.6 4.6 7.1 16.2 10.0 5.2 4.8 15.2

Glyptotendipes 11 12.0 5.6 6.4 17.7 12.2 6.5 5.7 18.7

Corynoneura/Thienemanniella 11 10.0 4.6 5.4 14.6 10.0 5.3 4.8 15.3

Pagastiella 9 15.0 1.5 13.5 16.5 15.7 2.0 13.7 17.7

Tanytarsus sp. C 9 14.4 3.8 10.5 18.2 14.1 3.6 10.5 17.7

Corynocera ambigua 9 12.4 6.0 6.4 18.4 12.5 5.4 7.2 17.9

Orthocladius spp. 8 13.3 4.0 9.3 17.3 12.7 5.0 7.7 17.7

Heterotrissocladius 8 9.9 4.5 5.4 14.5 9.5 4.7 4.8 14.2

Psectrocladius (Allo/Mesopsectrocladius) 7 13.6 1.5 12.1 15.2 14.6 2.3 12.3 16.9

Parakiefferiella spp. including nigra 7 10.9 4.8 6.1 15.7 9.3 4.5 4.8 13.8

Parakiefferiella cf. sp. B (Walker 1988) 7 12.0 5.6 6.5 17.6 9.0 5.7 3.3 14.7

Parakiefferiella (Fig. 367 in O&R) 6 12.1 4.5 7.6 16.6 11.0 5.2 5.8 16.2

Eukiefferiella 6 10.6 4.5 6.1 15.2 8.9 4.6 4.3 13.4

Psectrocladius (Fig. 9.61 D in Wiederholm) 5 13.0 1.5 11.5 14.5 15.5 3.4 12.1 18.8

Units are in �C
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relation appears to exist between these variables in

shallow lakes; however, this relation is not as clear in

deep lakes (Fig. 3), although there are fewer cases of

the latter. In the ostracode-environment analysis

based on the 2000 data, both Depth and T b were

selected by the forward selection process, and were

correlated with the same axis (Table 3). Warmer

temperatures and higher insolation at the surface of

the lake during the summer months cause shallow

lakes to heat through to the bottom, and deep lakes to

thermally stratify. This affects both the chironomid

and ostracode community composition in this region.

Water depth can also affect parameters such as

sediment size distribution, which is related to organic

matter and may influence community composition

(Brinkhurst 1974). Chironomids and ostracodes are

benthic organisms that can be found in both deep and

shallow lakes, however few species dwell in both

environments. In comparison, diatoms can be planktonic,

benthic, or periphytic, and the majority of the lakes in this

set with a large surface area are relatively shallow and

provide a variety of habitats to support different species.

Chironomids and diatoms are ubiquitous organisms

that inhabit both high and low pH environments. In the

southwest Yukon, lakes are neutral to alkaline (pH values

7.5–9.4 in 2000; 7.95–9.3 in 2006) and different taxa

from these two groups are found in neutral and alkaline

lakes (Wilson and Gajewski 2002, 2004). However, most

ostracode species require a pH above 7.0 to exist

(Delorme 1991), and even higher values to be well

preserved in the sediments after death. Therefore, the

alkalinity gradient is more important as an explanatory

variable for the chironomid and diatom taxa; since

ostracodes require an alkaline environment simply to

exist, they are found only along a small portion of the

gradient. With all three groups of organisms, the

dominant variables that would be expected to influence

the distribution are identified in the ordinations irrespec-

tive of the year of environmental data used in the analysis.

The chironomid-derived bottom water temperature

models developed for the 2 years are comparable,

however the 2000 model outperforms the 2006 model

(Fig. 6). The cross-validation maximum bias is high

in both years given the range of the data, but this is

likely due to the dominance of shallow lakes with

warm bottom temperatures in this dataset (33

lakes <10 m; 8 lakes >10 m). The WA models

produced generally lower taxon tolerances in 2000

than in 2006, suggesting less between-lake variability

in environmental measurements during the year 2000.

The estimated optima, however, are quite similar in

both years, especially if the number of lakes with the

taxon is higher. It is perhaps not surprising that these

estimated parameters are similar, as the organisms

would only be found in the lake if it could tolerate the

inter-annual variability present in the region.

For our purposes, this study indicates that the

limited environmental measurements typically made

in the context of a paleolimnological study suffi-

ciently characterize the environment for the statistical

methodology used. However, this study would need

to be repeated in different regions to determine if this

is generally the case.

Conclusions

Interannual variability in the lake environment is of

concern when deriving inference models relating

organisms to environmental quantities. A sediment

sample may integrate several years of input, so the

year of sampling may cause statistical calibration to

differ, depending on when the water sample was

collected and other environmental parameters were

measured. However, we found that the year of

sampling is of secondary importance when relating

the organism assemblages to environmental vari-

ables, but only with the major explanatory variables.

These results are limited to two different years and

three organism datasets in one region. Nevertheless,

they provide guarded optimism that the methodology

of estimating transfer functions as currently applied is

not entirely determined by the particular year when

the data were collected. Further work is needed to

ensure that these results are general and not simply

due to the particular situation studied here.
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Appendix 1 Chironomid

taxon list and % abundance

from two additional lakes

Code Taxon K805 (%

abundance)

St. Elias (%

abundance)

CHIRO Chironomus 7.89 6.33

CLADO Cladopelma 3.01 0.90

CLTAN Cladotanytarsus 0.75 0.00

CORAM Corynocera ambigua 0.00 6.33

COROL Corynocera oliveri 1.50 0.00

CORYN Corynoneura 0.00 0.00

CT Corynoneura/Thienemanniella 0.00 0.00

COCYL Cricotopus/Orthocladius (C.
cylindraceus type)

2.26 1.81

COTRE Cricotopus/Orthocladius (C. tremulus
type)

0.00 0.00

CO Cricotopus/Orthocladius 1.13 0.00

DICRO Dicrotendipes 2.63 0.00

ENDO Endochironomus 0.00 0.00

EUKF Eukiefferiella 0.00 0.00

GLYP Glyptotendipes 0.00 0.00

HETER Heterotrissocladius 0.38 2.26

MICRPS Micropsectra atrofasciata 0.00 0.90

MICRO Microtendipes 0.75 0.00

NANO Nanocladius 0.00 0.00

ORTHO Orthocladiinae (unknown) 0.00 0.00

ORTHSPP Orthocladius spp. 0.00 0.00

PAGA Pagastiella 0.00 0.00

PAKB Parakiefferiella cf. sp. B (Walker 1988) 0.00 0.00

PAK367 Parakiefferiella (Fig. 367 in O&R) 0.00 0.00

PAKSPP Parakiefferiella spp. including nigra 0.00 0.00

PARAT Paratanytarsus 2.26 0.90

PENT Pentaneurini 0.00 0.00

POLY Polypedilum 0.75 0.00

PROC Procladius 3.38 1.81

PSECTEF Psectrocladius (Fig. 9.61 E/F in

Wiederholm)

4.14 0.45

PSECTD Psectrocladius (Fig. 9.61 D in

Wiederholm)

4.51 0.00

ALLOMES Psectrocladius (Allo/

Mesopsectrocladius)

1.50 0.00

PSECT Psectrocladius spp. 5.26 0.00

SERG Sergentia 0.00 23.08

TANYT Tanytarsina 27.82 17.65

TANYC Tanytarsus sp. C 0.00 0.00

TANLU Tanytarsus lugens group 0.75 9.50

TANLUCO Tanytarsus lugens/Corynocera oliveri
type

0.00 0.00

TANYP Tanytarsus pallidicornis type 0.00 0.00

Appendixes

524 J Paleolimnol (2008) 39:511–531

123



A
p

p
en

d
ix

2
4

1
la

k
es

in
th

e
so

u
th

w
es

t
Y

u
k

o
n

J Paleolimnol (2008) 39:511–531 525

123



Appendix 3 Environmental variables from 41 lakes in the southwest Yukon collected in 2006

Lake Elevation

(m)

Area

(ha)

Temperature

surface

(�C)

Temperature

bottom

(�C)

Dissolved

oxygen-surface

(mg l�1)

Dissolved

oxygen-bottom

(mg l�1)

pH Depth

(m)

Secchi

(m)

Three

Guardsmen

940 17.23 10.1 8 11.8 10.04 8.4 8.3 6

Ash 808 0.75 19.8 19.8 7.63 7.63 8 1 1

Atthilu 942 36.43 17.1 17.1 11.56 11.56 8.9 0.8 0.8

Axehandle 787 1.00 15.5 14.8 9.98 9.82 8.8 5.4 5.25

Blanchard 914 2.44 15.6 15.4 9.55 9.5 8.85 1.8 1.8

Cub 880 6.70 13.1 12.7 10.18 10.09 8.9 3.8 0.6

Decourcy 966 1.75 16.7 16.7 8.99 8.99 8.8 0.9 0.9

Donjek 732 0.63 19 13.2 8.11 0.7 8.6 5.8 4.1

Emerald 820 8.38 15.4 15.3 9.87 9.66 8.75 5.3 3.2

Equisetum 991 5.4 16.7 16.2 8.37 6.66 8.35 1.2 1.2

Fox Point 790 3.75 13.4 8.7 8.91 8.16 8.45 8 2.6

Grayling 790 4.91 13.2 4.9 9.4 0.12 8.85 11.3 5.2

Hungry 920 44.69 16.3 14.3 10.6 10.32 8.7 5.8 4.5

Jenny 817 19.90 16.1 15.9 10.29 9.46 8.65 2.8 2.8

K805 732 47.31 17.7 17.7 8.48 8.48 8.5 0.8 0.8

K819 730 79.69 19.6 19.6 6.83 6.83 8 0.7 0.7

Keyhole 826 4.06 16.1 15.8 9.61 9.83 8.65 5 4

KL1 686 0.93 19.7 19.7 9.71 9.71 8.55 1 1

Kusawak 1,000 6.13 12.8 12.8 9.89 9.59 8.4 1.6 1.6

L1 838 1.5 15.3 13.4 9.13 10.08 8.1 2.1 2.1

L2 878 3 16.5 15.2 9.63 9.24 8.65 2.5 2

Little Hungry 990 6.00 17.2 17.2 10.44 10.44 8.9 0.5 0.5

Little Louise 1,021 9.56 10.6 9.6 8.81 8.14 8.4 5.7 4.7

Long 680 15.94 14.9 4.2 10.16 0.29 8.9 16.3 4.1

Otter Falls 899 13.53 16.4 16.3 9.14 8.76 8.55 2 2

Patrick 950 7.69 16.8 16.8 8.52 8.52 8.3 0.8 0.8

PC 799 2.00 14.8 4.2 10.66 0.2 8.6 13.5 5.8

Pickhandle 747 162.05 18.5 15 10.68 5.12 8.9 3.9 1.9

Pine 671 597.50 16.5 16.4 10.59 10.18 8.5 2.1 2.1

Rat 790 5.75 14.5 10.1 8.67 0.84 8.6 7.1 3.1

Scout 880 23.56 13 9.5 11.29 0.39 8.6 9.1 7.3

Small 799 0.63 14.4 7.4 9.41 0.51 8.8 5.3 3

St. Elias 890 17.50 14.8 10.4 9.31 10.1 8.1 8 7.8

Stella 787 23.56 16.1 14.2 9.56 10.01 8.4 4.3 3.5

Sulphur 854 142.56 17.1 17.1 9.42 9.12 8.9 2.5 1.5

Teapot 808 0.65 15 4.4 9.07 0.13 8.6 11 2.4

Trout 727 55.53 19 18.1 8.29 9.71 8.9 1.8 1.8

WHA 753 6.85 18.1 17.8 5.8 5.92 7.95 3 2.7

Wolverine 686 29.81 17.9 5 8.7 0.22 8.5 10.5 2.9

West Twin 914 8.13 13 12.7 11.36 11.7 8.4 1.6 1.6

Yellow

Flower

1,021 4.25 17.2 15.7 9.81 8.91 9.3 2 0.5
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Appendix 3 continued

Lake Specific

conductance

(mS cm�1)

Ca

(mg l�1)

K

(mg l�1)

Mg

(mg l�1)

Na

(mg l�1)

Cl

(mg l�1)

So4

(mg l�1)

Alk

(mg l�1)

DOC

(mg l�1)

TP

(mg l�1)

TPF

(mg l�1)

Three

Guardsmen

36.5 4.9 0.21 0.39 2 0.2 1.3 17 1 7 7

Ash 154.4 24 1.45 4.5 1.98 0.5 3 81 23 13 10

Atthilu 185 29 0.97 4.9 3.6 0.1 8.3 93 9.8 22 12

Axehandle 376.1 19.8 6.3 37 3.6 0.4 27 200 2.5 10 6

Blanchard 121.7 21 0.47 1.62 1.05 2.4 2.2 61 7.5 18 8

Cub 266.8 27 3.3 12.9 10.3 1 111 127 20 29 10

Decourcy 337.8 25 1.57 10.6 45 0.2 13.8 188 44 51 22

Donjek 257 28 4.6 13.2 2.2 6.7 2.5 139 14.2 12 12

Emerald 652 13.7 6.3 81 13.8 1 59 350 5.9 10 6

Equisetum 217 31 3.7 7.5 4.1 1 4.1 105 27 36 13

Fox Point 1,146 76 13.2 119 12.2 3 490 220 3 14 8

Grayling 347 18.1 6.3 32 6.7 0.9 107 148 2.6 12 6

Hungry 336.7 26 2.6 25 4.6 0.3 30 172 5.5 11 6

Jenny 606 27 8.4 62 9.7 0.9 168 197 16.2 11 8

K805 212.8 31 0.43 6.1 2.5 0.2 32 88 3.3 16 7

K819 289.2 45 1.75 8.1 2.9 0.5 32 127 12.7 27 15

Keyhole 513 18.8 4.8 60 5.8 0.5 60 260 4.6 16 7

KL1 428.1 55 4.4 18.2 5.1 2.3 125 107 18.6 22 20

Kusawak 65.6 9.4 0.24 1.33 1.85 1 74 39 1.6 8 6

L1 92.3 14.6 0.88 1.98 1.16 0.5 1.7 50 9.7 22 11

L2 116.3 19.1 0.54 2.3 1.36 0.5 25 36 10.8 20 9

Little Hungry 473.9 27 3.5 50 5.3 8.9 23 260 20 24 20

Little Louise 138.3 18.7 0.71 4.3 2.7 1 101 54 3.9 10 6

Long 517 20 4.5 52 15.5 1.3 77 240 6 9 7

Otter Falls 117.8 17.2 1.18 2.6 2.3 0.2 4.2 60 4.6 8 11

Patrick 373.3 36 2.6 28 3.2 0.5 23 200 8.1 26 14

PC 325.3 28 5.4 23 5.1 0.7 19 175 3.1 9 6

Pickhandle 263.5 30 2.8 12.2 5.5 4 23 123 9.9 30 17

Pine 266.2 29 2.5 13.2 3.4 0.2 8 150 3.7 9 6

Rat 318.2 32 4.9 20 5 0.7 19 178 3.1 9 6

Scout 314 23 4.9 19.7 13.7 1.3 108 176 13.6 11 8

Small 405.3 29 9.9 33 5.3 1 21 220 6.1 23 13

St. Elias 585 91 0.6 19.9 6.4 0.5 230 114 1.6 7 5

Stella 154.6 27 0.36 2.5 1.85 0.4 2.2 88 5.1 11 7

Sulphur 644 20 8.3 69 17.2 1 70 340 15.5 28 12

Teapot 538 39 7.5 48 5 0.6 135 198 2.5 13 7

Trout 240.8 21 3.7 9.9 15.8 2.9 4.1 128 18.2 21 12

WHA 661 37 7.5 28 44 73 30 230 16 23 15

Wolverine 270.4 39 1.78 9.4 2.7 6.7 29 113 15 18 12

West Twin 232.4 30 0.7 9.8 3.2 1 200 113 2.4 14 8

Yellow Flower 237 39 3.7 6.4 3 0.8 25 112 19.9 58 24
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Appendix 3 continued

Lake TKN

(mg l�1)

Chla

(mg l�1)

Si

(mg l�1)

Al

(mg l�1)

Fe

(mg l�1)

Mn

(mg l�1)

Mo

(mg l�1)

LOI

(%)

Carb

(%)

MgCa AlkCa

Three Guardsmen 0.04 0.30 1.31 0.02 0.006 0.0026 0.0084 18.3 4.8 0.08 3.47

Ash 0.8 0.29 4 0.025 0.175 0.0102 <0.0005 29.3 4.7 0.19 3.38

Atthilu 0.93 0.84 2.4 0.012 0.046 0.0098 0.0007 21.9 11.2 0.17 3.21

Axehandle 0.25 0.23 2.6 0.015 0.01 0.0047 0.0016 18.9 25.5 1.87 10.10

Blanchard 0.61 0.38 0.77 0.065 0.024 0.0013 <0.0005 64.9 19.2 0.08 2.90

Cub 1.23 2.69 3.2 0.013 0.006 0.0029 0.0038 35.9 28.1 0.48 4.70

Decourcy 2.2 0.31 4.8 0.02 0.048 0.0037 <0.0005 60.0 11.6 0.42 7.52

Donjek 0.71 0.25 1.06 0.012 0.012 0.0048 <0.0005 10.7 8.2 0.47 4.96

Emerald 0.42 0.34 8 0.013 0.004 <0.0005 0.0041 22.2 23.5 5.91 25.55

Equisetum 1.61 0.69 2.4 0.06 0.064 0.0104 <0.0005 58.0 8.2 0.24 3.39

Fox Point 0.3 0.50 2.9 0.013 0.04 0.0092 0.0043 11.8 9.2 1.57 2.89

Grayling 0.28 0.30 3.7 0.007 0.011 0.0069 <0.0005 8.7 5.9 1.77 8.18

Hungry 0.36 0.31 3.2 0.056 0.008 0.0029 0.0012 25.2 18.9 0.96 6.62

Jenny 1.56 0.13 5.6 0.007 0.041 0.0062 0.0009 33.4 21.3 2.30 7.30

K805 0.34 0.49 1.73 0.067 0.06 0.0008 0.0006 21.80 4.58 0.20 2.84

K819 0.6 0.70 2.8 0.108 0.117 0.034 <0.0005 14.5 22.5 0.18 2.82

Keyhole 0.41 0.20 8.8 0.01 0.005 0.0016 0.0021 29.9 33.9 3.19 13.83

KL1 0.79 0.72 1.21 0.033 0.031 0.0102 <0.0005 21.3 4.2 0.33 1.95

Kusawak 0.21 0.25 1.74 0.012 0.009 0.0006 0.0008 45.5 8.9 0.14 4.15

L1 0.67 0.23 0.51 0.016 0.042 0.0053 <0.0005 73.2 10.2 0.14 3.42

L2 1.44 0.74 1.49 0.022 0.015 0.003 <0.0005 78.0 17.6 0.12 1.88

Little Hungry 1.1 0.43 0.55 0.098 0.013 0.0028 <0.0005 33.0 27.0 1.85 9.63

Little Louise 0.22 0.22 2.6 0.012 0.016 0.0026 0.0084 12.6 2.2 0.23 2.89

Long 0.46 0.39 5.5 0.007 0.002 0.0013 0.006 24.1 11.0 2.60 12.00

Otter Falls 0.5 0.21 2.3 0.014 0.018 0.0021 0.0007 23.1 3.7 0.15 3.49

Patrick 0.71 0.49 0.81 0.013 0.034 0.0059 0.0032 27.7 22.4 0.78 5.56

PC 0.26 0.28 3.5 0.007 0.003 0.0066 <0.0005 11.9 9.0 0.82 6.25

Pickhandle 0.72 2.71 0.008 0.018 0.019 0.025 0.0007 38.2 9.1 0.41 4.10

Pine 0.24 0.19 2.9 0.028 0.001 0.0005 0.001 19.7 4.8 0.46 5.17

Rat 0.26 0.63 0.003 0.011 0.018 0.0165 0.0006 11.5 7.4 0.63 5.56

Scout 0.72 0.25 2.5 0.013 <0.001 0.0015 0.0011 35.6 23.1 0.86 7.65

Small 0.62 0.47 1.77 0.008 0.023 0.0175 0.0018 14.0 27.4 1.14 7.59

St. Elias 0.11 0.19 1.66 0.061 <0.001 0.0018 <0.0005 19.16 28.08 0.22 1.25

Stella 0.4 0.34 1.69 0.013 0.002 0.0081 <0.0005 79.9 15.9 0.09 3.26

Sulphur 0.97 0.94 7.4 0.03 0.016 0.0079 0.0007 48.4 24.8 3.45 17.00

Teapot 0.21 0.43 2.9 0.031 0.027 0.0053 0.0038 22.3 24.5 1.23 5.08

Trout 1 0.72 1.89 0.057 0.045 0.009 <0.0005 34.8 4.8 0.47 6.10

WHA 1.11 0.36 0.56 0.14 0.015 0.0145 0.0008 34.8 16.1 0.76 6.22

Wolverine 0.66 0.65 0.55 0.015 0.009 0.0047 0.0017 29.8 7.5 0.24 2.90

West Twin 0.34 0.57 1.84 0.011 0.111 0.0065 <0.0005 34.7 12.5 0.33 3.77

Yellow Flower 2.3 3.27 0.96 0.2 0.064 0.0147 0.0011 45.3 6.2 0.16 2.87

< denotes values above
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Appendix 4 Diatom names, authorities, and corresponding numbers that are shown on the CCA species joint plot in Fig. 5

No. Taxon name and authority No. Taxon name and authority

1 Achnanthes conspicua (A. Mayer) 66 Fragilaria construens v. venter (Ehrenb.) Grun. in Van Heurck

2 Achnanthes clevei (Grun. in Cleve & Grun.) 67 Fragilaria crotonensis (and cf. forms) Kitt

3 Achnanthes cf. delicatula v. engelbrechtii (Cholnoky)

Lange-Bertalot

68 Fragilaria cyclopum (Brutschy) Lange-Bertalot

4 Planothidium frequentissima (Lange-Bertalot) 69 Fragilaria nanana Lange-Bertalot

5 Achnanthes minutissima Ktz. 70 Fragilaria parasitica (W.Sm.) Grun. in Van Heurck

6 Achnanthes cf. ricula Hohn & Hellerman 71 Fragilaria pinnata (includes v. intercedens)

7 Psammothidium rosenstockii Lange-Bertalot 72 Fragilaria pseudoconstruens Marciniak

8 Amphipleura kriegeriana (Krasske) Hust. 73 Fragilaria robusta (Fusey) Manguin

9 Amphipleura pellucida (Ktz.) Ktz. 74 Fragilaria tenera complex

10 Amphora libyca Ehrenb. 75 Fragilaria sp. 1 PISCES Pl.7, Figs. 3–6 in Cumming et al.

1995

11 Amphora inariensis Krammer 76 Fragilaria ulna v. acus (Kütz.) Lange-Bertalot

12 Amphora pediculus (Ktz.) Grun. ex A. Schmidt 77 Fragilaria ulna v. acus group

13 Amphora inariensis/pediculus 78 Fragilaria sp. 4 PIRLA Pl.5, Figs. 24–26 in Cumming et al.

1995

14 Asterionella formosa Hass. 79 Gomphonema acuminatum (Ehrenb.)

15 Aulacoseira ambigua (Grun. in Van Heurck) Simonsen 80 Gomphonema angustum Agardh

16 Brachysira neoexilis Lange-Bertalot 81 Gomphonema gracile Ehrenb.

17 Brachysira zellensis (Grun.) Round & Mann 82 Gomphonema cf. pumilum (Grun.) Reichardt & Lange-Bertalot

18 Caloneis bacillum (Grun.) Cleve 83 Mastogloia smithii v. lacustris Grun.

19 Cocconeis neodiminuta Krammer 84 Mastogloia smithii Thwaites ex W.Sm.

20 Cocconeis neothumensis Krammer 85 Hippodonta hungarica (Grun.) Lange-Bertalot, Metzeltin &

Witkowski

21 Cocconeis placentula v. euglypta (Ehrenb.) Grunow 86 Navicula cryptocephala (includes cf. forms) Kütz.

22 Cocconeis placentula cf. v. lineata (Ehrenb.) Van Heurck 87 Navicula cryptotenella Lange-Bertalot

23 Cocconeis placentula 88 Navicula cryptotenella fo. 1 PISCES/wildii Cumming et al.

1995/Lange-Bertalot

24 Craticula halophila (Grun. ex Van Heurck) D.G. Mann in

Round et al.

89 Kobayasiella jaagii (Meister) Lange-Bertalot

25 Cyclotella antiqua W.Sm. 90 Sellaphora laevissima (Kütz.) D. G. Mann

26 Cyclotella bodanica v. aff. Lemanica (O.Mll. ex Schröt.)

Bachm.

91 Navicula libonensis Schoeman

27 Cyclotella aff.Comensis Grun. in Van Heurck 92 Navicula microdigitoradiata Lange-Bertalot

28 Cyclotella michiganiana Skvort. 93 Navicula minima (and cf. forms) Grun. in Van Heurck

29 Cyclotella ocellata Pantocsek 94 Navicula cf.minuscula Grun. in Van Heurck

30 Cyclotella stelligera (Cleve & Grun. in Cleve) Van

Heurck

95 Navicula oblonga (Kütz.) Kütz.

31 Cymbopleura angustata (and angustata) (W.Sm.) Cleve 96 Sellaphora pupula (Ehrenb.) Mereschkowsky sensu lato

32 Encyonopsis cesatii (Rabenhorst) Krammer 97 Navicula radiosa Kütz.

33 Cymbella cf.cistula (Ehrenb. in Hemp. & Ehrenb.)

Kirchn.

98 Naviculadicta seminulum (Grun.)

34 Cymbella delicatula Ktz. 99 Aneumastus tusculus (Ehrenb.) Mann & Sickle

35 Naviculadicta diluviana (Krasske) 100 Navicula utermoehlii Hust.

36 Cymbella incerta (Grun.) Cleve 101 Navicula cf. veneta Kütz.

37 Cymbella incerta v.crassipunctata Krammer 102 Navicula vulpina (and cf. forms) Kütz.
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No. Taxon name and authority No. Taxon name and authority

38 Cymbella leptoceros (Ehrenb.) Ktz. 103 Navicula sp. Pl.23, Fig. 1 in Cumming et al. 1995
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Heurck

122 Nitzschia cf. palea KLB Fig. 60:7
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Figs. 50–52

123 Nitzschia radicula Hust.

59 Fragilaria microstriata Marciniak (Icon. Diat. vol. 4, pl.

39, Figs. 46–49)

124 Nitzschia aff. radicula Hust.
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