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Abstract Increased relative abundances and accu-
mulation rates of the small, centric diatom Discostella
have been recorded in numerous paleolimnological
investigations of north temperate lakes that span the
last century. Yet, conflicting observations in the
seasonal succession of small Discostella from moni-
toring studies, and opposite patterns in their abun-
dance in sediment cores from some nearby lakes have
prevented consensus on the mechanisms responsible
for this trend. Differences in lake and catchment
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characteristics that filter biological responses to
regional environmental changes have likely played a
role in this variability. We present detailed sub-fossil
diatom data in dated sediment cores from eight small
lakes in the undisturbed Experimental Lakes Area of
northwest Ontario, Canada. These lakes were chosen
because they experienced large (> 25%) increases in
relative abundance of small Discostella taxa since pre-
industrial times, enabling a clearer assessment of their
change over time and linkages with climate. Our data
showed increased abundances of small Discostella in
all lakes, with changes in the majority of lakes
beginning in the mid-1800s. Application of a hierar-
chical generalized additive model structure provided
statistical evidence that this pattern was shared among
all lakes, although lake-specific departures from this
trend were also apparent. Based on the coincidence of
trends with historical temperature records and results
from previous phytoplankton monitoring studies in the
ELA, we suggest that the observed recent increases in
the proportion of Discostella may be related to earlier
ice-off and extended periods of spring mixing, and that
the small amount of between-lake variability is
attributable to differences in lake morphometry.

Keywords Discostella - Hierarchical generalized

additive models - Climate - Paleolimnology -
Experimental Lakes Area
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Introduction

Twentieth century increases in small, planktonic
diatom taxa in temperate and sub-Arctic lakes are a
prominent feature of numerous recent paleolimnolog-
ical investigations (Riihland et al. 2015; Saros and
Anderson 2015) and have led to efforts to try and
understand proximate mechanisms responsible for this
trend. The microscopic (~ 4-15 pum), centric Dis-
costella species such as D. stelligera and D. pseu-
dostelligera are often important taxa that contribute to
this pattern. Proliferation of these taxa has been
documented in dated lake-sediment cores from diverse
physiographic regions, including boreal temperate
(Harris et al. 2006; Riihland et al. 2008; Enache
et al. 2011), high-elevation (Karst-Riddoch
et al. 2005; Riihland et al. 2008; Saros et al. 2012),
sub-Arctic and Arctic (Sorvari et al. 2002; Smol
et al. 2005; Riihland et al. 2008), and equatorial
(Michelutti et al. 2015) areas. Given that these
patterns are geographically widespread, the forcing
mechanisms are usually considered to be regional in
nature. Although extended open-water seasons and/or
enhanced thermal stratification as a result of twentieth
century warming is frequently invoked as an explana-
tion, authors have proposed the possible importance of
other regional stressors such as enhanced atmospheric
deposition of reactive nitrogen (Saros and Ander-
son 2015) and altered light dynamics as a result of
changes in the delivery of terrestrial particles and
solutes driven by climate and/or reductions in acid
deposition (Brown et al. 2017).

An important obstacle to understanding small
Discostella ecology and bloom dynamics has been
disparate observations in both the timing and direction
of change in Discostella relative abundances in nearby
lakes. For example, Saros and Anderson (2015) noted
that two lakes in the central Rocky Mountain region,
situated ~ 30 km apart, showed opposite trends in
abundance over the twentieth century. Inconsistent
patterns in Discostella abundances have also been
documented in lakes across the state of Maine (Boeff
et al. 2016), and in large, boreal lakes in central North
America (Saros and Anderson 2015). Monitoring
studies have also provided data that are difficult to
reconcile, with some lakes showing peak water-
column abundances of small Discostella taxa during
spring and fall mixing (Catalan et al. 2002; Koster and
Pienitz 2006; Thackeray et al. 2008; Wiltse
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et al. 2016) and others showing peak abundances
during summer thermal stratification (Winder and
Hunter 2008; Saros et al. 2012). In some cases, the
same lake can show variable patterns in the seasonal
abundance of Discostella in different years (Malik
et al. 2018).

Temporal variability in Discostella abundances
between nearby lakes is likely caused, at least in part,
by lake and catchment characteristics that vary across
alandscape and act to filter biotic responses to regional
stressors. Lake elevation, catchment size, vegetation
and soil characteristics, lake morphometry, and lake-
specific foodweb structure are examples of lake and
catchment variables (Blenckner 2005). Given this
heterogeneity among lakes, it follows that algal
communities respond differently to regional environ-
mental stressors (Patoine and Leavitt 2006), espe-
cially between lake districts or systems from different
physiographic regions (Arnott et al. 2003; Magnuson
et al. 2004). Therefore, selecting study lakes to
maximize signals of species of interest is an important
step in assessing regional and temporal coherence
(which we define as similarity in the timing, direction,
and variability of change in the abundance of a species
among lakes), and understanding linkages with
regional climate. In this study, we present detailed
sub-fossil diatom assemblages from eight study lakes
in the Experimental Lakes Area (ELA), a region of
northwest Ontario, Canada, that has remained rela-
tively undisturbed from urban and industrial activity.
Lakes were selected to have experienced large (>
25%) increases in the relative abundance of small
Discostella taxa since pre-industrial (pre-1850) times,
based on results of a previous top-bottom paleolim-
nological study of sub-fossil diatom assemblages in 40
ELA lakes (Enache et al. 2011). This approach
allowed us to be confident we were analyzing the
appropriate lake types that support small Discostella,
enabling a clearer assessment of their change over
time and response to regional stressors. Specifically,
we used detailed diatom data coupled with newly
described hierarchical generalized additive models
(HGAMs) to address three questions: (i) is there
statistical support for coherence in changes in small
Discostella abundances over the past 200 years in this
region; (ii) when did abundances begin to change; and
(iii) do these changes correspond to changes in
climate?
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Materials and methods
Study area

The eight study lakes are in the Experimental Lakes
Area (ELA), a ~ 550-km? region of northwest
Ontario that encompasses 58 lakes and their water-
sheds that were selected for whole-ecosystem exper-
iments and long-term environmental and ecological
monitoring (Fig. 1). This region has a low population
density and no urban or industrial development, which
makes it a suitable location to study lakes and streams
with minimal influence from local anthropogenic
stressors (Blanchfield et al. 2009). Detailed descrip-
tions of catchment and climate characteristics of the
region can be found in Mushet et al. (2018). Briefly,
the landscape is typical of the Ontario Shield, with
Precambrian Shield (granite) bedrock, thin soils, and
coniferous forests. Climate is continental, with cold
winters and hot summers. Mean annual air tempera-
ture (MAAT) and precipitation (MAP) recorded in
nearby Kenora (~ 55 km from the ELA field station)
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Fig. 1 A Location of the Experimental Lakes Area (ELA;
Ontario, Canada), and Fort Snelling (FNSL; Minnesota, USA),
relative to Canada and the USA. B Location of the eight study
lakes within the ELA

are 3.3 °C and 794 mm, respectively, for the period
1980-2015.

The study lakes are relatively small, with surface
areas (SA) < 150 ha (except for Lake 468 [290 ha])
and water depths < 25 m (Table 1). Water chemistry
measurements taken as mixed layer composites in
June 2006 indicated the lakes are oligotrophic (total
phosphorus < 10 pug L™" in all lakes), slightly acidic to
circumneutral (pH range 6.3-7.2) and have low-to-
moderate concentrations of dissolved organic carbon
(range 2.9-8.9 mg L™"). None of the study sites had
experienced experimental manipulations for unrelated
studies prior to the date of core collection (Enache
et al. 2011; Mushet et al. 2018).

Sample collection and core chronologies

Sediment cores were collected from the deepest basin
of each lake in June 2006, using a Glew gravity corer
with an internal core tube diameter of 7.62 cm (Glew
et al. 2001). Cores were extruded and sectioned on site
at 0.5-cm intervals. Samples were transported to
Queen’s University where they were kept in cold
storage (4 °C) until processed for analysis. Water
samples were collected at the time of coring using an
integrated water sampler, and were later analyzed
using standardized protocols at the Ontario Ministry of
the Environment, Conservation and Parks’ Dorset
Environmental Science Centre (Ontario Ministry of
the Environment 1983). Lake 224 was not sampled at
that time because it was a regularly monitored lake at
the ELA.

Chronologies of the cores are based on 2'°Pb
activities that were measured using gamma spec-
troscopy at the Paleoecological Environmental
Assessment and Research Laboratory (PEARL), fol-
lowing procedures and instrumentation described in
Schelske et al. (1994). Dates for intervals that were
selected for 2'°Pb analysis were estimated using the
constant rate of supply (CRS) model applied to the
unsupported fraction of *'°Pb activity (Binford
etal. 1990). Undated intervals were interpolated using
a monotonic cubic spline (Simpson 2018), and these
models were also used to extrapolate dates to ~ 1800
CE, when necessary. All dates are presented in years
Common Era (CE) hereafter.

@ Springer
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Table 1 Physicochemical characteristics of the study lakes

Lake TP NO5/NO,  SiO, DOC pH  Specific conductance ~ Depth  Surface Elevation
(mgL™ (gL (mgL™) (mgL™") (uS cm™) (m) area (ha)  (m)

ELA 99 9.7 16 0.10 8.9 6.4 138 6 7 438

ELA 127 9.1 2 0.22 5.7 63 11.8 5 5 427

ELA 129 83 2 0.32 9.6 65 148 6 5 402

ELA 224 5.0 10 0.20 2.9 7.0 18.0 25 25 410

ELA 256 4.4 4 0.16 33 6.7 230 25 120 426

ELA 373 - 4 1.28 3.6 72 230 15 28 423

ELA 377 4.0 6 0.94 4.8 72 202 16 27 390

ELA 468 4.3 252 0.20 5.0 7.0 256 15 290 403

Water samples were collected as mixed-layer composites in June 2006. Water chemistry data from Lake 224 are from ELA
monitoring records for 6 June 2006 and represent a surface-water sample. Depth is water depth at the coring location, which occurred

at the center of the deepest basin within each system

Diatom analysis

Sub-fossil diatoms were analyzed at either 1-cm or
0.5-cm resolution, depending on sedimentation rate,
over the past ~ 200 years in each core. For each
sample, approximately 0.2-0.3 g of wet sediment was
placed in a 20-mL glass vial and digested in a 50:50
(molar) mixture of concentrated nitric (HNO3) and
sulfuric (H,SO,) acid. Samples were kept in a hot-
water bath (~ 75 °C) for 8 h to accelerate the
digestion of organic matter. The samples were then
allowed to settle for 24 h prior to being aspirated to a
volume of ~ 5 mL and diluted with double-deionized
water. The process of aspiration, dilution and settling
was repeated daily until they reached the pH of the
deionized water (7-8 rinses). The samples were then
aspirated to a volume of ~ 5 mL, and a known
volume of microsphere solution (2.0 x 107 spheres
mL™ ") was added to each sample to enable the
calculation of diatom concentrations. Four successive
dilutions for each sample were pipetted onto cover-
slips, allowed to dry overnight, and mounted onto
glass slides using Naphrax®. At least 400 diatom
valves were enumerated from slides for each sample to
the lowest possible taxonomic unit, using a Leica
DMRB microscope fitted with a 100x Fluotar objec-
tive with differential interference contrast optics at
1000x magnification. Taxonomic identification fol-
lowed Krammer and Lange-Bertalot
(1986,1988,1991a,1991b), and Lange-Bertalot and
Metzeltin (1996).

@ Springer

Numerical analysis

To determine if there was statistical support for
coherence in small Discostella abundances through
time in our cores, we utilized the hierarchical gener-
alized additive model (HGAM) framework described
in Pedersen et al. (2019). HGAMs can be seen as an
integration of the hierarchical generalized linear
model (HGLM), which are often used to allow linear
relationships between predictor and response to vary
across a grouping level, and the generalized additive
model (GAM), which are used to model flexible
relationships between a response variable and covari-
ate(s). The flexible nature of the HGAM framework is
ideal for paleoecological data, where we have a priori
defined grouping levels, but do not necessarily expect
a linear relationship between proxy data and sediment
age.

Within the HGAM framework, group-level
smooths can have varying degrees of departure from
a “common” (global) trend, such as differences in
shape and how quickly a function changes (i.e.,
wiggliness/complexity; Pedersen et al. 2019), though
departures from the common trend are penalized to be
close to the mean function. The degree of information
shared between groups (i.e., intergroup variability) is
controlled in each model formula. Using the mgcv
package (Wood 2020) in R (R Core Team 2018), this
is accomplished through the use of either factor
smooth interactions, which allows a separate smooth
for each level of a factor, but with the same smoothing
parameter for all smooths, or via the use of the “by”
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argument, whereby each level of the by factor gets its
own smoothing parameter [allowing each group-
specific smoother to have its own complexity
(Wood 2020)].

In all models, grouping levels are included as a
random effect, to enable group-specific intercepts. For
each of the eight lakes, the HGAMs were run on three
separate response variables: (1) the accumulation of
small Discostella; (2) the relative abundance of small
Discostella; and (3) principal curve (PrC) scores that
summarize the changes in the diatom assemblages for
each core (Simpson and Birks 2012). These response
variables were modeled as a function of age (*'°Pb
date) and lake 1.D. (i.e., the grouping level in this
study). Following Pedersen et al. (2019), we produced
three separate models, each one with progressively
less information shared among individual lakes.
Model 1 assumed one common smooth for the
response variable for all eight lakes, testing the
hypothesis that a single temporal trend was present
across all eight lakes [model G in Pedersen et al.
(2019)]. Model 2 tested the hypothesis that some inter-
lake variability was present, by including the global
smooth term (as in Model 1), but also allowing
individual lakes to deviate from the common trend in
terms of both shape (by penalizing functions that are
too far from the average) and complexity [Model GI in
Pedersen et al. (2019)]. Model 3 tested the hypothesis
that the response was strongly lake-specific, by
allowing response shape and complexity to be unre-
lated between lakes by removing the global smooth
term [Model T in Pedersen et al. (2019)]. Model
formulae and descriptions are shown in Table 2.

Restricted maximum likelihood (REML) was used
as the smoothness selection method, and in all models,
observational weights (the number of years repre-
sented by each sample) were used to help account for
heteroscedasticity in the response variables, a charac-
teristic common to paleolimnological data, caused by
changing sedimentation rates and sediment dewater-
ing with depth in the core (Simpson 2018). In the case
of accumulation data, error distributions from the
gamma family with a log-link function were used, and
for relative abundances, error distributions from the
beta family (and logit link) were used, which is
appropriate for data confined to the interval (0,1). The
Akaike information criterion (AIC) was used as
evidence for model parsimony, to assess which

model(s) best fit the data
Anderson 2002).

To determine when accumulations of small Dis-
costella taxa began to change in the dated cores from
the eight ELA lakes, we applied additional GAMs in
which the response was modeled individually within
cores, with 2!°Pb age as the sole covariate. The
individual models enabled the identification of periods
of significant change, as identified by the first deriva-
tive of the estimated trend, when evaluated at regularly
spaced time-steps over the length of each record.
Where the derivative and its confidence interval was
non-zero, that time point is considered to be undergo-
ing significant change (either increasing or decreas-
ing). This procedure was carried out as described in
Simpson (2018). Smoothness selection, basis spline
type, choice of error distribution family, and inclusion
of observational weights were the same as described
above for the HGAMs. Finally, we also applied
individual GAMs to recorded climate data from
nearby Kenora (~ 55 km northwest of the ELA), and
a long-term temperature record from Fort Snelling,
MN (Fig. 1;Bakeretal. 1985), which is one of the few
temperature records that pre-dates the beginning of the
20th century, to compare trends with changes in
Discostella. Because the Fort Snelling record extends
only to 1980, we estimated post-1980 air temperature
values for this site using a linear regression with
overlapping temperature data (for the period
1895-1982) recorded in nearby Farmington, MN,
30 km south of Fort Snelling. All statistical analyses
were carried out using R (R Core Team 2018), with
packages mgcv  (Wood 2020) and analogue
(Simpson 2020).

(Burnham and

Results
Sediment core chronologies

Cores from all eight lakes had high activities of total
and unsupported 2'°Pb, and a characteristic exponen-
tial decay of total 2'°Pb with core depth (ESM Fig. 1),
with an R? for a first order exponential decay ranging
from 0.91 to 0.97. Linear models fit to cumulative dry
mass and log unsupported 2'°Pb also showed excellent
fits (R? from 0.85 to 0.98). The high unsupported
activities and exponential profiles enabled develop-
ment of core chronologies with relatively low

@ Springer
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Table 2 Hierarchical generalized additive model (HGAM) formulae

Model Model formula Model description Evidence for temporal
number coherence
g(uy) = b; + flage)) Single common smoother (Global smoother) High
2 () = b; + flage;) + f; (age)) Global smoother + group-level smoothers with differing Medium
complexity
3 g(uy) = b; + f; (agey) Group-specific smoothers of differing complexity Low

g(u;) is an inversible monotonic link function, b; is the intercept for the jth lake, flage;) is the global smooth of age, and f; (age;)
represents the smooth of age for the jth lake [i.e., defined using the “by” argument in mgcv (Wood 2020), which characterizes the
departure from the common trend]. Model specifications follow those presented in Pedersen et al. (2019)

uncertainties. Background (supported) '°Pb was
reached at core depths ranging from ~ 10 cm (Lake
373), between 10 and 15 cm (Lakes 224 and 468),
between 15 and 20 cm (Lakes 99, 127, 129, 377), and
> 20 cm (Lake 256) (ESM Fig. 1). For modeling the
diatom data to ~ 1800 CE, some extrapolation of
219pp dates was necessary, although only the final 1-4
data points are based on extrapolation, except for
Lakes 224 and 256, for which the bottommost 5 and 8
samples have extrapolated ages, respectively. Diatom
enumeration at 1-cm resolution in cores from all lakes
(except Lake 373, analyzed every 0.5 cm) resulted in
approximately decadal-scale resolution between sam-
ples in most lakes, ranging from ~ 7 years in Lake
256 to ~ 14 years in Lake 468.

Diatom assemblages

Diatom assemblages in cores from all lakes were
relatively diverse, containing between 91 and 164
taxa. Importantly, small Discostella spp. (D. stelligera
+ D. pseudostelligera) were an important component
of the planktonic community in all lakes, and on
average accounted for 40% (range 12-50%) of the
assemblage across all lakes during the post-1900
period, whereas they accounted for 24% on average
(range 1-40%) during the period between 1800 and
1900 (Fig. 2). Other planktonic taxa present in the
cores included additional species from the group
Cyclotella sensu lato such as Cyclotella bodanica v.
lemanica, Lindavia ocellata, Lindavia tripartita, and
D. stelligera v. robusta, in addition to some pennate
planktonic taxa such as Tabellaria flocculosa, Asteri-
onella formosa, and Fragilaria tenera (ESM
Figs. 2-9). Most lakes also had diverse benthic
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communities, with benthic taxa accounting for, on
average, between 25 and 45% of the assemblage,
except for Lake 127, which consisted of ~80%
benthic taxa on average (ESM Figs. 2-9). A trend
towards a smaller proportion of benthic taxa over the
past 200 years was evident in all lakes (ESM Fig. 10).
It is important to note that in the subsequent numerical
analysis of changes in small Discostella over time, we
excluded D. stelligera v. robusta, as it is often larger
(> ~ 15 um) and much more heavily silicified than
the nominate variety (Houk and Klee 2004;
Flower 2006).

Hierarchical generalized additive models
(HGAMs)

Within the HGAM framework, we ran all three
response variables twice to assess the sensitivity to
different time frames, using the dataset to 1850 CE
(little to no extrapolation of 210py, dates), and the
dataset to 1800 CE (some extrapolation of 2'°Pb dates
required). Regardless of the timeframe used, Model 2
(inclusion of global smooth, but with group-level
smoothers of differing complexity) provided the best
fit to all three response variables analyzed, based on
AIC (Table 3, ESM Table 1). Hence, we focus our
results and discussion on the ~ 200-year dataset.
Among all three response variables, there was strong
support that Model 1 (single global smooth) did not
allow sufficient among-lake variability and was
always the weakest model. Model 3 is equivalent to
Model 2 without the addition of a global smooth.
Given that Model 3 provided the second-best fit for all
three metrics and had a much lower delta AIC
compared to Model 1, it highlights the importance of
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Fig. 2 Proportion of small Discostella (D. stelligera + D. pseudostelligera) over the last ~ 200 years in eight lakes from the

Experimental Lakes Area (ELA)

allowing smooth complexity to vary between individ-
ual lakes, as well as variation in individual lake
response shape. In summary, the HGAMs provide
strong support for allowing inter-lake variability in
temporal trends for all response variables, but also that
a shared trend is an important characteristic of the
data.

When small Discostella abundances were pre-
dicted using Model 2, a trend towards higher values
over the period of record was evident in all lakes with
respect to accumulations (valves cm ™2 yr~ ', Fig. 3),
and in all lakes except for Lake 224 with respect to
relative abundances (ESM Fig. 11). Indeed, this was
reflected in the similar global trend for both metrics
(Fig. 4). The similarity between the accumulation
and relative abundance data indicates that we can
interpret the increases in relative abundances as
increases in the production of these taxa. Model 2
predictions indicated that Discostella accumulations
began to increase in most of the lakes after ~ 1860
(Fig. 3), coinciding with the available temperature
records, particularly the longer record from Fort
Snelling, Minnesota (Fig. 4), which we were able to
extend to 2010 based on a high degree of correlation
with the Farmington, MN record (ESM Fig. 12).
Departures from the common trend, however, were
evident in some cases. For example, Lakes 129 and
99 showed subsequent declines in accumulations

after ~ 1970, whereas Lake 256 remained at
stable values after ~ 1950 (Fig. 3). When PrC
scores were modeled, the common trend had a
slightly different shape compared to the accumula-
tion data and showed a gradual increase in PrC scores
beginning at ~ 1825 (Fig. 4). Lake-specific depar-
tures from the common trend were most pronounced
in Lakes 224 and 377 (ESM Fig. 13).

Timing of the initial changes in small Discostella
(individual GAMs)

Individual GAMs of the small Discostella accumula-
tions (with *'°Pb age as the sole covariate) fit well,
explaining at least 80% of the variation in individual
time series. The derivatives of these individual models
indicate where the rate of change is non-zero (i.e.,
significantly increasing or decreasing), with the results
from most lakes showing an initial significant increase
between 1850 and 1860, with the exception of Lake
256, in which it occurred at ~ 1890 (Fig. 5). Only two
of the lakes (Lakes 127 and 468) showed continuous
significant increases until present, whereas lakes 224,
373, and 377 experienced little change during the
early-to-mid 1900s, before showing a second period of
significant increase at ~ 1950. Lakes 99 and 129
showed brief (~ 10 years) significant declines

@ Springer
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Table 3 Results of hierarchical generalized additive models (HGAM:s) run on the three metrics of interest using the extended dataset
(i.e., extrapolated to 1800)

Model Model description df Deviance explained AIC delta
(%) AIC

Small Discostella accumulations

1 Single common smoother 13 86.8 4564 247

2 Global smoother + group-level smoothers with differing 65 98.6 4317 0
complexity

3 Group-specific smoothers of differing complexity (no global smoother) 55 98.2 4350 33

Small Discostella relative abundance

1 Single common smoother 11 89.6 — 426 206

2 Global smoother + group-level smoothers with differing 55 98.6 — 632 0
complexity

3 Group-specific smoothers of differing complexity (no global smoother) 38 97.5 - 575 57

PrC scores

1 Single common smoother 11 73 534 215

2 Global smoother + group-level smoothers with differing 59 96.6 319 0
complexity

3 Group-specific smoothers of differing complexity (no global smoother) 43 94.4 361 42

Models in bold are those suggested to be the best fit based on AIC
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Fig. 3 Trends in the accumulation of small Discostella species hierarchical generalized additive model (HGAM) framework.
for eight lakes from the Experimental Lakes Area (ELA) over The shaded bands in each plot represent the 95% confidence
the past ~ 200 years, as predicted by Model 2 within the intervals. The global trend is also shown
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Fig.4 Synthesis of global trends (i.e., the mean effect of age on
the centred variable of interest) extracted from Model 2 within
the hierarchical generalized additive model (HGAM) frame-
work for (A) small Discostella accamulations, (B) proportion of
small Discostella, and (C) principal curves representing overall
diatom assemblage change. Regional temperature records for
(D) Kenora, Ontario, and (E) Fort Snelling, Minnesota are also
shown (open points represent mean annual air temperatures
estimated based on a regression with overlapping data recorded
in nearby Farmington, MN). The shaded bands in each plot
represents the 95% confidence intervals

beginning in 1970. After ~ 1975, Lake 256 showed
little change in Discostella accumulation.

Discussion

Our analysis of subfossil diatom assemblages in
sediment cores from eight lakes, which span the last
~ 200 years of sedimentation, revealed coherent
patterns in assemblage change, characterized by

mid-nineteenth century increases in small Discostella
species. Application of a hierarchical generalized
additive model (HGAM) structure provided statistical
evidence that this pattern was shared among all lakes,
although lake-specific departures from this trend were
important, which we speculate were a consequence of
differences in lake morphometry. Although a possible
secondary influence of indirect impacts from low-
level acid deposition in the region cannot be ruled out,
correspondence between the common trend and the
temperature record from Fort Snelling (Minnesota,
USA) provides strong evidence for regional climate
control on Discostella. Based on monitoring records
and synthesis of climate data in the ELA, we suggest
these patterns are related to earlier ice-off and
extended spring mixing conditions (Wiltse
et al. 2016). However, definitive identification of the
mechanism(s) associated with increased small Dis-
costella production remains difficult, largely because
of disparate observations in the seasonal succession of
these taxa among regions and lakes, and even among
years within lakes.

Consistent trends in Discostella among lakes

Coherence in trends of small Discostella abundances
over the past ~ 200 years, determined from the
HGAM framework, suggests a regional stressor as
an important process behind these changes, and the
similar global trend extracted from the accumulation
data and PrC scores (Fig. 4) indicates that changes in
Discostella represent an important gradient of change
in the lakes. Numerous studies indicate that enhanced
thermal stability, as a result of atmospheric warming,
favours small planktonic diatoms such as Discostella,
because of their high surface area (SA) to volume
(V) ratios and ability to remain suspended in the water
column for longer periods of time, compared to larger
and more heavily silicified diatoms (e.g., some
Aulacoseira taxa; Winder and Hunter 2008; Winder
et al. 2009; Riihland et al. 2015). The high SA:V of
small Discostella taxa also enables efficient nutrient
uptake as surface waters become nutrient-depleted as
summer thermal stratification progresses. Indeed,
recent experimental work provides support for this
hypothesis in high-latitude and high-elevation lakes
(Saros et al. 2012, 2016).

In the ELA lakes, however, an alternative mecha-
nism, related to changes in seasonality, may be
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Fig. 5 Derivatives of individual generalized additive models
(GAMs) fit to small Discostella accumulations in each lake over
the past ~ 200 years. The thick green line represents periods of
significant increase, whereas the thick red line represents
periods of significant decrease. The horizontal line in each plot

responsible for the observed patterns. Bi-weekly
monitoring of two lakes in the ELA indicated that
small Discostella species were more common in the
spring and early summer (April-June), when the lakes
were well-mixed and nutrient concentrations were at
their highest (Wiltse et al. 2016). These observations
are consistent with additional monitoring studies that
have also shown peak abundances of small Discostella
taxa during spring (Thackeray et al. 2008) and fall
(Koster and Pienitz 2006) mixing periods in some
lakes. Although these disparate explanations are
difficult to reconcile, they likely arise from the
complex interaction of limnetic properties including
light, nutrients, and mixing depth (Riihland
et al. 2015; Saros and Anderson 2015), all of which
are subject to change with climate. For example, Malik
et al. (2018) showed that peak abundances of
Discostella were associated with the spring maximum
in nutrient concentrations in a monitoring study of a
small lake in Maine, USA (although they did persist at
lower abundances throughout the summer months).
Additional experimental work has shown that suffi-
cient nutrients may be an important prerequisite for
initiating responses to enhanced light and temperature,
although response type (positive or negative) may
further depend on the composition of the ambient
phytoplankton community (Malik et al. 2016).
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represents where the rate of change is zero, and hence where
little-to-no change is occurring in the accumulation data. The
vertical line marks the date of first significant increase in each
record. The shaded bands in each plot represent the 95%
confidence intervals

A recent synthesis of climate and lake temperature
trajectories since 1970 at the ELA indicated that the
summer season (as defined by the development and
breakdown of the 15 °C isotherm) has not become
longer, but has shifted later into the year, although the
spring period (defined as the period from ice-off to
development of surface temperatures > 15 °C) did
lengthen over the period of record (Guzzo and
Blanchfield 2016). This is consistent with extended
spring conditions as a driver of small Discostella
abundances at ELA (Wiltse et al. 2016), and not
enhanced summer thermal stratification as has been
observed in other investigations (Winder and Hun-
ter 2008). This is also supported by the observation
that in Lakes 99, 224, and 373, rises in small
Discostella occurred at the expense of C. bodanica
v. lemanica (ESM Figs. 2, 5, and 7), a planktonic taxon
that has consistently been identified as a late summer
bloomer (Bradbury 1988; Interlandi et al. 1999; St.
Jacques et al. 2009). We note that although the
complex and sometimes contradictory observations
related to ideal conditions for Discostella populations
preclude identification of a single mechanism respon-
sible for the observed trends at the ELA, the
correspondence between Model 2 global trends, the
timing of significant increases in Discostella accumu-
lations, and the long-term temperature record from
Fort Snelling, Minnesota, USA (Figs. 4, 5) are
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consistent with changes in climate, potentially as it
relates to the length of the spring season, as an
important driver of Discostella abundances in this
region.

Indirect biogeochemical consequences of wide-
spread low-level acid deposition that began in the late
1800s and peaked in the 1960s may have also
influenced historical phytoplankton assemblages in
the ELA. Whereas deposition rates of sulphate
(SO42_) in northwest Ontario were only a fraction of
those in regions farther east in close proximity to
major industrial sources (e.g., Sudbury, Ontario,
Canada > 22.7 kg SO,*~ ha~' yr™', 1990-1998;
Whiteface Mountain, northeast New York, USA,
55.1 kg SO4* ha™' yr~', 1986-1995; Watmough
et al. 2005), recent work has shown that indirect
effects of acid deposition can influence dissolved
organic carbon (DOC) in lakes. Meyer-Jacob et al.
(2019) presented spectrally inferred DOC concentra-
tions in sediment cores from eight ELA lakes that
spanned the last ~ 200 years of sedimentation. These
records suggested the onset of reduced lake-water
DOC at ~ 1880, subsequent recovery to pre-1880
levels by ~ 1930, followed by concentrations that
exceeded pre-1880 values by ~ 1970. These trends
were attributed to response and recovery related to
low-level acid deposition, in addition to changes in
temperature and precipitation. Indeed, DOC has a
strong control over water transparency in Boreal lakes
(Pérez-Fuentetaja et al. 1999), creating the possibility
for cascading effects on lake structure and function
(Williamson et al. 2015). Given that experimental
work has shown small Discostella species may
respond positively to increased light (although this
may depend on enhanced nutrient availability; Saros
et al. 2012; Malik et al. 2018), and small Discostella
taxa tend to bloom in the spring and early summer in
the ELA lakes when nutrient concentrations are higher
(Wiltse et al. 2016), increased light could provide
conditions favourable for their growth. Increased
transparency, however, would also be expected to
enhance growth of benthic taxa (Laird et al. 2011), a
trend that we did not observe in the study lakes (ESM
Fig. 10), and thus our data do not support water clarity
as a predominant driver of historical diatom assem-
blages. Additionally, the declines in inferred DOC
occurred ~ 2-3 decades after most study lakes
showed an initial significant increase in Discostella.
Although this does not preclude the possibility of an

interactive effect between climate-related mecha-
nisms and low-level acid deposition, it does suggest
that indirect biogeochemical consequences related to
low-level acid deposition likely did not initiate the
proliferation of Discostella.

Departures from the common trend

Whereas the HGAM framework repeatedly suggested
that Model 2 was most parsimonious (incorporating a
common smooth), this model also enables the
response between lakes to vary in both complexity
and shape, indicating that departures from the com-
mon trend are an important characteristic of the data.
Differences in shape were most evident in Lakes 99,
129, and 256 (Fig. 3). Post-1970 declines in small
Discostella accumulations occurred in Lakes 99 and
129, a time when inferred DOC in several ELA lakes
began to surpass pre-industrial concentrations (Meyer-
Jacob et al. 2019). These lakes are two of the smallest
in our dataset, possibly making them more susceptible
to declines in water clarity because of increased DOC
delivery from the catchment (Rasmussen et al. 1989;
Houle et al. 2020). This is consistent with Meyer-
Jacob et al. (2019), who showed that the largest post-
1970 increases in inferred DOC in the ELA occurred
in the two smallest lakes investigated (Lakes 127 and
129).

Some degree of lake-specific response was also
evident when examining the timing of significant
change in Discostella accumulations (Fig. 5). For
example, Lakes 256 and 468 showed a later response,
at ~ 1890 and 1871, respectively. These two lakes are
the largest in the dataset in terms of surface area, and
both are relatively deep (Table 1). Because Wiltse
et al. (2016) showed that spring conditions were
important for Discostella populations in the ELA, we
considered the potential influence that lake morphom-
etry would have on the timing of spring ice-off. Some
studies have shown that larger lakes undergo ice-off
later in the spring compared to smaller systems (Gao
and Stefan 1999; Duguay et al. 2003; Arp etal. 2013),
possibly attributed to differences in lateral ice decay.
Therefore, it is possible that the spring mixing period
may have become sufficiently long for the prolifera-
tion of small Discostella in the smaller lakes first. In
contrast, others have shown that air temperature is the
most important determinant of ice-off timing, and lake
morphometry has only a weak control over timing of
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ice-off compared to the timing of ice-on (Williams and
Stefan 2006; Hewitt et al. 2018). An alternative
explanation may be that the larger, deeper lakes are
also more susceptible to changes in thermal stability
under a changing climate (Kraemer et al. 2015), such
that earlier set-up of stratification in these lakes
delayed the amount of time it took for early ice-out
to influence the length of the spring mixing period.
Although we cannot test these inferences with the
available data, lake morphometry may contribute to
the small amount of inter-lake heterogeneity we
observed in our dataset, possibly modulating both
early-season mixing and changes in light dynamics.
Both would require additional investigation to fully
understand these processes.

The post ~ 1850-1860 increases in Discostella
that we documented in the ELA occur substantially
earlier than others have documented in temperate
lakes. In a meta-analysis of 60 temperate lakes across
the northern hemisphere, Riihland et al. (2008) showed
that the median timing of increased small Cyclotella
was 1970, including Whitefish Bay in nearby Lake of
the Woods (~ 45 km southwest of the ELA field
station), which coincided with an abrupt increase in
MAAT recorded in Kenora. In contrast, the median
response in Cyclotella for Arctic and sub-Arctic lakes
occurred at 1870, like our eight lakes at the ELA.
Hence, the small, dilute, oligotrophic lakes in this
undisturbed region of northwest Ontario appear to be
more sensitive to regional environmental change,
compared to lakes in other areas at similar latitudes.
We do note, however, that some temperate lakes
showed an early increase in Cyclotella, such as
Emmett Lake (~ 1880; Werner et al. 2005) in
south-central Ontario, and Indian Lake (~ 1880;
Forrest et al. 2002) in southeast Ontario. Elsewhere,
Michelutti et al. (2015) showed abrupt increases in
Discostella stelligera over the past ~ 50 years in
three high-elevation lakes from the southern sierra of
Ecuador. These differences highlight the complexity
that landscape and lake filters introduce to temporal
variability in phytoplankton response to environmen-
tal stressors, and the need for long-term records of
limnological change which will ultimately help to
address this knowledge gap.

@ Springer

Conclusions

Our detailed paleolimnological analyses of eight lakes
in the ELA, which were selected because they had
experienced large increases in small Discostella taxa
since pre-industrial times, showed similar temporal
patterns in the abundance of these taxa. Application of
a recently described hierarchical generalized additive
model (HGAM) framework, as well as individual
GAMs and their associated derivatives, provided
statistical evidence for coherent increases in small
Discostella abundance in our lakes that began at
~ 1850-1860 CE. Coupled with corresponding
trends in a long-term temperature record from Fort
Snelling, Minnesota, our results suggest that the
paramount process controlling small Discostella in
our study region is related to climate, possibly the
timing of spring ice-off. Models also suggested,
however, that lake-specific departures from the com-
mon trend are an important characteristic of the data,
and we suggest that lake morphometry played an
important role in this variability. Moreover, we cannot
fully rule out a possible secondary control on late
nineteenth and twentieth century Discostella abun-
dances, related to changes in light dynamics as an
indirect effect of low-level acid deposition and
changes in precipitation in the region. Additional
experimental work in the ELA would be needed to
fully understand ideal conditions for small Discostella
taxa, and refinement of the pathways by which climate
regulates them.
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