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Abstract Evidence suggests that boreal-lake eco-
systems are changing rapidly, but with variable eco-
logical responses, due to climate warming. Pale-
olimnological analysis of 27 undeveloped northern
forested lakes showed significant and potentially
climate-mediated shifts in diatom communities
and increased carbon and biogenic silica burial. We
hypothesize the sensitivity of northern forested lakes
to climate change will vary along two physical gra-
dients: one reflecting direct, in-lake climate effects
(propensity to thermally stratify), the other reflect-
ing indirect watershed effects (watershed to lake-sur-
face area ratio). We focus on the historical response
of algal communities to test our two-dimensional
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sensitivity framework. Historical algal response
was summarized by measures of diatom community
turnover, changes in species and diagnostic species
groups, and measures of siliceous algal and overall
primary production (biogenic silica, carbon burial).
Measures of algal production increased across all lake
types, with carbon burial proportionately higher in
polymictic lakes. Greater diatom community change
occurred in deep, stratified lakes with smaller water-
sheds, whereas diatom species groups showed vari-
able responses along our two-dimensional sensitiv-
ity framework. Physical characteristics of lakes and
watersheds could serve as predictors of sensitivity
to climate change based on paleo-indicators that are
mechanistically linked to direct and indirect limno-
logical effects of climate change.
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Introduction

The boreal biome is the world’s second largest ecore-
gion. It covers approximately 15% of the earth’s land
surface and contains >60% of the world’s fresh sur-
face waters in over 3 million lakes (Ruckstuhl et al.,
2008; Schindler & Lee, 2010; Verpoorter et al.,
2014). Based on multiple lines of evidence, northern
forested lake ecosystems are changing rapidly, with
unprecedented appearances of cyanobacterial blooms
(Winter et al., 2011; Cottingham et al., 2015; Favot
et al., 2019), significant shifts in algal communi-
ties (Riihland et al., 2008, 2015; Edlund et al., 2011;
Saros et al., 2012; Hobbs et al., 2016), increased
watershed inputs of dissolved solids (organic carbon
and nitrogen: Stottlemyer & Toczydlowski, 2006;
Keller, 2007; Zhang et al., 2010; Corman et al.,
2018), changes in thermal structure (Richardson
et al., 2017), and increased carbon burial in lake sedi-
ments (Anderson et al., 2013; Heathcote et al., 2015;
Bartosiewicz et al., 2019). Given the lack of local
human impact on most boreal lakes, climate change
and atmospheric deposition of nitrogen, phosphorus
and other pollutants are the most likely drivers of
these ecological shifts. However, while regional-scale
drivers such as climate may be expected to gener-
ate moderately coherent change in ecosystems, prior
work on northern forested lake ecosystems has high-
lighted the high degree of spatial and temporal vari-
ability in the ecological response (i.e., sensitivity) of
lakes to climate change over the past century. For
example, paleolimnological data spanning the twen-
tieth century reveal that some lakes have experienced
more than a 50% turnover in diatom species assem-
blage starting around 1920 (Saros et al., 2012), but
with no apparent change in total production, while
other lakes from the same region have experienced an
increase in algal production and a shift to cyanobacte-
rial blooms starting in the 1970s (Hobbs et al., 2016;
Edlund et al., 2017). This variability over different
scales is common in many regions, and is often quali-
tatively attributed to watershed and/or within lake dif-
ferences (Baron & Caine, 2000; Benson et al., 2000;
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Velle et al., 2005; Patoine & Leavitt, 2006; Richard-
son et al., 2017).

Many studies have ascribed ecological changes in
boreal lakes to climate change through correlative
means (e.g., coherence of trends among lake-sedi-
ment records; Riihland et al., 2008), but with less con-
sideration of the mechanisms involved. Climate may
affect lakes through direct effects on ice cover (Jensen
et al., 2007), surface temperature (Schneider & Hook,
2010; Dokulil, 2014; Richardson et al., 2017), ther-
mal structure (Kraemer et al., 2015; Richardson et al.,
2017), wind-induced turbulence (Austin & Colman,
2007), and mixing (Fee et al., 1996; Richardson et al.,
2017), which in turn can alter light regime and nutri-
ent regeneration from stratified bottom waters (Kel-
ler, 2007). Autotrophic communities and primary
production are highly responsive to changes in light
and nutrients in both the short-term (seasonal succes-
sion; Winder et al., 2009; Berger et al., 2010) and the
long-term (decadal assemblage shifts; Riihland et al.,
2008; Saros et al., 2012). Possible indirect (water-
shed) effects include increased inputs of nutrients
(Stoddard et al., 2016) and dissolved organic car-
bon (DOC; Corman et al., 2018) as a consequence
of increased soil microbial activity and changes in
subsurface drainage in response to decreased winter
snowpack and warmer temperatures (Stottlemyer &
Toczydlowski, 2006). Indeed, widespread increases
in watershed DOC export reported from North Amer-
ica and Europe have been attributed to a warming
climate as well as other anthropogenic drivers (Clark
et al., 2010; Larsen et al., 2011; Solomon et al., 2015;
Williamson et al., 2015; Meyer-Jacob et al., 2019).
Because lake response to climate drivers is clearly
multidimensional, we are only beginning to be able
to predict which lakes will respond most strongly to
climate change and through what mechanisms (e.g.,
Edlund et al., 2017; Richardson et al., 2017; Bartosie-
wicz et al., 2019).

To determine the potential sensitivity of lakes to
climate change, with sensitivity defined by degree
of change in climate-linked paleoecological indica-
tors, we propose a two-gradient ordination (Fig. 1)
based on (1) the relative influence of watershed
effects, represented by the ratio of watershed to
lake-surface area (WALA; stronger watershed influ-
ence on lakes with WALA > 10), and (2) lake ther-
mal structure, represented by lake geometric ratio
(GR =surface area’?/maximum depth), a metric
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for the propensity of a lake to thermally stratify
(GR>5 polymictic, GR<3 strongly stratified;
Gorham & Boyce, 1989). We suggest that the key
proximate factors (e.g., internal and external nutri-
ent loading) linking climate change to lake response
will be largely colinear with these two axes, thus
providing a simplified yet mechanistic framework
for understanding ecological change in northern
forested lakes. The GR captures lake thermal struc-
ture, including length of ice-free season, and depth
of stratification, i.e., direct climate effects; ther-
mal structure further influences light regime and
in-lake nutrient cycling (van de Waal et al., 2009).
Similarly, WALA is a well-established predictor
of nutrient and DOC loading as well as hydrologic
residence time—key watershed-mediated physical
and chemical variables in the biological function of
lakes that reflect indirect climate effects. The vari-
ables of this framework, including lake depth and
surface area, have also been recently highlighted as

the best global predictors of the magnitude of lake
stratification changes resulting from climate change
(Kraemer et al., 2015; Richardson et al., 2017).

To explore the effects of climate change on boreal
lakes and the utility of this framework we examine
paleolimnological records from 27 lakes located in
the boreal and northern forested region of the north-
central US. All lakes are in protected watersheds
(tribal or national and state parks and forests) with
no or minimal development in their watersheds and
minimal change in land use during the last 50 years.
Lead-210 dated sediment cores from each lake were
examined for measurements of ecosystem function
including autotrophic production, carbon burial, dia-
tom community turnover, and species response over
the last 120-150 years. Ecosystem change metrics
were projected onto our direct and indirect climate
response ordination to determine if sensitivity of
lakes to direct and indirect climate drivers is predict-
able and mechanistically sound.
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Material and methods
Site selection

Twenty-seven wilderness or undeveloped lakes on
state, tribal, or federally protected lands in northern
Minnesota, Wisconsin, and Michigan were sam-
pled between 1996 and 2019 (Table 1) including
from Voyageurs (VOYA) and Isle Royale (ISRO)
National Parks, Apostle Islands (APIS), Pictured
Rocks (PIRO), and Sleeping Bear Dunes (SLBE)
National Lakeshores, Grand Portage Reservation
(GRPO), the Boundary Waters Canoe Area Wilder-
ness (BWCAW), and several lakes in northern Min-
nesota state parks and national forests (Fig. 2). Lakes
were characterized by standard physical and biogeo-
chemical/limnological parameters including meas-
ures of water quality (total P, chlorophyll-a, Secchi
depth, total N, nitrate-nitrite, ammonium, DOC, pH,
conductivity, alkalinity, dissolved SiO,) and physi-
cal measures (mean and maximum depth, geometric
ratio, WALA) mostly as part of a long-term monitor-
ing effort (VanderMeulen et al., 2016).

Temperature records from 1890 to 2015 were com-
piled from meteorological stations in northern Minne-
sota (Eveleth, Minnesota), northern Upper Peninsula
Michigan (Marquette, Michigan), and northern Lower
Peninsula Michigan (Hart, Michigan). Long-term
temperature records were all downloaded from the
National Oceanic and Atmospheric Administration
(NOAA) Global Historical Climatology Network,
version 3 (http://www.ncdc.noaa.gov/ghcnm/v3.php),
which archives monitored records from weather sta-
tions across the United States. Data were summarized
as winter (DJF; December-February mean), summer
(JJA; June—-August mean) and mean annual tempera-
ture (metANN).

Sample collection and analysis

Single sediment cores (0.5-2.0 m long) were col-
lected from the central area of the main basin of each
lake. Cores were collected using a drive-rod piston
corer equipped with a 6.5 cm diameter polycarbon-
ate barrel (Wright, 1991) except Siskiwit and Desor
lakes, which were sampled using an HTH gravity
corer (Renberg & Hansson, 2008). All cores were
sectioned in the field in 0.5 to 1-cm increments; core
samples were returned to the laboratory and stored at
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4°C for further analyses. Freeze-dried samples of all
core sections are archived at the St. Croix Watershed
Research Station (Minnesota, USA).

Lead-210 was measured in all cores by isotope-
dilution alpha spectrometry, and dates and sedimen-
tation rates were determined according to the CRS
(constant rate of supply) model (Appleby and Old-
field, 1978). Dating and sedimentation errors were
determined by first-order propagation of counting
uncertainty (Binford, 1990). In each core, between 15
and 19 core sections were analyzed for Pb*! activ-
ity to determine age and sediment accumulation rate
for the past 150 years. Most dating models have been
previously published (Table S1) or are shown in Fig.
Sé.

Biogenic silica (BSi), the siliceous algae (diatoms
and chrysophytes) content of sediments, was meas-
ured on freeze-dried subsamples (~30 mg) from each
core section that were digested using 40 ml of 1%
(w/v) Na,COj; solution heated at 85°C in a reciprocat-
ing water bath for five hours (DeMaster, 1979; Con-
ley & Schelske, 2001). A 0.5-g aliquot of supernatant
was removed from each sample at 3, 4, and 5 h. After
cooling and neutralization with 4.5 g of 0.021 N HCI
solution, dissolved silica was measured colorimetri-
cally on a Unity Scientific SmartChem 170 discrete
analyzer as molybdate reactive silica (SmartChem,
2012). Measured BSi concentrations were converted
to flux using dry-mass sedimentation rates in each
core.

Diatom samples were prepared by placing approxi-
mately 0.25 cm® of homogenized sediment in a
50-cm® polycarbonate centrifuge tube and adding
2-5 drops of 10% v/v HCI solution to dissolve car-
bonates. Organic material was subsequently oxidized
by adding 10 ml of 30% hydrogen peroxide and heat-
ing for 3 h in an 85°C water bath. After cooling, the
samples were rinsed with distilled deionized water
to remove oxidation byproducts. Aliquots of the
remaining material, containing the diatoms, were
dried onto 22x22 mm #1 coverglasses, which were
then permanently attached to microscope slides using
Zrax mounting medium (MicrAP, Pittsburgh, USA).
Diatoms were identified along random transects to
the lowest taxonomic level under 1250X magnifica-
tion with oil immersion optics. A minimum of 400
valves was counted in each sample. Species abun-
dances represent percent abundance relative to total
diatom counts. Identification of diatoms used regional
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«Fig. 2 Upper Midwest region (USA); with locations of 27
study lakes (Table 1) including those in Isle Royale National
Park, ISRO (top left), Voyageurs National Park, VOYA (bot-
tom left), Pictured Rocks National Lakeshore, PIRO (top
right), Sleeping Bear Dunes National Lakeshore, SLBE (bot-
tom right), Apostle Islands National Lakeshore (APIS, site 1),
and Grand Portage Reservation/National Monument (GRPO,
sites 3, 4)

floras (e.g., Patrick & Reimer, 1966, 1975; Reavie &
Smol, 1998; Camburn & Charles, 2000) and primary
literature.

Carbon burial was calculated as the product of the
percent organic carbon and the Pb?'® derived dry-
mass accumulation rate (DMAR) from each sediment
core corrected for sediment focusing. Percent organic
carbon was estimated by percent loss-on-ignition at
550°C multiplied by a constant (0.469; Dean, 1974;
Heathcote et al., 2015). Focus corrections were
applied to each core based on the ratio of the Pb*!°
flux measured in the sediment to the regional atmos-
pheric Pb?!° flux (Engstrom & Rose, 2013; Heathcote
and Downing, 2012; Heathcote et al., 2015). This
correction provides a more representative estimate of
the basin-wide carbon burial. Finally, core sections
less than 10 years in age (based on Pb*'” age) were
excluded from the analysis to remove artefacts due
to incomplete carbon mineralization (Gédlman et al.,
2008; Heathcote et al., 2015).

Calculating metrics of change

Four metrics were calculated to determine historical
changes in productivity and biology in each lake. Pro-
ductivity was summarized as organic carbon burial or
flux (Heathcote et al., 2015), a measure that combines
in lake productivity and watershed sources of carbon
to lakes, and biogenic silica flux, a measure of his-
torical diatom and chrysophyte productivity. Biologi-
cal change in lakes was summarized using squared
chord distance, a standardized measure of diatom
community change (Bennion et al., 2004; Simpson
et al., 2005). Biological change within well-known
diatom indicator species and species groups was also
calculated. All metrics of change were considered in
relation to two physical measures of lake susceptibil-
ity to climate change—direct climate effects on lake
thermal structure summarized as lake geometric ratio
(GR; Gorham and Boyce, 1989) and indirect climate

effects mediated by watershed processes summarized
as WALA (Wetzel, 2001). Analyses were performed
in R (R Core Team, 2016).

Changes in organic C flux and BSi flux at core
sites were averaged over two time periods represent-
ing pre-Euro-American settlement and modern con-
ditions (i.e., pre-1900 and post-1980; landuse histo-
ries summarized in Edlund et al., 2011). For a given
parameter, the ratio of the average value of all post-
1980 was calculated against the average measured
values dated prior to 1900 from each core. Therefore,
a value< 1 represented a decrease in the parameter
over the time period, and a value>1 an increase.
Ratios of change in organic C and BSi flux were sum-
marized on a biplot of WALA (on a log,, scale) ver-
sus GR and scaled using bubble plots.

Floristic change in each lake’s diatom commu-
nity was determined between similar time periods
as above using the squared chord distance (Bennion
et al., 2004; Simpson et al., 2005). Squared chord
distance is a dissimilarity measure with values rang-
ing from O (samples are exactly the same) to 2 (sam-
ples are completely different). The squared chord
distance was calculated between two time periods
in each core: pre-1900 (1880+12 years) to the core
top or present. Chord distances were summarized on
a biplot of WALA (on a log,, scale) versus GR and
scaled using bubble plots.

To explore the response of indicator diatom spe-
cies and species groups, the difference between
pre-1900 percent abundance and post-1980 percent
abundance was calculated for the following diatom
species (or groups of species): Asterionella formosa
Hass., all Aulacoseira species, Fragilaria croton-
ensis Kitton, large cyclotelloid species, and small
cyclotelloid species. The small cyclotelloids category
groups small centric diatoms (typically with diam-
eters< ~15 um) once placed in the genus Cyclo-
tella, but now considered in the genera Discostella
and LindavialPantocsekiella including D. stelligera
(Cleve & Grunow) Houk & Klee, D. pseudostelligera
(Hust.) Houk & Klee, L. comensis (Grunow) Nakov,
Guillory, M.L.Julius, E.C.Ther. & A.J.Alverson,
L. ocellata (Pant.) Nakov, Guillory, M.L.Julius,
E.C.Ther. & A.J.Alverson, and allies (Spauld-
ing et al., 2019). Large cyclotelloids (typically with
diameters > ~ 15 pum) include large Lindavia species
(L. bodanica (Eulenst. ex Grunow) Nakov, Guillory,
M.L.Julius, E.C.Ther. & A.J.Alverson, L. lemanensis
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(Chodat) Nakov, Guillory, M.L.Julius, E.C.Ther. &
A.J.Alverson, L. affinis (Grunow) Nakov, Guillory,
M.L.Julius, E.C.Ther. & A.J.Alverson, and L. radiosa
(Grunow) De Toni & Forti; Spaulding et al., 2019).
These diatom species and species groups have been
identified as indicators of climate- and anthropogenic-
linked physical, chemical, and biological change in
lakes (e.g., Winder et al., 2009; Riihland et al., 2008;
Saros et al., 2012). Changes were summarized on a
biplot of WALA (on a log;, scale) versus GR and
scaled using bubble plots with blue bubbles show-
ing increases and red bubbles showing decreases in
species abundances. All diatom data have been pre-
viously published or are available in the Neotoma
Paleoecology Database (Table S1).

Results
Lakes and climate

The 27 lakes encompass a broad range of water
quality and physical limnological characteristics
(Table 1). Lakes were generally oligotrophic to meso-
trophic with total phosphorus (TP) ranging from 3 to
23 ug 17!, chlorophyll from 0.7 to 5.5 pg 17!, and Sec-
chi depths of 0.75 to 8.5 m. Increasing TP was cor-
related with lakes having higher WALA and higher
geometric ratios (Fig. S1). Lakes also varied in color
from clear to strongly stained as measured by DOC,
which ranged from 3.9 to 20.4 mg 17!, with higher
DOC lakes correlated with higher geometric ratios
(Fig. S1). Lakes were generally circumneutral (pH
from 6.4 to 8.6), weakly to well-buffered (alkalinity
5 to 160 mg 171), with specific conductivity from very
low to moderate levels (5 to 160 uS cm™!). Lake and
watershed size varied across three orders of magni-
tude with lake areas from 10-12,000 ha and water-
shed areas of 70-88,000 ha. As such, WALA also
varied from very low (WALA 1.5, Mukooda Lake,
VOYA) to large systems such as Lac La Croix in the
BWCAW with WALA of 72 (Fig. 1). Finally, the geo-
metric ratio of the lakes varied from those unlikely to
stratify with high GR (15.5, Outer Lagoon, APIS) to
deep lakes with steep-sided basins that were strongly
stratified, e.g., Cruiser Lake, VOYA has GR 0.9
(Fig. 1).

Regional climate records varied across our study
area. Mean annual temperature increased over the
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period of record (1890-2015) in northern Minne-
sota and upper Michigan, but increased only after the
1970s in northern lower Michigan. (Fig. 3). Mean
winter temperatures increased after the 1970s in
northern Minnesota and lower Michigan, but showed
little long-term trend in upper Michigan; however, all
three stations show more recent temperature extremes
and interannual variability in winter temperatures
since the 1970s (Fig. 3). Summer mean tempera-
tures increased in northern Minnesota from the 1890s
to the 1930s and have remained relatively constant
since, with notable higher interannual variability
since the 1980s. In contrast, summer temperatures
in upper Michigan increased steadily between 1920
and 1970, with much faster warming since the 1970s.
In northern lower Michigan, a slight cooling trend
between the 1930s and 1960s quickly shifted to rapid
summer warming since the 1970s.

Carbon burial

Focus-corrected organic carbon burial followed two
patterns of change among the study lakes (Fig. 4A).
First, almost all lakes showed increased carbon bur-
ial over the last 150 years with only the deep lakes
Mukooda, Trout, and Lake La Croix, and shallow
Beaver Lake declining in organic C burial. Second,
the lakes with the highest overall rates of C burial (2-
to threefold higher than the great majority of lakes)
are mostly shallower lakes that rarely stratify or have
weaker stratification with GR > 3.

Siliceous algal productivity

Historical diatom and chrysophyte productivity
was summarized as changes in flux of BSi (SiO,
flux; Fig. 4B) to the sediments. BSi flux increased
in all study lakes with no strong pattern in magni-
tude of change within our two-gradient ordination.
Lakes with the greatest increase in BSi flux included
Cruiser, Manitou, Bass, Ek, and Swamp lakes, which
are distributed in two states and three different park/
tribal management units.

Diatom community change
Diatom community change measured as chord

distance from pre-1900 to present varied broadly
among lakes (Fig. 5A). There was a noticeable
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@ Springer



2716

Hydrobiologia (2022) 849:2705-2729

A OrganicCFlux o 1 () 2 O 3 Q 4

100 1

< O

§ 0f------- T @"'
o Ogre o
S I

100 1

WALA

-
[ G

()
Py

Fig. 4 Bubble plots of change in A organic C flux (ratio post-
1980: pre-1900, g C m~2 yr~"), and B biogenic silica (BSi) flux
(ratio post-1980: pre-1900, mg Si m~2 yr™1)

pattern of greater community change in deeper,
more strongly stratified lakes (GR <3) and espe-
cially so in lakes with smaller WALA ratios
(WALA < 10), although not all deep stratified lakes
show marked change (e.g., Locator, Trout, Little
Trout in northern MN). Some weakly stratified and
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shallow lakes also showed large community shifts
(e.g., Shell, Beaver, and Bass lakes).

Diatom species and species groups

Percent abundance change in five diatom species
and species groups from pre-1900 to present showed
varying patterns of increase and decrease among
species and study lakes. Aulacoseira species gener-
ally decreased in abundance across our study lakes
(Fig. 5B). Large declines in Aulacoseira abundance
were noted in Mukooda, Peary and Shoepack lakes
from VOYA and in Desor and Richie lakes from
ISRO. Notable increases in Aulacoseira abundance
were seen in Manitou, Brown, Ryan, and Beaver
lakes, which are in three different national park units.
In comparison to our sensitivity ordination, lakes
with the largest increases in Aulacoseira abundance
are arrayed between WALA of 4 to 10 and GR 2 to
5, whereas lakes with decreasing Aulacoseira abun-
dance are generally more strongly stratified (GR <4).

The abundance of small cyclotelloid species
increased in all but six of the study lakes between
pre-1900 and post-1980s (Fig. 5C). Lakes that
showed dramatic increases in small cyclotelloid spe-
cies, namely Desor (ISRO), Beaver (PIRO) and Mani-
tou and Bass (SLBE), vary from weakly to strongly
stratified, and are arrayed across the range of WALA.
It is notable that small increases in cyclotelloid abun-
dance were also commonly seen in the shallow lake
systems that rarely stratify. Lakes that decreased in
small cyclotelloid abundance were clustered together
at very low GR <2 and at WALA <3. Although the
relationships were not significant, changes in small
cyclotelloid abundance showed some correlation with
other modern water quality and physical lake charac-
teristics including lake depth (negative) and TP (posi-
tive) (Fig. S2).

Large cyclotelloid species also increased in abun-
dance among study lakes, with only six lakes having
decreases in abundance (Fig. 5D). Siskiwit Lake, a
large oligotrophic lake on ISRO, dominates the pat-
tern of change with dramatically increased abundance
between pre-1900 and post-1980s (Fig. 5D). Other
lakes with increased abundance tend to be clustered
among the deep, strongly stratified systems (GR < 3)
and those with low WALA < 10). The few lakes that
have decreased abundance of large cyclotelloids have
somewhat higher WALA (WALA>6). It should be
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noted that many of the lakes either have little change
in large cyclotelloid species or this species group is
absent from the lakes, especially in high GR and shal-
low systems. The change in large cyclotelloid species
abundance was also negatively correlated to DOC and
positively correlated to lake depth (Z,,; Fig. S3).

Where present, the abundance of Asterionella
formosa increased in all but three of our study lakes
(Fig. 5SE). A. formosa abundance decreased in EIk,
Locator, and Brown lakes, which are all located in
northern Minnesota. This group of lakes is reason-
ably deep with strong stratification (GR <3) and has
WALA of approximately 5.0-6.5. Lakes with the
greatest increase in A. formosa abundance included
VOYA’s Cruiser and Mukooda lakes. Other lakes
with increasing A. formosa abundance are arrayed
throughout the WALA scale. It should be noted that
many shallow lakes and weakly stratified lakes did
not have A. formosa (e.g., Wallace, Harvey, Shell,
Swamp, Ryan, Speckled Trout, Outer, and Desor
lakes).

The diatom Fragilaria crotonensis has a limited
distribution and was found in only 10 out of our 27
study lakes. It is not found in lakes with<10 ug 17!
TP, nor in lakes with Z_.,. > 12 m, and is not present
in most polymictic lakes (GR>4; Fig. S4). Where
found, the abundance of F. crotonensis generally
increased in the study lakes including large increases
in Grand Sable (PIRO) and Manitou (SLBE) lakes,
Richie and Ahmik lakes at ISRO, and Lac La Croix
in Minnesota’s BWCAW, which are all lakes with
WALA >3 and lakes that are generally more produc-
tive (Fig. S4). The few lakes that lost abundance of F.
crotonensis were mostly stratified systems with a low
WALA (e.g., VOYA’s Mukooda and ISRO’s Desor
lakes).

Discussion

Long-term climate response of lakes is mediated
by lake morphometry and hydrologic setting (Fritz,
2008). To predict the sensitivity of lakes to climate
drivers we distilled potential effects of climate on
lakes into a simple bivariate matrix. Direct climate
effect is based on energy inputs to lakes (Leavitt et al.,
2009) and is predicted by GR (Gorham & Boyce,
1989), the propensity to stratify that is calculated
using known predictors of lake-climate response:
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lake-surface area and depth (Kraemer et al., 2015;
Richardson et al., 2017). Indirect climate effects
involve mass transfer to lakes that are mediated by
the watershed, and is predicted by WALA (Fraterrigo
and Downing, 2008). Indirect climate impacts, such
as changes in lake clarity, watershed hydrology and
connectivity (Bertolet et al., 2018), and nutrient and
DOC loading have been linked to summer precipita-
tion (McCullough et al., 2019) and winter severity
(Stottlemyer & Toczydlowski, 2006), which are indi-
rect lake-climate connections captured by WALA.
Limnologists have benefitted from similar simpli-
fied predictive models because of their ability to cut
through data and site variability, find broad-scale
patterns, build predictive power, and drive actionable
management (e.g., Carlson, 1977).

Paleolimnological records have long-been used
to understand or reconstruct lake-climate response
based on proxies that represent watershed, physical,
and lake processes (Cohen, 2003; Fritz, 2008). While
there are direct impacts of climate on lakes (warming,
ice out, mixing), most paleolimnological proxies rep-
resent the endpoint of a much more complex response
to climate and non-climate factors. When working
on individual lakes, factors that are not directly con-
trolled by climate such as watershed processes, food
webs, landscape position, and lake morphometry
(Webster et al., 1996; Kraemer et al., 2015; Wigdahl-
Perry et al., 2016) must be considered when inferring
climate impacts on lakes. A strategy to better under-
stand climate impacts on lakes is to synthesize large
numbers of records to highlight regional or global
patterns of response to climate drivers, whether with
monitored data (Schindler et al., 1996; Kraemer et al.,
2015; Richardson et al., 2017) or paleolimnologi-
cal records (Laird et al., 2003; Riihland et al., 2008;
Heathcote et al., 2015) as we have done using paleo-
indicators of primary production, community compo-
sition, and species changes. In our case, the response
of each paleoindicator across our bivariate matrix
predicts and can be linked mechanistically to how
northern forested lakes may respond to direct and
indirect climate effects.

Within our 27 remote study lakes, paleolimno-
logical proxies responded in largely predictable ways
along our direct (GR) and indirect (WALA) climate
susceptibility gradients. As such, we can predict
not whether lakes will respond to climate, but how
they might respond to direct and indirect climate
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drivers. For example, siliceous algal productivity has
increased in all study lakes across our matrix, i.e., a
generalized lake response to both direct and indirect
climate drivers. Carbon burial similarly increased in
almost all study lakes; however, there is an enhanced
direct climate effect in weakly stratified or polymic-
tic lakes (GR>3), which showed larger increases in
C burial. Diatom community change was greatest
in strongly stratified (GR <3) and smaller WALA
(WALA <10) lakes indicating a strong direct cli-
mate response and weaker indirect climate response.
In contrast to productivity or community measures,
indicator species or group response varied across
the bivariate matrix. Small and large cyclotelloids
responded strongly, but in opposite direction, to
direct climate effects and weakly to indirect effects
with strongly stratified and small WALA lakes show-
ing decreased small cyclotelloids and increased
large cyclotelloids. Changes in Aulacoseira and
Asterionella formosa were less predictable along
either axis; however, most lakes showed declines in
Aulacoseira and increases in A. formosa abundance.
Response of Fragilaria crotonensis was better pre-
dicted by WALA and not GR, indicating its utility for
detecting indirect climate effects.

Organic carbon burial to lake sediments provides
a historical record of changes in in lake productivity
and watershed sources of organic carbon (Heathcote
et al., 2015). In our study lakes, most sites showed
increased rates of carbon burial between pre-1900
and recent times. Only four lakes showed decreased
rates of carbon burial and these changes were all
small. Lakes that showed the greatest changes in car-
bon burial (2- to fourfold increases) had GR >3 and
were shallow or weakly stratified. A similar nega-
tive correlation between increased carbon burial and
lake depth was noted across Minnesota lakes (Dietz
et al., 2015). Importantly, in undeveloped watersheds,
rates of carbon burial also reflect significant nega-
tive latitude and positive temperature relations within
the Anthropocene (Heathcote et al., 2015). Signifi-
cant increases in epilimnetic temperatures after 1960
(especially in shallow lakes; Edlund et al., 2017) cou-
pled with browning of lakes, appear to be interacting
to promote widespread increased burial of organic
carbon in northern wilderness lakes (Bartosiewicz
et al., 2019).

In many lakes, anthropogenic land-use distur-
bance is the primary driver of 4- to fivefold increases

in organic carbon burial as watershed nutrient inputs
enhance lake eutrophication through agricultural
intensification and erosion and transport of terres-
trial carbon (Heathcote & Downing, 2012; Ander-
son et al., 2013; Dietz et al., 2015; Heathcote et al.,
2014). Links to climate change, latitude-tempera-
ture, or basin morphometry are weak in comparison
to signals of anthropogenic disturbance. However,
in northern regions that have not undergone exten-
sive landscape modification, organic carbon accu-
mulation rates still show marked twentieth century
increases—that may be linked to historical logging
and land clearance (Dietz et al., 2015; but see Laird
& Cumming, 2001)—but are also associated with cli-
mate warming and atmospheric deposition of reactive
nitrogen (Heathcote et al., 2015).

Siliceous algal productivity, summarized as flux of
BSi, increased in all of our study lakes between pre-
1900 and post-1980. In anthropogenically impacted
regions, increased BSi flux is readily linked to his-
torical point source nutrient loading (Conley et al.,
1993; Edlund et al., 2009) and land-use changes that
enhance nutrient delivery (e.g., agriculture; Heath-
cote et al., 2014). Fewer studies have considered BSi
flux in remote regions and its potential relationship to
climate impacts. Previous reports that include some
of our study lakes (Edlund et al., 2017) echo the over-
all patterns of increasing BSi flux we show in remote
lakes. Three mechanisms likely drive these increases
in productivity. Modeled and measured records sug-
gest that length of ice cover is decreasing resulting
in longer algal growing seasons (Jensen et al., 2007),
epilimnetic temperatures are increasing in many
remote and worldwide lakes (Schneider & Hook,
2010; Hadley et al., 2014; Edlund et al., 2017; Bar-
tosiewicz et al., 2019) leading to enhanced algal pro-
ductivity (Schaum et al., 2017), and lake and water-
shed responses to warming climate may shift nutrient
loading and in-lake dynamics to promote productiv-
ity (Stottlemyer & Toczydlowski, 2006; Horn et al.,
2011; Maier et al., 2018; Corman et al., 2018). It
should be noted that warming temperatures should
not dramatically increase BSi mineralization or alter
the record of BSi flux as is possible with carbon bur-
ial (Bartosiewicz et al., 2019).

Large-scale and rapid shifts in algal communities
are commonplace in response to changing land-use
and new nutrient sources. Climate impacts on algal
communities can be equally dramatic (Smol et al.,
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2005), but are often subtler and require long-term
monitoring or multi-proxy paleoecological analysis
to account for other anthropogenic stressors (Riihland
et al., 2015). Among our study lakes, the deep, strati-
fied lakes with small watersheds showed the greatest
diatom community change since the late 1800s. This
community shift encompasses not only recent peri-
ods of climate change, but also, depending on indi-
vidual lakes, some level of landscape change that has
variously included logging, land clearance, mining,
cottage development, and reforestation that were a
consequence of Euro-American settlement (Edlund
et al., 2011). To understand changes since the 1800s,
Hobbs et al. (2016) identified timing of significant
shifts in community turnover among national parks
(including 20 of our 27 lakes). At ISRO and SLBE,
significant community turnover occurred in the early
1900s likely in response to early landscape changes
noted above. In addition, all park units showed a sig-
nificant shift as some point from the 1950s (SLBE,
APIS, PIRO) through the 1970s-1990s (VOYA,
ISRO) (Hobbs et al., 2016). An initial analysis of
post-1970s diatom community changes in our lakes
confirms broad change in communities since the
1970s in all lake types, but especially those with
smaller WALA < 10 (compare Figs. 5A and S5). With
all of the study lakes under land-use protection by the
1970s, these more recent changes capture periods of
significant increases in mean annual air temperature
(Fig. 3) and direct climate limnological impacts such
as modeled increased epilimnetic temperatures and
interannual variability in some of our lakes (VOYA
and ISRO; Edlund et al., 2017). Sorvari et al. (2002)
similarly showed diatom community changes were
temporally consistent among regional lake groups in
Finland, but that the type of community shift differed
across lake and catchment types, indicating the need
to consider species and species group changes to bet-
ter determine the mechanisms driving change.
Diatom ecological groups, species complexes, and
individual species have been used in experimental,
mesocosm, and paleolimnological efforts to decipher
climate impacts on lakes. Sorvari et al. (2002) showed
the historical shift between benthic and planktonic
diatom communities in Finnish arctic lakes was most
strongly correlated to spring warming trends over
the last 150 years. Shifts in planktonic composition
to greater abundance of cyclotelloid species at the
expense of larger Aulacoseira species have also been
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linked to limnological responses (e.g., longer ice-free
season, water column stability) associated with warm-
ing winters in some northern lakes (Riihland et al.,
2008, 2015). Saros and Anderson (2015) synthesized
the resource requirements based on experimental and
mesocosm studies of cyclotelloid species to under-
stand the mechanisms behind species’ modern and
paleolimnological responses to climate-linked limno-
logical changes in temperature, light, and nutrients.
We took a similar approach to these studies using a
synthesis of paleolimnological records to disentan-
gle how five diatom taxa (Fragilaria crotonensis,
Asterionella formosa) or species complexes (Aulaco-
seira species, small cyclotelloids, large cyclotelloids)
responded to direct and indirect climate impacts as
defined by our sensitivity framework.

The genus Aulacoseira is common in freshwa-
ters worldwide, inhabiting both alkaline and low pH
water bodies (Spaulding & Edlund, 2008). Species
environmental preference varies from polymictic and
eutrophic (e.g., A. granulata), to mesotrophic condi-
tions (e.g., A. ambigua, A. subarctica), and includes
low-alkalinity forms (e.g., A. distans). Their heavily
silicified cell walls join these taxa together as a spe-
cies group that requires a well-mixed water column,
limiting their seasonality to periods of spring and fall
turnover or shallow and polymictic conditions (Lund,
1954). There was an overall decrease in abundance of
Aulacoseira taxa across most study lakes over the last
century. Only four lakes showed notable increases in
Aulacoseira abundance, and those four were arrayed
between WALA 4 to 10 and GR of 2 to 5, suggesting
that neither the propensity for stratification nor water-
shed size was a strong predictor of increased abun-
dance. Rather the decrease in Aulacoseira abundance
across many lakes has been used to link limnological
change to climate warming in temperate lakes, par-
ticularly shorter duration of ice cover and weakened
mixing due to stronger or more rapid stratification
(Sorvari et al., 2002; Riihland et al., 2015).

Long-term monitoring provides one link between
climate drivers and response of Aulacoseira taxa
in temperate lakes. Horn et al. (2011) linked a
35-year record of plankton, meteorology, and phys-
icochemistry in a German reservoir to show that
the abundance of A. subarctica (O.Miill.) E.Y.Haw.
was greater in years with short mild winters,
shorter winter ice cover, earlier ice out, and espe-
cially with longer periods of spring circulation.
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Paleolimnological connections with monitored lim-
nological change and climate drivers show Aulaco-
seira abundance in cores negatively correlated with
mean annual temperature and positively correlated
with earlier ice out in Canadian temperate to tun-
dra lakes (Riihland & Smol, 2005; Riihland et al.,
2008).

Other paleolimnological records highlight the
variability of Aulacoseira response among lakes
types. Sorvari et al. (2002) studied five Finnish
lakes experiencing similar climate change, with two
of the lakes showing marked decreases in Aulaco-
seira abundance linked to meteorological and tree
ring records of warming. The other three lakes
showed little change in Aulacoseira abundance or
did not have Aulacoseira taxa in their floras. Boeff
et al. (2016) in a study of sediment cores and mod-
ern limnology from three lakes in Maine (USA),
concluded that a decrease in Aulacoseira abundance
in two of the lakes was indicative of stronger strati-
fication based on modeled response. However, in a
third lake, a seasonal separation of modern abun-
dance patterns in Aulacoseira (typically a spring
form) and Discostella (a summer and fall form) was
not clear and the paleolimnological record showed
little evidence of change in Aulacoseira abun-
dance or inferred stratification change. The key in
the Maine lakes was understanding the seasonality
of taxa in the individual lakes; outlier lakes with
regard to Aulacoseira autecology did not follow
the widely held convention that decreased Aulaco-
seira abundance indicates earlier ice out and longer/
stronger stratification.

Although we do not have clear understanding of
seasonal Aulacoseira ecology in our study lakes, the
widespread decrease in Aulacoseira abundance sup-
ports regional limnological responses to warmer win-
ters, earlier ice out, and stronger stratification. Edlund
et al. (2017) reported significant winter warming in
this same region between the 1960s and present and
used thermal lake modeling to show that lakes in
VOYA and ISRO had warmer summer epilimnetic
temperatures and more frequent and longer ther-
moclines in recent years, especially in deeper lakes.
Earlier ice out has been documented in the region as
well (Jensen et al., 2007), although our study lakes
typically do not have extensive ice out records. The
decrease in Aulacoseira in our study lakes is among
the most consistent metrics of change, but is clearly

not a universal response among boreal lakes. The
modern ecology of lakes that show increased abun-
dance of Aulacoseira should be studied carefully
to determine why they are outliers in this response
(Boeff et al., 2016).

The small cyclotelloids comprise a group of cen-
tric diatom species earlier placed in the genus Cyclo-
tella; however, more recent systematic treatments
place these diatom taxa within the genera Discostella
and Lindavia/Pantocsekiella (Spaulding et al., 2019).
The taxa are often limited in distribution to oligo-
and mesotrophic lakes (Saros & Anderson, 2015),
and are well represented in the deep chlorophyll
layer community, especially in large lakes (Fahnen-
stiel & Glime, 1983). Their small size may limit their
sinking rates and provide them with higher nutrient
uptake (greater surface area to volume ratio; SA: V)
and photosynthetic capacity, allowing greater growth
rate (Saros and Anderson, 2015; Riihland et al., 2015;
Reavie et al., 2017). Across our study lakes, small
cyclotelloids increase in 21 of 27 lakes between pre-
1900 and recent, including many shallow lakes with
GR > 4. Those that did not show increases are mostly
deep, oligotrophic, and well stratified lakes with small
WALA.

The increase in small cyclotelloid species across
northern hemisphere lakes has generally been linked
to direct climate effects including decreased ice cov-
erage, increased growing season length, stronger
thermal stratification (Sorvari et al., 2002; Riih-
land et al., 2003, 2008; Winder et al., 2009; Enache
et al.,, 2011), and longer turnover (Wiltse et al.,
2016). However, among our study lakes, increases in
small cyclotelloid abundance occur along both our
direct climate gradient (GR) and our indirect water-
shed gradient (WALA). And systems that we might
expect to be strongly and directly affected by climate
(deep, strongly stratified, low WALA), in fact show
decreased abundance of small cyclotelloid species,
suggesting that a more nuanced consideration of
which species are actually responding and in what
lakes may be warranted in future studies.

A similar conclusion was reached by Saros and
Anderson (2015) and Reavie et al. (2017) with regard
to directionality of change among lakes, species-
specific changes, and timing of change. Overall, the
timing of increases in small cyclotelloid species has
been shown to have occurred earlier (late 1800s) in
high latitude lakes and later (the 1970s) in temperate
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regions (Riihland et al., 2008, 2015); however, other
systems have exhibited later or earlier shifts (Riihland
et al., 2015; Reavie et al., 2017). In the Laurentian
Great Lakes, changes in cyclotelloids are overlain
with varying histories of other anthropogenic impacts
and recovery. However, positive correlation between
cyclotelloid abundance and meteorological data such
as minimum annual temperature suggests a mechanis-
tic, limnological linkage between cyclotelloid abun-
dance and direct climate drivers (Reavie et al., 2017).

Saros and Anderson (2015) proposed a different
strategy to understand how cyclotelloid abundances
might be interpreted in the context of global change.
They argue that the autecology of individual species
needs to be considered, including seasonality, habitat
preference, nutrient requirements and limitation, and
light and DOC response. Saros et al. (2014), Malik
and Saros (2016), and Malik et al. (2017) studied the
temperature, light, and nutrient requirements of arctic
populations of Lindavia radiosa, L. bodanica (both
large cyclotelloids in our analysis), L. comensis, L.
ocellata, and Discostella stelligera and found large
differences in resource interactions among species.
Lindavia ocellata was a low light taxon, L. comensis
responded to nutrient addition except at high light and
temperature, L. radiosa did best with nutrients under
high light, L. bodanica did well with nutrient addi-
tion regardless of temperature, and Discostella stel-
ligera did well in moderate light under P-limitation,
but when under N/P co-limitation required low light.
Malik et al. (2018) found that timing of ice-off could
explain interannual differences in abundance of L.
bodanica and D. stelligera in a Maine (USA) lake,
but that the diatoms were responding predictably
throughout the ice-free period to thermal structure,
light condition, and nutrient limitation. Processes that
alter light availability (including water clarity and
water column stability) and nutrient concentrations
likely play a major role in controlling the growth of
small centric diatoms in lakes. Similar differences in
resource ecology and seasonality have shed light on
the variability of cyclotelloid response in the Great
Lakes (Reavie et al., 2017) and UK lakes (Thackeray
et al. 2008). Coupling neo-limnological and experi-
mental autecology with paleolimnological approaches
provides a more robust and mechanistic interpreta-
tion of potential climate-driven limnological and bio-
logical responses (inferred mixing depth; Saros et al.,
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2012; Boeff et al., 2016; Strock et al. 2019) across
lake types and contrasting climate conditions.

Although traditionally placed in the genus Cyclo-
tella, the large cyclotelloid species are currently
treated in the genus Lindavia and comprise taxa such
as L. radiosa, L. bodanica, L. comta, L. lemanensis,
and L. intermedia (Spaulding et al., 2019). These taxa
are broadly distributed in stratified oligo- to meso-
trophic lakes (Reavie & Kireta, 2015; Saros & Ander-
son, 2015), where they often form a characteristic
community within the deep chlorophyll layer (Malik
et al., 2018) and control their sinking rate through the
production of extensive fibrils of p-chitin and exter-
nal mucilage (Herth & Barthlott, 1979). The abun-
dance of large cyclotelloid species increased slightly
in most of our study lakes where this group was pre-
sent (in 15 out of 21 lakes), with greatest increases
in deep, strongly stratified lakes with lower WALA,
especially in Siskiwit Lake (ISRO). The six lakes
that showed declines were from among three national
park units and had generally higher WALA and were
not strongly stratified. Based on mesocosm studies,
large cyclotelloid species exhibit strong interactive
responses to light, temperature, and nutrients (Saros
et al., 2012; Malik & Saros, 2016; Malik et al., 2017).
Although there is some variability among species
(Malik et al., 2017), the large cyclotelloids gener-
ally respond positively to nutrient addition and have
greater growth rates in meta- and hypolimnetic waters
(Saros & Anderson, 2015).

Other studies have reported similar recent
increases in the abundance of large cyclotelloid spe-
cies. Saros et al. (2012) and Strock et al. (2019) mod-
eled changes in thermocline depth based on dramatic
increases in large cyclotelloid species in Siskiwit and
Desor lakes at ISRO, inferring that it had deepened
6 m and 3 m, respectively, in response to greater
wind speed in the twentieth century (Austin & Col-
man, 2007). Similar increases of large cyclotelloids in
many of our study lakes may be related to wind speed
in or near the Great Lakes. However, increases also
occurred at inland lakes in northern Minnesota (Lit-
tle Trout, Mukooda, and Trout) where wind speed
has moderated during the twentieth century (Edlund
etal., 2017). As our study is the first to consider these
changes in cyclotelloid abundance among many lake
types and regions, it is important to recognize that
other factors, notably a stable thermocline and per-
haps increased external and internal nutrient loading
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may also contribute to change, and that wind speed
alone cannot be solely responsible for the widespread
increase in large cyclotelloids in the northern lakes.
In contrast, most Great Lakes show decreased abun-
dance of large cyclotelloids linked to warming surface
temperatures and intensified stratification, although
multiple anthropogenic stressors confound the diatom
response (Bramburger et al., 2017).

The colonial araphid diatom, Fragilaria crotonen-
sis, is widely distributed in the plankton of meso- or
eutrophic lakes (Morales et al., 2013) where it forms
band colonies of 10 to 50 cells imparting some resist-
ance to sinking (Riihland et al., 2015). In our data
set and elsewhere (Bradbury, 1988), F. crotonensis
is absent from small, shallow lakes, as well as from
deep lakes (Z .., > 12 m) with low nutrients. Across
our bivariate sensitivity matrix, Fragilaria crotonen-
sis occurred in only 10 of 27 lakes. Where found, it
increased in abundance in lakes with WALA >3, and
decreased in abundance mostly in lakes with smaller
WALA, suggesting that indirect watershed effects are
driving changes in this species. The connection of
climate to indirect watershed effects is likely multi-
faceted. Across the northern hemisphere, an increase
in atmospheric deposition of reactive nitrogen (Nr)
(Galloway et al., 2008; Holtgrieve et al., 2011; Baron
et al., 2013) has driven changes in remote ecosys-
tems such as boreal and alpine lakes (Saros et al.,
2005; Heathcote et al., 2015; Spaulding et al., 2015).
Although most monitoring stations from our study
area show a decrease in Nr deposition since 2000
(Hobbs et al., 2016), the response to elevated Nr
inputs is likely longer-term and chronic in nature.

Stottlemyer and Toczydlowski (2006) determined
the indirect mechanism linking climate change and
watershed export of Nr in these northern ecosystems
based on long-term watershed-scale monitoring. They
argue that elevated Nr deposition has increased the
watershed burden of Nr above historical (natural)
background and that warming winters with lower
precipitation has increased mineralization and export
of DIN, DON, and DOC to receiving waters. Mod-
ern studies on the ecology of F. crotonensis indicate
that this diatom does well during spring mixing when
P: Si nutrient ratios are low (Bradbury, 1988) and is
thus receptive to N additions especially under low P
availability (Saros et al., 2005; Michel et al., 2006).
In our northern forested lakes, especially mesotrophic
systems, winter warming provides the link between

climate and watershed export of N and C (Stottlemyer
and Toczydlowski, 2006).

Asterionella formosa is a widespread araphid spe-
cies found in the plankton of oligo- to eutrophic lakes
throughout the northern hemisphere (Lund, 1949;
Michel et al., 2006). Its long, narrow cells grow in
characteristic star-shaped colonies that impart a high
SA: V for enhanced nutrient uptake and a low sink-
ing rate (Riihland et al., 2015). In many lakes it is a
common spring bloom-former (Lund 1949), but can
persist in the plankton well into the summer months
(Malik et al., 2018), where it is vulnerable to fungal
parasitism and grazing (Winder and Schindler, 2004;
Kagami et al., 2007).

Among all diatom taxa or species groups within
our dataset, Asterionella formosa showed the most
consistent pattern of increased abundance in lakes
(where it was present). Asterionella formosa was
absent from many shallow and weakly stratified lakes.
Only three lakes showed declines in A. formosa, and
these were deep, stratified, N-limited mesotrophic
systems (Table 1; Bergstrom, 2010) with a WALA of
5-6. The widespread increase in abundance across our
sensitivity matrix suggests that A. formosa is respond-
ing to both direct and indirect environmental drivers.
In other regions increases in A. formosa appear to be
a direct result of atmospheric Nr deposition (Saros
et al., 2005; Wolfe et al., 2006; Spaulding et al., 2015)
or eutrophication (Horn et al., 2011; Thackeray et al.,
2008). However, increases in A. formosa abundance
have also been noted under conditions of declining
nutrient levels (Sivarajah et al., 2016), raising ques-
tions as to the possible role of climate in controlling
the growth response of Asterionella.

Reported climate responses by Asterionella for-
mosa are confounding. Malik et al. (2018) studied
a lake in Maine (USA) over two years that differed
by late and early ice out, but stratified on nearly the
same date. Asterionella abundance was much higher
in the late ice out year, but cells persisted in the water
column longer in the early ice-off year, perhaps indi-
cating the importance of light or limiting nutrients
(silica, P). In the UK Lake District, Thackeray et al.
(2008) showed that the spring maximum of A. for-
mosa occurred earlier with warming. Sivarajah et al.
(2016) suggested that water column warming, longer
periods of open water, and changes in mixing might
have contributed to the increase in A. formosa in
an Ontario lake in the absence of nutrient addition.
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Indirect climate drivers are also identified in control-
ling abundance of A. formosa in Swedish lakes. Maier
et al. (2018) used a 12-year sediment trap sequence
and showed that A. formosa increased in the sedi-
ment record in years characterized by high runoff
events, i.e., indirect climate effects, that preceded fall
turnover.

Among lakes supporting A. formosa populations, P
enrichment from point sources, watershed sources, or
rapid destratification can lead to abundant A. formosa
(Thackeray et al., 2008; Maier et al., 2018; Horn
et al., 2011). In oligotrophic lakes, especially N-lim-
ited systems, A. formosa responds equally well to N
addition from anthropogenic sources (Saros et al.,
2005) and climate-linked sources such as glacial
meltwaters (Slemmons et al., 2015, 2017) and water-
shed export (Stottlemyer and Toczydlowski, 2006).
The response of Asterionella formosa in our study
lakes likely reflects a complex response to nutrient
availability controlled by both direct and indirect cli-
mate effects. Our dataset includes both P- and N-lim-
ited systems, such that resolving the response of this
species will require lake-specific limnological studies
(e.g., Thackeray et al., 2008; Saros et al., 2012; Malik
etal., 2018

Lakes are environmental sentinels that can help
us detect, monitor, and understand the threat of cli-
mate change to our aquatic resources (Williamson
et al., 2009). Most efforts to understand climate
sensitivity of lakes have been guided by comparing
meteorological and limnological monitoring records
(Kraemer et al., 2015; Richardson et al., 2017;
McCullough et al., 2019); these records are often
limited in temporal extent, geographic extent, or
discrepancies in monitored parameters among sites.
Paleolimnological records extend the geographic
and temporal range of studies and offer common
analytical strategies to measure multiple limnologi-
cal responses and assess the sensitivity of lakes to
direct and indirect climate effects. Paleolimnologi-
cal approaches generate multiple lines of evidence
that provide ample opportunity to define lake sus-
ceptibility to direct and indirect climate drivers. We
show that diatom productivity measured as BSi flux
is increasing in all lakes across both direct and indi-
rect climate effect gradients, whereas increases in
carbon burial among remote lakes are more preva-
lent in polymictic systems. Diatom community
changes most strongly reflect direct climate impacts
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as deep and stratified remote lakes show greatest
community turnover. Diatom species or species
groups vary in their response across our direct/
indirect climate matrix. For example, Aulacoseira
species and large cyclotelloids responded strongly
along the direct climate gradient with decreas-
ing abundance of Aulacoseira and increased abun-
dance of large cyclotelloids in the strongly stratified
lakes. Other species such as Fragilaria crotonensis
increased in abundance in lake with high WALA, a
response to indirect climate drivers, whereas Aste-
rionella formosa increased in abundance across our
susceptibility matrix, a positive response to both
direct and indirect climate drivers. We welcome
broader testing of our susceptibility matrix and
response variables. With northern forested regions
holding over 60% of the world’s fresh surface water,
understanding the sensitivity of these lakes to cli-
mate change is paramount.

Acknowledgements We thank the National Park Service,
especially Joan Elias, Rick Damstra, Alex Egan, Brenda
Moraska Lafrancois and Mark Romanski for their field and
logistical support of this project. For sediment core analyses
conducted at the St. Croix Watershed Research Station, we
thank Shawn Schottler, Erin Mortenson, Jill Wasik, Claire
Serieyssol Bleser, and Alaina Fedie. We thank Rebecca Key,
National Park Service, for drafting Fig. 2. This study was
funded by the US National Park Service (Cooperative Agree-
ment P17AC01133), the Great Lakes Network Inventory and
Monitoring of the US National Park Service under Cooperative
Agreement P20AC00364-01, the Air Resources Division of the
US National Park Service (Agreement: H6000082000), the US
Geological Survey (PM15-94151), the Environment and Natu-
ral Resources Trust Fund through the Minnesota Department
of Natural Resources (Subcontract B33299), and the Grand
Portage Band of Lake Superior Chippewa through the US Geo-
logical Survey (8607-AZJ00). Sadly, co-author Dr. Norman
Andresen passed away in August 2019 while this manuscript
was being written.

Funding This study was funded by the Great Lakes Net-
work Inventory and Monitoring of the US National Park Ser-
vice under Cooperative Agreement P20AC00364-01, the Air
Resources Division of the US National Park Service (Agree-
ment: H6000082000), the US Geological Survey (PMI15-
94151), the Environment and Natural Resources Trust Fund
through the Minnesota Department of Natural Resources
(Subcontract B33299), and the Grand Portage Band of Lake
Superior Chippewa through the US Geological Survey
(8607-AZJ00).

Data availability The datasets generated and analyzed dur-
ing the current study are available from the corresponding
author on reasonable request.



Hydrobiologia (2022) 849:2705-2729

2725

Declarations

Conflict of interest Co-Author Jasmine E. Saros is an Associ-
ate Editor of Hydrobiologia.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Anderson, N. J., R. D. Dietz & D. R. Engstrom, 2013. Land-
use change not climate controls organic carbon burial in
lakes. Proceedings of the Royal Society of Edinburgh,
Section B: Biological Sciences 280: 20131278.

Appleby, P. G. & F. Oldfield, 1978. The calculation of lead-210
dates assuming a constant rate of supply of the unsup-
ported lead-210 to the sediment. Catena 5: 1-8.

Austin, J. A. & S. M. Colman, 2007. Lake superior summer
water temperatures are increasing more rapidly than
regional air temperatures: a positive ice-albedo feedback.
Geophysical Research Letters 34: LO6604.

Baron, J. S. & N. E. L. Caine, 2000. Temporal coherence of
two alpine lake basins of the Colorado Front Range,
U.S.A. Freshwater Biology 43: 463-476.

Baron, J. S, E. K. Hall, B. T. Nolan, J. C. Finlay, E. S. Bern-
hardt, J. A. Harrison, F. Chan & E. W. Boyer, 2013. The
interactive effects of excess reactive nitrogen and climate
change on aquatic ecosystems and water resources of the
United States. Biogeochemistry 114: 71-92.

Bartosiewicz, M., A. Przytulska, J. F. Lapierre, I. Laurion, M.
F. Lehmann & R. Maranger, 2019. Hot tops, cold bot-
toms: synergistic climate warming and shielding effects
increase carbon burial in lakes. Limnology and Oceanog-
raphy Letters 4: 132—144.

Bennion, H., J. Fluin & G. L. Simpson, 2004. Assessing
eutrophication and reference conditions for Scottish
freshwater lochs using subfossil diatoms. Journal of
Applied Ecology 41: 124-138.

Benson, B. J,, J. D. Lenters, J. J. Magnuson, M. Stubbs, T. K.
Kratz, P. J. Dillon, R. E. Hecky & R. C. Lathrop, 2000.
Regional coherence of climatic and lake thermal varia-
bles of four lake districts in the Upper Great Lakes region
of North America. Freshwater Biology 43: 517-527.

Berger, S. A., S. Diehl, H. Stibor, G. Trommer & M. Ruhen-
stroth, 2010. Water temperature and stratification
depth independently shift cardinal events during

plankton spring succession. Global Change Biology 16:
1954-1965.

Bergstrom, A. K., 2010. The use of TN: TP and DIN: TP ratios
as indicators for phytoplankton nutrient limitation in oli-
gotrophic lakes affected by N deposition. Aquatic Sci-
ences 72: 277-281.

Bertolet, B. L., J. R. Corman, N. J. Casson, S. D. Sebestyen, R.
K. Kolka & E. H. Stanley, 2018. Influence of soil temper-
ature and moisture on the dissolved carbon, nitrogen, and
phosphorus in organic matter entering lake ecosystems.
Biogeochemistry 139: 293-305.

Binford, M. W., 1990. Calculation and uncertainty analysis
of 210-Pb dates for PIRLA project lake sediment cores.
Journal of Paleolimnology 3: 253-267.

Boeff, K. A., K. E. Strock & J. E. Saros, 2016. Evaluating
planktonic diatom response to climate change across
three lakes with differing morphometry. Journal of Pale-
olimnology 56: 33—47.

Bradbury, J. P., 1988. A climatic-limnologic model of diatom
succession for paleolimnological interpretation of varved
sediments at Elk Lake, Minnesota. Journal of Paleolim-
nology 1: 115-131.

Bramburger, A. J., E. D. Reavie, G. V. Sgro, L. R. Estepp, V.
S. Chraibi & R. W. Pillsbury, 2017. Decreases in dia-
tom cell size during the 20th century in the Laurentian
Great Lakes: a response to warming waters? Journal of
Plankton Research 39: 199-210.

Camburn, K. E. & D. F. Charles, 2000. Diatoms of low-
Alkalinity Lakes in the Northeastern United States,
Special Publication 18. Academy of Natural Sciences
of Philadelphia.

Carlson, R. E., 1977. A trophic state index for lakes. Limnol-
ogy and Oceanography 22: 361-369.

Christensen, V. G., P. M. Jones, M. B. Edlund & J. M. Ram-
stack, 2010. Water quality (2000-08) and historical
phosphorus concentrations from paleolimnological
studies of Swamp and Speckled Trout Lakes, Grand
Portage Reservation, northeastern Minnesota: U.S.
Geological Survey Scientific Investigations Report
2010-5192. pubs.usgs.gov/sir/2010/5192/

Clark, J. M., S. H. Bottrell, C. D. Evans, D. T. Monteith, R.
Bartlett, R. Rose, R. J. Newton & P. J. Chapman, 2010.
The importance of the relationship between scale and
process in understanding long-term DOC dynamics.
Science of the Total Environment 408: 2768-2775.

Cohen, A. S., 2003. Paleolimnology: The History and Evolu-
tion of Lake Systems, Oxford University Press:

Conley, D. J. & C. L. Schelske, 2001. 14. Biogenic silica, p.
281-293. In J. P. Smol, H. J. B. Birks, & W. M. Last
(eds) Tracking Environmental Change Using Lake Sed-
iments. Volume 3: Terrestrial, Algal, Siliceous Indica-
tors. Kluwer Academic Publishers.

Conley, D. J., C. L. Schelske & E. F. Stoermer, 1993. Modi-
fication of the biogeochemical cycle of silica with
eutrophication. Marine Ecology Progress Series 101:
179-192.

Corman, J. R., B. L. Bertolet, N. J. Casson, S. D. Sebestyen,
R. K. Kolka & E. H. Stanley, 2018. Nitrogen and phos-
phorus loads to temperate seepage lakes associated with
allochthonous dissolved organic carbon loads. Geophysi-
cal Research Letters 45: 5481-5490.

@ Springer


http://creativecommons.org/licenses/by/4.0/

2726

Hydrobiologia (2022) 849:2705-2729

Cottingham, K. L., H. A. Ewing, M. L. Greer, C. C. Carey &
K. C. Weathers, 2015. Cyanobacteria as biological driv-
ers of lake nitrogen and phosphorus cycling. Ecosphere
6: 1-19.

Dean, W. E., 1974. Determination of carbonate and organic
matter in calcareous sediments and sedimentary rocks by
loss on ignition: comparison with other methods. Journal
of Sedimentary Research 44: 242-248.

DeMaster, D. J, 1979. The marine budgets of silica and 32g.
Ph.D. Dissertation. Yale University, New Haven.

Dietz, R. D., D. R. Engstrom & N. J. Anderson, 2015. Patterns
and drivers of change in organic carbon burial across a
diverse landscape: insights from 116 Minnesota lakes.
Global Biogeochemical Cycles 29: 708-727.

Dokulil, M. T., 2014. Impact of climate warming on European
inland waters. Inland Waters 4: 27—40.

Edlund, M. B., L. D. Triplett, M. Tomasek & K. Bartilson,
2009. From paleo to policy: partitioning of historical
point and nonpoint phosphorus loads to the St. Croix
River, Minnesota-Wisconsin USA. Journal of Paleolim-
nology 41: 679-689.

Edlund, M. B., J. M. Ramstack, D. R. Engstrom, J. E. Elias
& B. M. Lafrancois, 2011. Biomonitoring Using Dia-
toms and Paleolimnology in the Western Great Lakes
National Parks Natural Resource Technical Report
NPS/GLKN/NRTR—2011/447. National Park Service,
Fort Collins, Colorado.

Edlund, M. B., J. E. Almendinger, X. Fang, J. Ramstack
Hobbs, D. D. VanderMeulen, R. L. Key & D. E. Eng-
strom, 2017. Effects of climate change on lake thermal
structure and biotic response in northern wilderness
lakes. Water 9: 678.

Elias, J. E, 2009. Monitoring water quality of inland lakes,
2008: Annual summary report. National Park Service,
Great Lakes Inventory and Monitoring Network Report
GLKN/2009/01.

Elias, J. E. & R. Damstra, 2012. Monitoring water qual-
ity of inland lakes, Great Lakes Network 2011: Data
summary report. Natural Resource Data Series NPS/
GLKN/NRDS— 2012/363. National Park Service, Fort
Collins, Colorado.

Enache, M. D., A. M. Paterson & B. F. Cumming, 2011.
Changes in diatom assemblages since pre-industrial
times in 40 reference lakes from the Experimental
Lakes Area (northwestern Ontario, Canada). Journal of
Paleolimnology 46: 1-15.

Engstrom, D. R. & N. L. Rose, 2013. A whole-basin, mass-
balance approach to paleolimnology. Journal of Pale-
olimnology 49: 333-347.

Fahnenstiel, G. L. & J. Glime, 1983. Subsurface chlorophyll
maximum and associated Cyclotella pulse in Lake
Superior. Internationale Revue Der Gesamten Hydrobi-
ologie Und Hydrographie 68: 605-616.

Favot, E. J., K. M. Riihland, A. M. DeSellas, R. Ingram, A.
M. Paterson & J. P. Smol, 2019. Climate variability
promotes unprecedented cyanobacterial blooms in a
remote, oligotrophic Ontario lake: evidence from pale-
olimnology. Journal of Paleolimnology 62: 31-52.

Fee, E. J., R. E. Hecky, S. E. M. Kasian & D. R. Cruikshank,
1996. Effects of lake size, water clarity, and climatic

@ Springer

variability on mixing depths in Canadian Shield lakes.
Limnology and Oceanography 41: 912-920.

Fraterrigo, J. M. & J. A. Downing, 2008. The influence of
land use on lake nutrients varies with watershed trans-
port capacity. Ecosystems 11: 1021-1034.

Fritz, S. C., 2008. Deciphering climatic history from lake
sediments. Journal of Paleolimnology 39: 5-16.

Galloway, J. N., A. R. Townsend, J. W. Erisman, M.
Bekunda, Z. Cai, J. R. Freney, L. A. Martinelli, S. P.
Seitzinger & M. A. Sutton, 2008. Transformation of the
nitrogen cycle: recent trends, questions, and potential
solutions. Science 320: 889-892.

Gilman, V., J. Rydberg & S. S. de-Luna, R. Bindler & I.
Renberg, 2008. Carbon and nitrogen loss rates during
aging of lake sediment: Changes over 27 years studied
in varved lake sediment. Limnology and Oceanography
53:1076-1082.

Gorham, E. & F. Boyce, 1989. Influence of lake surface area
and depth upon thermal stratification and depth of the
summer thermocline. Journal of Great Lakes Research
15: 233-245.

Hadley, K. R., A. M. Paterson, E. A. Stainsby, N. Michelutti,
H. Yao, J. A. Rusak, R. Ingram, C. McConnell & J. P.
Smol, 2014. Climate warming alters thermal stability but
not stratification phenology in a small north-temperate
lake. Hydrological Processes 28: 6309-6319.

Heathcote, A. J. & J. A. Downing, 2012. Impacts of eutrophi-
cation on carbon burial in freshwater lakes in an inten-
sively agricultural landscape. Ecosystems 15: 60-70.

Heathcote, A. J., J. M. Ramstack Hobbs, N. J. Anderson, P.
Frings, D. R. Engstrom & J. A. Downing, 2014. Diatom
floristic change and lake paleoproduction as evidence of
recent eutrophication in shallow lakes of the midwestern
USA. Journal of Paleolimnology 53: 17-34.

Heathcote, A. J., N. J. Anderson, Y. T. Prairie, D. R. Engstrom
& P. A. del Giorgio, 2015. Large increases in carbon
burial in northern lakes during the Anthropocene. Nature
Communications. https://doi.org/10.1038/ncomms10016.

Herth, W. & W. Barthlott, 1979. The site of B-chitin fibril for-
mation in centric diatoms. 1. Pores and fibril formation.
Journal of Ultrastructure Research 68: 6-15.

Hobbs, W. O., B. M. Lafrancois, R. Stottlemyer, D. Toczy-
dlowski, D. R. Engstrom, M. B. Edlund, J. E. Almend-
inger, K. E. Strock, D. VanderMeulen, J. E. Elias & J.
E. Saros, 2016. Nitrogen deposition to lakes in national
parks of the western Great Lakes region: isotopic signa-
tures, watershed retention, and algal shifts. Global Bio-
geochemical Cycles 30: 514-533.

Holtgrieve, G. W., D. E. Schindler, W. O. Hobbs, P. R. Leav-
itt, E. J. Ward, L. Bunting, G. Chen, B. P. Finney, 1.
Gregory-Eaves, S. Holmgren, M. J. Lisac, P. J. Lisi, K.
Nydick, L. A. Rogers, J. E. Saros, D. T. Selbie, M. D.
Shapley, P. B. Walsh & A. P. Wolfe, 2011. A coherent
signature of anthropogenic nitrogen deposition to remote
watersheds of the Northern Hemisphere. Science 334:
1545-1548.

Horn, H., L. Paul, W. Horn & T. Petzoldt, 2011. Long-term
trends in the diatom composition of the spring bloom of
a German reservoir: is Aulacoseira subarctica favoured
by warm winters? Freshwater Biology 56: 2483-2499.


https://doi.org/10.1038/ncomms10016

Hydrobiologia (2022) 849:2705-2729

2727

Jensen, O. P, B. J. Benson, J. J. Magnuson, V. M. Card, M.
N. Futter, P. A. Soranno & K. M. Stewart, 2007. Spatial
analysis of ice phenology trends across the Laurentian
Great Lakes region during a recent warming period. Lim-
nology and Oceanography 52: 2013-2026.

Kagami, M., A. de Bruin, B. W. Ibelings & E. Van Donk, 2007.
Parasitic chytrids: their effects on phytoplankton com-
munities and food-web dynamics. Hydrobiologia 578:
113-129.

Keller, W., 2007. Implications of climate warming for Boreal
Shield lakes: a review and synthesis. Environmental
Reviews (Ottawa, ON, Can.) 15: 99-112.

Kraemer, B. M., O. Anneville, S. Chandra, M. Dix, E. Kuu-
sisto, D. M. Livingstone, A. Rimmer, S. G. Schladow,
E. Silow, L. M. Sitoki, R. Tamatamah, Y. Vadeboncoeur
& P. B. Mclntyre, 2015. Morphometry and average tem-
perature affect lake stratification responses to climate
change. Geophysical Research Letters 42: 4981-4988.

Lafrancois, B. M., M. Watkins & R. Maki, 2009. Water quality
conditions and patterns on the Grand Portage Reserva-
tion and Grand Portage National Monument, Minnesota:
Implications for nutrient criteria development and future
monitoring. Natural Resource Technical Report NPS/
GLKN/NRTR—2009/223. National Park Service, Fort
Collins, Colorado.

Laird, K. & B. Cumming, 2001. A regional paleolimnological
assessment of the impact of clear-cutting on lakes from
the central interior of British Columbia. Canadian Jour-
nal of Fisheries and Aquatic Sciences 58: 492-505.

Laird, K. R., B. F. Cumming, S. Wunsam, J. A. Rusak, R. J.
Oglesby, S. C. Fritz & P. R. Leavitt, 2003. Lake sedi-
ments record large-scale shifts in moisture regimes
across the northern prairies of North America during the
past two millennia. Proceedings of the National Acad-
emy of Sciences of the United States of America 100:
2483-2488.

Larsen, S., T. Andersen & D. O. Hessen, 2011. Climate change
predicted to cause severe increase of organic carbon in
lakes. Global Change Biology 17: 1186-1192.

Leavitt, P. R., S. C. Fritz, N. J. Anderson, P. A. Baker, T.
Blenckner, L. Bunting, J. Catalan, D. J. Conley, W. O.
Hobbs, E. Jeppesen, A. Korhola, S. McGowan, K. Riih-
land, J. A. Rusak, G. L. Simpson, N. Solovieva & J.
Werne, 2009. Paleolimnological evidence of the effects
on lakes of energy and mass transfer from climate and
humans. Limnology and Oceanography 54: 2330-2348.

Lund, J. W. G., 1949. Studies on Asterionella, 1. The origin
and nature of the cells producing seasonal maxima. Jour-
nal of Ecology 37: 389-418.

Lund, J. W. G., 1954. The seasonal cycle of the plankton dia-
tom, Melosira italica (Ehr.) Kiitz. subsp. subarctica O.
Miill. Journal of Ecology 42: 151-179.

Maier, D. B., V. Gdlman, I. Renberg & C. Bigler, 2018. Using a
decadal diatom sediment trap record to unravel seasonal
processes important for the formation of the sedimentary
diatom signal. Journal of Paleolimnology 60: 133—152.

Malik, H. I. & J. E. Saros, 2016. Effects of temperature, light
and nutrients on five Cyclotella sensu lato taxa assessed
with in situ experiments in arctic lakes. Journal of Plank-
ton Research 38: 431-442.

Malik, H. I., R. M. Northington & J. E. Saros, 2017. Nutrient
limitation status of Arctic lakes affects the responses of
Cyclotella sensu lato diatom species to light: impli-
cations for distribution patterns. Polar Biology 40:
2445-2456.

Malik, H. 1., K. A. Warner & J. E. Saros, 2018. Comparison
of seasonal distribution patterns of Discostella stelligera
and Lindavia bodanica in a boreal lake during two years
with differing ice-off timing. Diatom Research 33: 1-11.

McCullough, I. M., K. S. Cheruvelil & S, M. Collins & P. A.
Soranno, 2019. Geographic patterns of the climate sensi-
tivity of lakes. Ecological Applications 29: e01836.

Meyer-Jacob, C., N. Michelutti, A. M. Paterson, B. F. Cum-
ming & W. B. Keller & J. P. Smol, 2019. The browning
and re-browning of lakes: Divergent lake-water organic
carbon trends linked to acid deposition and climate
change. Scientific Reports 9: 16676.

Michel, T. J., J. E. Saros, S. J. Interlandi & A. P. Wolfe, 2006.
Resource requirements of four freshwater diatom taxa
determined by in situ growth bioassays using natu-
ral populations from alpine lakes. Hydrobiologia 568:
235-243.

Minnesota Department of Natural Resources, 2020. Lake-
Finder [online] [Accessed 07 Aug 2020 on https://www.
dnr.state.mn.us/lakefind/index.html]

Morales, E., B. Rosen & S. Spaulding, 2013. Fragilaria cro-
tonensis. In Diatoms of North America [Retrieved April
26, 2019, from https://diatoms.org/species/fragilaria_
crotonensis/compare

Patoine, A. & P. R. Leavitt, 2006. Century-long synchrony of
fossil algae in a chain of Canadian prairie lakes. Ecology
87: 1710-1721.

Patrick, R. & C. W. Reimer, 1966. The diatoms of the United
States, exclusive of Alaska and Hawaii, Volume 1-Fragi-
lariaceae, Eunotiaceae, Achnanthaceae, Naviculaceae.
Academy of Natural Sciences of Philadelphia Mono-
graph No. 13, 699 pp.

Patrick, R. & C. W. Reimer, 1975. The diatoms of the United
States, exclusive of Alaska and Hawaii, Volume 2, Part
1-Entomoneidaceae, Cymbellaceae, Gomphonemaceae,
Epithemaceae. Academy of Natural Sciences of Philadel-
phia Monograph No. 13, 213 pp.

R Core Team, 2016. R: A Language and Environment for Sta-
tistical Computing, Vienna, Austria. https://www.R-proje
ct.org/.

Reavie, E.D. & A. R. Kireta, 2015. Centric, araphid and euno-
tioid diatoms of the coastal Laurentian Great Lakes, v.
62.]J. Cramer.

Reavie, E. D. & J. P. Smol, 1998. Freshwater diatoms from the
St. Lawrence River. Bibliotheca Diatomologica, Band
41.]J. Cramer.

Reavie, E. D., G. V. Sgro, L. R. Estepp, A. J. Bramburger, V. L.
Shaw Chraibi, R. W. Pillsbury, M. Cai, C. A. Stow & A.
Dove, 2017. Climate warming and changes in Cyclotella
sensu lato in the Laurentian Great Lakes. Limnology and
Oceanography 62: 768-783.

Renberg, I. & H. Hansson, 2008. The HTH sediment corer.
Journal of Paleolimnology 40: 655-659.

Richardson, D. C., S. J. Melles, R. M. Pilla, A. L. Hethering-
ton, L. B. Knoll, C. E. Williamson, B. M. Kraemer, J.
R. Jackson, E. C. Long, K. Moore, L. G. Rudstam, J. A.

@ Springer


https://www.dnr.state.mn.us/lakefind/index.html
https://www.dnr.state.mn.us/lakefind/index.html
https://diatoms.org/species/fragilaria_crotonensis/compare
https://diatoms.org/species/fragilaria_crotonensis/compare
https://www.R-project.org/
https://www.R-project.org/

2728

Hydrobiologia (2022) 849:2705-2729

Rusak, J. E. Saros, S. Sharma, K. E. Strock, K. C. Weath-
ers & C. R. Wigdahl-Perry, 2017. Transparency, geomor-
phology and mixing regime explain variability in trends
in lake temperature and stratification across Northeastern
North America (1975-2014). Water 9: 442.

Ruckstuhl, K. E., E. A. Johnson & K. Miyanishi, 2008. Intro-
duction. The boreal forest and global change. Proceed-
ings of the Royal Society of Edinburgh, Section b: Bio-
logical Sciences 363: 2243-2247.

Riihland, K. & J. P. Smol, 2005. Diatom shifts as evidence for
recent Subarctic warming in a remote tundra lake, NWT,
Canada. Palaeogeography, Palaeoclimatology, Palaeo-
ecology 226: 1-16.

Riihland, K., A. Priesnitz & J. P. Smol, 2003. Paleolimno-
logical evidence from diatoms for recent environmental
changes in 50 lakes across Canadian Arctic treeline. Arc-
tic, Antarctic, and Alpine Research 35: 110-123.

Riihland, K., A. M. Paterson & J. P. Smol, 2008. Hemispheric-
scale patterns of climate-related shifts in planktonic dia-
toms from North America and European lakes. Global
Change Biology 14: 2740-2754.

Riihland, K. M., A. M. Paterson & J. P. Smol, 2015. Lake
diatom responses to warming: reviewing the evidence.
Journal of Paleolimnology. https://doi.org/10.1007/
$10933-10015-19837-10933.

Saros, J. E. & N. J. Anderson, 2015. The ecology of the plank-
tonic diatom Cyclotella and its implications for global
environmental change studies. Biological Reviews of the
Cambridge Philosophical Society 90: 522-541.

Saros, J. E., T. J. Michel, S. J. Interlandi & A. P. Wolfe, 2005.
Resource requirements of Asterionella formosa and
Fragilaria crotonensis in oligotrophic alpine lakes:
implications for recent phytoplankton community reor-
ganizations. Canadian Journal of Fisheries and Aquatic
Sciences 62: 1681-1689.

Saros, J. E., J. R. Stone, G. T. Pederson, K. E. H. Slemmons,
T. Spanbauer, A. Schliep, D. Cahl, C. E. Williamson &
D. R. Engstrom, 2012. Climate-induced changes in lake
ecosystem structure inferred from coupled neo- and
paleoecological approaches. Ecology 93: 2155-2164.

Saros, J. E., K. E. Strock, J. McCue, E. Hogan & N. J. Ander-
son, 2014. Response of Cyclotella species to nutrients
and incubation depth in Arctic lakes. Journal of Plankton
Research 36: 450—460.

Schaum, C. E., S. Barton, E. Bestion, A. Buckling, B. Garcia-
Carreras, P. Lopez, C. Lowe, S. Pawar, N. Smirnoff, M.
Trimmer & G. Yvon-Durocher, 2017. Adaptation of phy-
toplankton to a decade of experimental warming linked
to increased photosynthesis. Nature Ecology & Evolution
1: 0094.

Schneider, P. & S. J. Hook, 2010. Space observations of inland
water bodies show rapid surface warming since 1985.
Geophysical Research Letters. https://doi.org/10.1029/
2010GL045059.

Schindler, D. W. & P. G. Lee, 2010. Comprehensive conser-
vation planning to protect biodiversity and ecosystem
services in Canadian boreal regions under a warming cli-
mate and increasing exploitation. Biological Conserva-
tion 143: 1571-1586.

Schindler, D. W., S. E. Bayley, B. R. Parker, K. G. Beaty, D. R.
Cruikshank, E. J. Fee, E. U. Schindler & M. P. Stainton,

@ Springer

1996. The effects of climatic warming on the properties
of boreal lakes and streams at the Experimental Lakes
Area, northwestern Ontario. Limnology and Oceanogra-
phy 41: 1004-1017.

Serieyssol, C. A., M. B. Edlund & L. W. Kallemeyn, 2009.
Impacts of settlement, damming, and hydromanagement
in two boreal lakes: a comparative paleolimnological
study. Journal of Paleolimnology 42: 497-513.

Simpson, G. L., E. M. Shilland, J. M. Winterbottom & J. Keay,
2005. Defining reference conditions for acidified waters
using a modern analogue approach. Environmental Pol-
lution 137: 119-133.

Sivarajah, B., K. M. Rithland, A. L. Labaj, A. M. Paterson &
J. P. Smol, 2016. Why is the relative abundance of Aste-
rionella formosa increasing in a Boreal Shield lake as
nutrient levels decline? Journal of Paleolimnology 55:
357-367.

Slemmons, K. E., J. E. Saros, J. R. Stone, S. McGowan, C.
T. Hess & D. Cahl, 2015. Effects of glacier meltwater
on the algal sedimentary record of an alpine lake in the
central US Rocky Mountains throughout the late Holo-
cene. Journal of Paleolimnology 53: 385-399.

Slemmons, K. E., M. L. Rodgers, J. R. Stone & J. E. Saros,
2017. Nitrogen subsidies in glacial meltwaters have
altered planktonic diatom communities in lakes of the
US Rocky Mountains for at least a century. Hydrobio-
logia 800: 129-144.

SmartChem, 2012. SmartChem 170 Method SIL-001-A
(Rev: May 2012). Silica in Water, Waste Water and
Soil Extracts and Other Aqueous Samples, 0.1-20 mg
SiO2/L. Unity Scientific, 1117 Old State Road, Brook-
field, CT 06804.

Smol, J. P, A. P. Wolfe, H. J. B. Birks, M. S. V. Douglas,
V. J. Jones, A. Korhola, R. Pienitz, K. Riihland, S.
Sorvari, D. Antoniades, S. J. Brooks, M.-A. Fallu, M.
Hughes, B. E. Keatley, T. E. Laing, N. Michelutti, L.
Nazarova, M. Nyman, A. M. Paterson, B. Perren, R.
Quinlan, M. Rautio, E. Saulnier-Talbot, S. Siitonen,
N. Solovieva & J. Weckstrom, 2005. Climate-driven
regime shifts in the biological communities of arctic
lakes. Proceedings of the National Academy of Sci-
ences of the United States of America 102: 4397-4402.

Solomon, C. T., S. E. Jones, B. C. Weidel, 1. Buffam, M. L.
Fork, J. Karlsson, S. Larsen, J. T. Lennon, J. S. Read,
S. Sadro & J. E. Saros, 2015. Ecosystem consequences
of changing inputs of terrestrial dissolved organic mat-
ter to lakes: current knowledge and future challenges.
Ecosystems 18: 376-389.

Sorvari, S., A. Korhola & R. Thompson, 2002. Lake diatom
response to recent Arctic warming in Finnish Lapland.
Global Change Biology 8: 171-181.

Spaulding, S & M. Edlund, 2008. Aulacoseira. In Diatoms of
North America. Retrieved April 25, 2019, from https://
diatoms.org/genera/aulacoseira

Spaulding, S. A., M. Otu, A. P. Wolfe & J. Baron, 2015.
Paleolimnological records of nitrogen deposition in
shallow, high-elevation lakes of Grand Teton National
Park, Wyoming, U.S.A. Arctic, Antarctic, and Alpine
Research 47: 701-715.


https://doi.org/10.1007/s10933-10015-19837-10933
https://doi.org/10.1007/s10933-10015-19837-10933
https://doi.org/10.1029/2010GL045059
https://doi.org/10.1029/2010GL045059
https://diatoms.org/genera/aulacoseira
https://diatoms.org/genera/aulacoseira

Hydrobiologia (2022) 849:2705-2729

2729

Spaulding, S. A., I. W. Bishop, M. B. Edlund, S. Lee, P.
Furey, P., E. Jovanovsk, & M. Potapova, 2019. Diatoms
of North America. https://diatoms.org/

Stoddard, J. L., J. Van Sickle, A. T. Herlihy, J. Brahney, S.
Paulsen, D. V. Peck, R. Mitchell & R. & A. 1. Pollard,
2016. Continental-scale increase in lake and stream
phosphorus: are oligotrophic systems disappearing in
the United States? Environmental Science & Technol-
ogy 50: 3409-3415.

Stottlemyer, R. & D. Toczydlowski, 2006. Effect of reduced
winter precipitation and increased temperature on
watershed solute flux, 1988-2002, Northern Michigan.
Biogeochemistry 77: 409—440.

Strock, K. E., J. E. Saros, S. McGowan, M. B. Edlund & D.
R. Engstrom, 2019. Response of boreal lakes to chang-
ing wind strength: coherent physical changes across
two large lakes but varying effects on primary produc-
ers over the 20th century. Limnology and Oceanogra-
phy. https://doi.org/10.1002/Ino.11181.

Thackeray, S. J., I. D. Jones & S. C. Maberly, 2008. Long-
term change in the phenology of spring phytoplankton:
species-specific responses to nutrient enrichment and
climatic change. Journal of Ecology 96: 523-535.

Toczydlowski, D. G., T. Abramson, R. S. Burdett, T. Beecher-
Rocker, R. DePuydt, M. A. Mitchell, J. Rice & J. Stave,
1979. Aquatic Baseline on Isle Royale, National Science
Foundation, Michigan Technological University, Michi-
gan. S.0.S:

van de Waal, D. B., A. M. Verschoor, J. M. H. Verspagen, E.
van Donk & J. Huisman, 2009. Climate-driven changes
in the ecological stoichiometry of aquatic ecosystems.
Frontiers in Ecology and the Environment 8: 145-152.

VanderMeulen, D. D., B. M. Lafrancois, M. B. Edlund, J. M.
Ramstack Hobbs & R. Damstra, 2016. Pairing modern
and paleolimnological approaches to evaluate the nutri-
ent status of lakes in Upper Midwest National Parks.
Journal of the American Water Resources Association
52: 1401-1419.

Velle, G., S. J. Brooks, H. J. B. Birks & E. Willassen, 2005.
Chironomids as a tool for inferring Holocene climate: An
assessment based on six sites in southern Scandanavia.
Quaternary Science Reviews 24: 1429-1462.

Verpoorter, C., T. Kutser, D. A. Seekell & L. J. Tranvik, 2014.
A global inventory of lakes based on high-resolution
satellite imagery. Geophysical Research Letters 41:
6396-6402.

Webster, K. E., T. K. Kratz, C. J. Bowser, J. J. Magnuson &
W. J. Rose, 1996. The influence of landscape position on
lake chemical responses to drought in northern Wiscon-
sin. Limnology and Oceanography 41: 977-984.

Wetzel, R. G., 2001. Limnology: Lake and River Ecosystems,
Academic Press:

Wigdahl-Perry, C. R., J. E. Saros, J. Schmitz, R. Calcote, J.
Rusak, D. Anderson & S. Hotchkiss, 2016. Response
of temperate lakes to drought: a paleolimnological per-
spective on the landscape position concept using diatom-
based reconstructions. Journal of Paleolimnology 55:
339-356.

Williamson, C. E., J. E. Saros, W. F. Vincent & J. P. Smol,
2009. Lakes and reservoirs as sentinels, integrators, and
regulators of climate change. Limnology and Oceanogra-
phy 54: 2273-2282.

Williamson, C. E., E. P. Overholt, R. M. Pilla, T. H. Leach, J.
A. Brentrup, L. B. Knoll, E. M. Mette & R. E. Moeller,
2015. Ecological consequences of long-term browning in
lakes. Scientific Reports 5: 18666.

Wiltse, B., A. M. Paterson, D. L. Findlay & B. F. Cumming,
2016. Seasonal and decadal patterns in Discostella
(Bacillariophyceae) species from bi-weekly records of
two boreal lakes (Experimental Lakes Area, Ontario,
Canada). Journal of Phycology 52: 817-826.

Winder, M. & D. E. Schindler, 2004. Climate change uncou-
ples trophic interactions in an aquatic ecosystem. Ecol-
ogy 85: 2100-2106.

Winder, M., J. E. Reuter & S. G. Schladow, 2009. Lake warm-
ing favours small-sized planktonic diatom species. Pro-
ceedings of the Royal Society of Edinburgh, Section b:
Biological Sciences 276: 427-435.

Winter, J. G., A. M. DeSellas, R. Fletcher, L. Heintsch, A.
Morely, L. Nakamoto & K. Utsumi, 2011. Algal blooms
in Ontario, Canada: Increases in reports since 1994. Lake
and Reservoir Management 27: 107-114.

Wolfe, A. P., C. A. Cooke & W. O. Hobbs, 2006. Are current
rates of atmospheric nitrogen deposition influencing
lakes in the eastern Canadian Arctic? Arctic, Antarctic,
and Alpine Research 38: 465-476.

Wright, H. E., Jr., 1991. Coring tips. Journal of Paleolimnology
6: 37-49.

Zhang, J., J. Hudson, R. Neal, J. Sereda, T. Clair, M. Turner, D.
Jeffries, P. Dillon, L. Molot, K. Somers & R. Hesslein,
2010. Long-term patterns of dissolved organic carbon in
lakes across eastern Canada: evidence of a pronounced
climate effect. Limnology and Oceanography 55: 30—42.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://diatoms.org/
https://doi.org/10.1002/lno.11181

	Physical characteristics of northern forested lakes predict sensitivity to climate change
	Abstract 
	Introduction
	Material and methods
	Site selection
	Sample collection and analysis
	Calculating metrics of change

	Results
	Lakes and climate
	Carbon burial
	Siliceous algal productivity
	Diatom community change
	Diatom species and species groups

	Discussion
	Acknowledgements 
	References




