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Abstract Researchers are increasingly tasked with
identifying biological recovery targets as ecosystems
recover from anthropogenic stressors. Attempts to
define such recovery targets are often hampered by
two problems: (1) a lack of long-term monitoring data;
and (2) the confounding influence of multiple stres-
sors, especially regional stressors like climate warm-
ing. Paleolimnological studies of minimally disturbed
reference sites can help address both these issues.
Using paleoecological techniques, researchers can
isolate the long-term impact of regional stressors like
climate change on species assemblages largely inde-
pendent of other confounding stressors such as
acidification, eutrophication, and land-use change,
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thereby providing a framework to assess biological
recovery in lakes that are recovering from acid
deposition or other stressors. This manuscript provides
a theoretical paleolimnological framework for the use
of reference lakes in studying biological recovery
from acidification, and provides an example of how
assemblages of scaled-chrysophytes have changed in
Adirondack-region reference lakes (NY, USA) from
pre-ca. 1900 to present. The thirty-one reference lakes
were selected from a database of over 1400 lakes,
using criteria to minimize the influence of acidifica-
tion, eutrophication, road-salt seepage, and piscivore
introductions. As such, these lakes provide a unique
opportunity to examine the effects of regional stres-
sors in the Adirondack ecological region, which can
inform biological recovery in lakes that have acidified
historically. The modern chrysophyte assemblages
from the reference lakes were significantly related to
modern limnological variables including pH, dis-
solved organic carbon and ionic concentration as well
as important physical variables including lake depth,
which were used to help understand changes in the
chrysophyte assemblages over the last century.
Changes in chrysophyte assemblages from pre-1900
to present were determined by comparing the modern
surface assemblages to a sediment interval represent-
ing pre-1900 conditions, revealing significant
increases in the abundance of colonial chrysophyte
taxa, especially S. petersenii, S. sphagnicola, and S.
echinulata, and corresponding decreases in the rela-
tive abundance of many Mallomonas taxa. These
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changes suggest that regional warming and/or olig-
otrophication have influenced the species assemblages
of minimally disturbed reference lakes, suggesting
that lakes currently recovering from acidification are
unlikely to return to their pre-disturbance
assemblages.

Keywords Reference sites - Climate change -
Shifting baseline - Recovery - Adirondacks -
Chrysophytes

Introduction

The Adirondack Park (NY, USA) covers over
24,300 km? (6 million acres) and is thought to contain
more protected lakes and streams than any other area
in the continental United States (Jenkins et al. 2007).
Unfortunately, the region has been heavily impacted
by acid deposition. A 1980’s survey of 1469 Adiron-
dack lakes found that 27 % of the lakes were
chronically acidic and 24 % had pH values less than
5 (Driscoll et al. 1991). Recent long-term monitoring
studies in the region have shown that some lakes have
begun to undergo chemical recovery from acidifica-
tion since the implementation of the 1990 US Clean
Air Act Amendments (CAAA), characterized by
decreases in SO427, NOj;~, inorganic monomeric
aluminum, and/or increases in pH and acid neutraliz-
ing capacity (ANC) (Waller et al. 2012). With
chemical recovery progressing, ecologists and lake
management professionals are now tasked with defin-
ing biological recovery targets for acid-impacted
lakes.

It is expected that chemical recovery will promote
biological recovery from acidification, characterized
by a decrease in the abundance of acid-tolerant species
and an increase in the abundance of acid-sensitive
species (Driscoll et al. 2001). However, a growing
number of studies have demonstrated that lakes
recovering from stressors such as acidification or
eutrophication may not return to a pre-disturbance
state due to the influence of recent climate change
(Arseneau et al. 2011; Battarbee et al. 2012, 2014). For
example, warming surface waters may increase the
abundance of warm-water species and small-bodied
taxa, and longer periods of thermal stratification may
increase the abundance of taxa with a high surface-to-
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volume ratio, buoyant taxa, and motile taxa (Dau-
fresne et al. 2009; Winder and Sommer 2012).

The phenomenon where a recovering ecosystem
does not return to its pre-disturbance state due to the
influence of a novel stressor such as climate change is
sometimes referred to as a ‘change in baseline
conditions’ or, more simply, a ‘shifting baseline’(Ben-
nion et al. 2011a; USEPA 2012). The concept of a
‘shifting baseline’ refers to the fact that climate
change may alter fundamental environmental condi-
tions in aquatic ecosystems such as the length of the
ice-covered season and/or other thermal/chemical
characteristics of a lake that cause a change in
assemblage characteristics. These altered environ-
mental conditions may then prevent lakes from
returning to pre-disturbance assemblages as they
recover from stressors such as acidification or
eutrophication. Given the pronounced effects of
climate change on aquatic ecosystems, a recovery
target should consider the influence that climate
change (or another regional stressor) may have on
recovering species assemblages. Thus, in order to
define appropriate recovery targets, we need to first
characterize the shifting baseline, i.e. what kinds of
species assemblage changes may occur in an area
undergoing regional change, independent of other
stressors? One approach to obtaining this information
is to examine long-term species changes in a regional
set of minimally disturbed reference sites.

The concept of a reference site is frequently applied
in limnological work, but different studies apply the
term in different ways, often resulting in confusion.
First, a reference site is not typically a control site (i.e.,
a site that is identical to the impacted site in physical,
chemical, and/or biological characteristics, except for
the presence of a stressor being studied, Downes et al.
2002). True controls are rare in most non-manipulative
limnological studies, and so limnologists generally
rely on ‘reference’ frameworks for comparison
between impacted and non-impacted sites. In its
simplest application, a reference site is defined by
the absence of a stressor of interest (e.g. acidification,
eutrophication). This approach is simple to implement
and can be effective at detecting the influence of
stressors on species assemblages (Chessman et al.
2008). However, unknown and uncontrolled-for stres-
sors may influence species assemblages in the refer-
ence lakes, affecting study results. A more rigorous
reference approach is to designate a ‘reference’
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condition based on the absence of multiple anthro-
pogenic stressors (e.g., acidification, eutrophication,
introduced species, road salt seepage) (Bailey et al.
2004). A variety of methods can be used to identify
minimally disturbed reference sites (Soranno et al.
2011). However, the criteria must be clearly defined;
otherwise, the sites have little interpretative or com-
parative value (Brucet et al. 2013). Arguably, the ideal
reference site would be a “pristine” site that has never
experienced any form of anthropogenic impact over
time but, given the pervasiveness of anthropogenic
influence on even remote alpine and arctic waterbod-
ies, such a site is unlikely to exist (Bennion et al.
2011a; Catalan et al. 2013). While it is difficult to
determine the minimum number of sites required in a
regional reference site study, given the variation in
lake physical/chemical characteristics, a minimum of
25 lakes is likely needed (Bailey et al. 2004).

The USEPA has called for long-term monitoring at
reference sites to track the ‘shifting baseline’ effect
associated with climate change to inform recovery
studies (USEPA 2012). However, long-term monitor-
ing data for aquatic ecosystems are rare or occur on
relatively short timescales (<50 years). In such cases,
paleolimnological studies can play an essential role as
paleolimnological techniques can be used to recon-
struct the environmental histories of lakes over
decades or centuries using information from the
physical, chemical, and biological characteristics of
lake sediments.

The goal of this manuscript is to use a paleolim-
nological approach to examine changes in scaled
chrysophyte assemblages (Synurophyceae and Chrys-
ophyceae) since pre-1900 in a set of 31 reference lakes
in the Adirondack Park (NY, USA). The reference
lakes were identified from an online database of 1469
Adirondack lakes surveyed as part of the Adirondack
Lakes Survey (ALS) using a set of stringent selection
criteria (Kretser et al. 1989). The reference lakes have
been largely protected from several common stressors
in the Adirondack Park, including: acidification (i.e.,
decreases in lake pH and ANC), eutrophication from
watershed/shoreline development, leaching of road
salt, and piscivore introductions. As the reference
lakes have been protected from several common
anthropogenic stressors, they can be used to identify
what influence, if any, regional stressors such as
climate change are having on Adirondack lakes. This
information, in turn, can be used to help define targets

for Adirondack lakes recovering from stressors such as
acidification. For example, if the reference sites
document a recent increase in warm-water taxa or
small planktonic algae, changes predicted to occur
with regional warming (Winder and Sommer 2012), a
recovery target for an impacted site should reflect such
regional shifts in species composition. Effectively, the
recovery target would be a change to a “novel” state
that is similar to suitable reference systems (Hobbs
et al. 2006). The ‘recovered’ species assemblages of
the impacted site would contain elements of the pre-
disturbance assemblage, such as previously abundant
acid-sensitive taxa, as well as ‘novel’ additions as seen
in the reference sites (Fig. 1). With this concept in
mind, the following fundamental questions are
addressed in this paper: 1) What chrysophyte assem-
blages are present in Adirondack reference lakes
today, and what environmental variables are associ-
ated with their distribution? 2) How have assemblages
of scaled chrysophytes changed since ca. pre-1900
times, and what are the plausible mechanisms for the
observed changes? We hope that answers to these
questions will help address the importance of identi-
fying changes over time in minimally disturbed
reference lakes and demonstrate their potential utility
for current studies of biological recovery from
anthropogenic stressors.

Study sites

The lakes in this investigation are a set of 31
minimally disturbed reference lakes in the Adirondack
Park (Arseneau 2014) (Fig. 2). This study builds on
the work of Stager and Sanger (2003) who introduced
the concept of “Heritage Lakes”, or minimally
disturbed lakes in the Adirondacks. Our primary
interest was to identify a set of Adirondack lakes that
had been largely protected from several stressors
common in the Adirondack Park, namely: acidifica-
tion, eutrophication from watershed/shoreline devel-
opment, road salt seepage, and the introduction of non-
native piscivores. The reference lakes were identified
from an online database of 1469 Adirondack lakes
sampled from 1984 to 1987 as part of the Adirondack
Lakes Survey (ALS) (Kretser et al. 1989). In total, the
1469 lakes sampled in the ALS survey are considered
a representative sample of the 2759 lakes greater than
0.2 ha that fall within the Adirondack Ecological
Zone.
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Fig. 1 Conceptual diagram outlining the biological response of
two lakes (Lake A and Lake B) to acidification and climate
warming since pre-industrial times. The lake response is shown
across two gradients: one of increasing acidity and one of
increasing air temperature. Lake A is a higher-pH/ANC
‘reference lake’ that is resistant to acidification. Lake B is a
lake susceptible to acidification. The purpose of including a
reference lake (Lake A) is to identify trends in species
composition caused by regional warming (i.e., to characterize
the ‘shifting baseline’). Historically, the influences of regional
warming and acid deposition on the lakes are minimal. The lakes
are similar in species composition (Apg, Bhis), though the taxa
of Lake A are characteristic of higher pH/ANC conditions. With
the onset of acid deposition, Lake B acidifies (solid arrow).
Acid-sensitive taxa are lost and replaced with acid-tolerant ones
(Bacia)- Lake A does not acidify; its species assemblages do
respond, however, to regional warming (solid arrow). There is
an increase in warmer-water taxa, taxa that benefit from shorter-
ice covered seasons, etc. (Aps). When the stress of acid
deposition is reduced, there are four possible recovery
trajectories for Lake B (dashed arrows): (1) return to pre-
disturbance state: this is only possible if Lake B does not
respond to warming, which is unlikely; (2) no recovery: Lake B
responds to warming but shows no decline in acid-tolerant taxa;
(3) partial recovery: Lake B responds to warming and there is
some decline in acid-tolerant taxa and/or increase in acid-
sensitive taxa; (4) recovery to a novel state: Lake B responds to
warming and the abundance of acid-tolerant/acid-sensitive taxa
returns to historic levels. However, regional warming has
prevented the lake from returning to its pre-acidification state.
Lake A and B are again similar in species composition, though
the taxa of lake A remain characteristic of higher pH/ANC
conditions. Conceptual diagram based on ideas presented in
Vinebrooke et al. (2004), Hobbs et al. (2009), and Battarbee
et al. (2012)

The six selection criteria used to identify reference
lakes in the ALS are listed below. The criteria are
based on the findings of previous limnological or

@ Springer

paleolimnological studies of the Adirondack Park and
elsewhere.

1. Public access: The search was restricted to lakes
with public access. Lakes that were not accessible
via hiking trails and lakes with excessively long or
difficult hikes were also excluded.

2. 1980s pH > 6.5; 1980s ANC > 50 peq L™":

These paired criteria were used to exclude lakes
that were likely to have acidified. Cumming et al.
(1992b) demonstrated that few Adirondack lakes
with a pH > 6.5 in the late 1970s and early 1980s
underwent significant chronic acidification. Addi-
tionally, an acid neutralizing capacity
(ANC) > 50 peq L™" largely protects acid-sen-
sitive lakes from episodic acidification (Driscoll
et al. 2001).

3. Watershed and shoreline development <5 %:

These paired criteria were used to exclude lakes
that were likely to have experienced eutrophica-
tion due to development along their shorelines or
in their watersheds. A 5 % development cut-off
was used so that Adirondack lakes with small
camps would not be excluded.

4. ClI” <2mg L' In the ALS, lakes were consid-

ered ‘salt impacted’ based on a cut-off criterion of
20 pmol L™ (~0.71 mg L™") (Newton and
Driscoll 1990). We applied a less restrictive
selection criterion, allowing lakes with a larger
concentration of salt to be included in the survey.
In general, it was found that lakes excluded from
the reference set based on high C1™ concentration
were also excluded based on other criteria,
primarily shoreline or watershed development.

5. No introduced piscivores: A number of inverte-

brates are potentially sensitive to changes in fish
predation (e.g., Cladoceran zooplankton, Korhola
and Rautio 2001). As such, lakes that had non-
indigenous piscivores (e.g., largemouth bass,
Micropterus salmoides Lacepede) in the ALS
survey and lakes with rainbow smelt (Osmerus
mordax Mitchill), a species introduced in the
Adirondack uplands that can compete with lake
trout fry, were excluded. Non-native piscivores
were identified using George (1981), Kraft et al.
(2006), and USGS (2013).

6. Maximum depth >5 m; surface area >4 ha:

These selection criteria were included because
some of the paleo-indicators of interest (scaled-
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Fig. 2 Map of the Adirondack Park (NY, USA) showing the
locations of a set 31 Adirondack reference lakes minimally
impacted by anthropogenic stressors. Map shows the position of

chrysophytes, the Chrysophyceae and Synuro-
phyceae; and Daphnia taxa) are planktonic taxa
that are rare or absent in small, shallow

the Adirondack Park in the northeastern United States (enlarged
area); inset shows lakes in the St. Regis Canoe area in detail—
all other reference lakes are shown as points

waterbodies (Dixit et al. 1999; Ginn et al. 2010;
Jeziorski et al. 2012). Recognizing that many
Adirondack lakes are shallow and <4 ha in size
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(Kretser et al. 1989), the size selection criteria
used in this study were chosen to maximize the
total number of possible reference sites while
minimizing the inclusion of sites unlikely to
contain the paleo-indicators of interest.

Materials and methods
Field collection

Sediment cores were collected from the deepest basin
of the study lakes in either summer 2010 or 2011 using
a 7.6-cm (ID) Glew gravity corer, and were sectioned
on-site into 0.25-cm intervals using a vertical Glew
extruder. Water samples were collected by hand at
~0.5 m below the water’s surface in glass and
polypropylene jars. All chemistry analyses were
performed by the Center for Environmental Systems
Engineering (Syracuse University, NY) using standard
US EPA methods.

Sample preparation

In a top-bottom paleolimnological investigation, a
surface-sediment sample is taken to represent the
present-day species assemblage and compared to a
sediment sample taken from further down in the
sediment core to represent pre-industrial times (Cum-
ming et al. 1992b). The technique is an effective way
to obtain a regional ‘snap-shot’ of species changes
over time. In this investigation, the ‘top’ sample is an
integrated sample from 0-1 cm in the sediment core
and is estimated to represent the past 2-3 years. The
‘bottom’ sample is a 0.25 cm sediment subsection
from ~20 cm (in 4 cases where the sediment core
length was <20 cm, the bottommost sediment interval
was used; 3 cases ~17-18 cm, 1 case ~15 cm). A
single 0.25 cm subsection was analyzed at ~20 cm,
rather than a 1-cm subsection, as a decrease in water
content in the sediment occurs downcore which
increases the amount of ‘time’ represented per sedi-
ment subsection at this depth. A depth of 20 cm was
chosen because 2'°Pb-dated cores from over 25 lakes
suggests that sediment at a depth of >20 cm is greater
than 100 year of age in the vast majority of Adiron-
dack region lakes (Arseneau 2014; Arseneau et al.
2011; Cumming et al. 1992b, 1994).
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Sediment samples were prepared for enumeration
of chrysophyte scales using standard methods (Bat-
tarbee et al. 2001). Briefly, sediment samples were
digested in a 1:1 molar mixture of strong H,SO,:-
HNO;. Samples were heated to ~70 °C for 6-7 h and
were then rinsed repeatedly until samples reached the
pH of distilled water (litmus test). Samples were
plated as a series of four 100x dilutions on microscope
slides using Naphrax®. Chrysophyte scales were
identified using DIC optics under oil-immersion using
a 100X Fluotar objective with a numerical aperture of
1.3. Counts in this study were typically enumerated to
a minimum count of 400 scales but in cases where
scales were sparse, a minimum of 200 scales were
counted (Ginn et al. 2010). Five of the 31 pre-1900
samples from the reference lakes were considered
uncountable due to low scale concentration (i.e. <10
scales encountered per transect). The principle taxo-
nomic references used for identifications were: Siver
(1991), Nicholls and Gerrath (1985), and Kling and
Kristiansen (1983), as well as unpublished photo
reference materials. Small Mallomonas spp. scales
that could not be identified using light microscopy
were grouped into a Mallomonas ‘small’ category
(Cumming et al. 1992a).

Modern distribution of scaled chrysophytes

A Redundancy Analysis (RDA) was used to examine
the influence of water chemistry and lake morphome-
tric variables on the chrysophyte assemblages present
in the surface sediments in the Adirondack reference
lakes. RDA, a linear direct ordination method, was
selected because an initial Detrended Correspondence
Analysis (DCA) of the present-day samples for the 31
reference lakes indicated that the length of the species
turnover gradient was short (<3 s.d.) and so linear
ordination techniques were deemed most appropriate
(Leps and Smilauer 2003). Because of the relatively
small number of surface samples in this investigation
(31 samples), the environmental data matrix was
summarized as PCA axis scores of the first four PCA
axes (LepS and Smilauer 2003). It is necessary to
reduce the number of explanatory variables in the
RDA so as not to inflate the variance explained by
including a large number of correlated environmental
variables. This approach allows for the main patterns
of variation to be established while avoiding a
spurious inflation of the variation explained. The
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normality of environmental variables was assessed
using the Shapiro—Wilks test using SYSTAT v. 11.
Non-normal environmental variables were trans-
formed using either square-root or log transforma-
tions, and were not included in the PCA if
transformation did not result in a normal distribution.
In all of the analyses, taxa that reached >2 % relative
abundance in more than two sediment samples were
included in the analyses. This cut-off criterion was
used primarily to exclude rare taxa, as they can have a
large influence in ordinations with a small number of
samples. Forward selection with Monte Carlo permu-
tation tests was used to identify a minimum set of
environmental variables that could explain a signifi-
cant proportion of the species assemblage data using
the computer program CANOCO v. 5.0 (ter Braak and
Smilauer 2012). The species percentage data were
square-root transformed to reduce the importance of
the dominant taxon Mallomonas duerrschmidtiae
Siver, Hamer and Kling, a common Adirondack taxon
with a wide tolerance to many environmental variables
(Cumming et al. 1992a).

Changes in scaled-chrysophyte assemblages
since pre-1900

Changes in species composition from pre-1900 to
present were analyzed in the reference lakes using
both univariate and multivariate techniques. Changes
in scaled chrysophytes were summarized using a PCA
ordination, because an initial DCA of both the present-
day and pre-1900 samples for the 26 reference lakes
(i.e., those with sufficient chrysophyte scales in both
the surface and the pre-1900 samples) indicated that
the species turnover was short (<3 s.d.), suggesting
that a linear ordination technique was appropriate
(Leps$ and Smilauer 2003). The PCA of the modern
and pre-1900 chrysophyte assemblages was based on
square-root transformed species data using CANOCO
v. 5.0 (ter Braak and Smilauer 2012). The significance
of the changes in species assemblages between pre-
1900 and present-day was assessed using a multivari-
ate Analysis of Similarity (ANOSIM) on square-root
transformed species data, using Bray—Curtis similar-
ities (Clarke 1993). The Similarities Percentages test
(SIMPER) was used to identify which species make an
important contribution to the difference evident
between groups (Clarke and Warwick 2001).

Previous paleolimnological investigations have
identified recent increases in colonial chrysophyte
taxa in Ontario (Flear 2011; Paterson et al. 2004) and
Maritime Canada (Ginn et al. 2010), increases which
the authors suggest may be due, at least in part, to
regional warming. As such, a Wilcoxon signed-rank
test (a non-parametric analog of a paired ¢ test) was
used to identify if there has been a significant increase
in the relative abundance of colonial taxa in the
reference lakes from pre-1900 to present. Finally,
changes in the pH of the reference lakes were assessed.
This was done using a 71-lake Adirondack lake
training set that spanned a pH gradient from just over 4
to ~8 (Cumming et al. 1992a), using a simple
weighted-averaging model based on a In(x + 1)
species transformation with tolerance down-weighting
and inverse deshrinking (Cumming et al. 1994) using
the program C2 v. 1.72.

Results

Reference lakes and the contemporary distribution
of scaled-chrysophyte assemblages

In general, the reference lakes are small (mean SA:
20.5 ha), moderately deep (mean Z,,,: 10.9 m), and are
located at elevations greater than 300 m (Table 1 and
Electronic Supplementary Material 1). The mean pH of
the reference lakes was approximately 6.4 when sam-
pled in 2010 and 2011 and 28 lakes (90 %) had ANC
values greater than 50 peq L™". The lakes were calcium-
poor (mean Ca>™ = 2.3 mg L™") with a DOC range of
~2.1mgCL™"to 88 mgCL™". All lakes had CI~
concentrations less than 0.5 mg L™' and TP data
available for 20 lakes suggests the sites are oligotrophic
(mean TP = 1.3 pg L™"). Most of the reference lakes
are protected in either ‘wild forest’ or ‘wilderness’
preserves in the Adirondack Park. The two most
dominant land-cover types in the watersheds of the
reference lakes, excluding open water, are deciduous
forest and coniferous forest. The least common land-
cover type is developed land (Table 1). A PCA ordina-
tion of the physical and/or chemical variables of the
14609 lakes in the ALS dataset showed that the reference
lakes broadly encompass the characteristics of between
24 to 36 % of the physical and/or chemical character-
istics of Adirondack lakes (Arseneau 2014).
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Table 1 Summaries of lake and watershed characteristics, lake morphometrics, and water chemistry variables for 31 Adirondack

reference lakes

Category Variable Min Max Mean Median
Watershed land cover and land use % deciduous 6.3 88.8 50.2 51.5
% evergreen 0 73.2 25.7 15.9
% woody wetland 0 48.8 13.3 9.2
% mixed 0 44.3 9.5 4.8
% shrub 0 54 0.5 0
% emergent wetland 0 7.5 0.7 0
% developed 0 1.9 0.1 0
Lake morphometrics Elevation 349 731 490 486
Surface Area 4.7 57.2 20.5 13.9
Z max 5.2 23.8 10.9 10.1
Water chemistry pH 59 6.8 6.4 6.3
ANC 353 376.8 120.7 85.8
Cl™ 0.11 0.37 0.20 0.17
TP BDL 4.0 1.6 14
DOC 2.1 8.8 43 39
Ca 0.5 52 2.3 1.9

Minimum (min.), maximum (max.), mean, and median of variables presented. Lake watershed land-cover and land-use
characteristics were calculated as percent area (%) of the terrestrial watershed using standard GIS methods (Arseneau 2014). Land
cover and land use types are: deciduous forest (% deciduous), evergreen (coniferous) forest (% evergreen), woody wetland (% woody
wetland), mixed forest (% mixed), shrubs/scrub (% shrub), emergent herbaceous wetland (% emergent), and developed land (open
space) (% developed). Lake morphometric parameters are: elevation (m), surface area (ha), and maximum depth (Z..x, m).
Chemistry variables are: pH, acid neutralizing capacity (ANC, peq L"), chloride (C1~, mg L™"), total phosphorus (TP, ug L™,
dissolved organic carbon (DOC, mg C L"), and calcium (Ca, mg LY. BDL = below detection limit. Note TP values are from sites
sampled in 2011 only (n = 20); average and median calculated excluding TP samples that were BDL

Analysis of historic maps (1890 and 1916) of the
watersheds surrounding the 31 reference lakes
revealed that in 1890, 24 lakes (77 %) were located
in minimally disturbed forests. In 1916, 13 lakes
(42 %) were classified as 100 % green timber (termed
Class-1 reference lakes), 6 (19 %) had experienced at
least 1 form of disturbance in less than 50 % of their
watershed (termed Class-2 reference lakes), and 12
(39 %) had experienced at least 1 form of disturbance
in >50 % of their watershed (termed Class-3 reference
lakes) (Arseneau 2014). Forest fires were the most
common form of anthropogenic disturbance experi-
enced by the reference lakes in 1916, followed by
selective logging, and agricultural clearance. Avail-
able data on fisheries, from a variety of government
sources, showed that, as of 2011, 20 lakes (65 %) had a
record of some level of fisheries management involv-
ing rotenone use and subsequent stocking of fish such
as lake trout. These historical analyses demonstrated
that our 31 reference lakes have experienced some
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varying degree of historic landscape disturbance and
fisheries alterations, as is typical of lakes in the region
(Stager and Sanger 2003). Despite these early distur-
bances, the reference sites provide the opportunity to
examine regional changes in species composition
independent of many common contemporary stres-
sors: acidification, eutrophication due to watershed/
shoreline development, road salt seepage, and non-
native piscivores introductions.

The gradients in water chemistry present in the
31-lake reference dataset were summarized by the first
four axes of a PCA, which represented ~72 % of the
variation measured in physical/chemical environmen-
tal variables (Fig. 3a, b). The first two axes of the PCA
are strong (A; = 0.27, and A, = 0.21) and axis-1
scores broadly represent a gradient positively related
to lake-water pH, ANC and cation/anion concentra-
tion, whereas PCA axis-2 is positively associated with
lake depth and low concentrations of DOC/TN, with
pH loading positively on both axis 1 and 2 (Fig. 3a).
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Fig. 3 Principal components analysis (PCA) of environmental
variables. a Biplot of PCA axes 1 and 2. b Biplot of PCA axes 3
and 4. Input variables are: pH, acid neutralizing capacity (ANC,
peq L™, K, Na, SO,>~ (umol L"), C1~, Mg*" (umol L™, log
transformed), dissolved organic carbon (DOC, pmol C | log
transformed), total nitrogen (TN, pmol L_l, log transformed),
Elevation (elv, m), and maximum depth (Zmax, m, log
transformed). Environmental variables are closed arrows and
samples are shown as points. Eigenvalues (L) are given

The third and fourth PCA axes account for half of the
variance of the first two axes (A; = 0.14, and
A, = 0.10), with PCA axis-3 positively related to pH
and ANC, and negatively related to SO42*, and PCA
axis-4 is positively related to DOC and negatively
related to elevation and K™ (Fig. 3b).

The chemical/physical PCA axis scores of the first
four axes were used as a reduced set of possible
explanatory variables to understand the relationship of
these variables to the contemporary distribution of
scaled-chrysophytes in the reference lakes. The initial
RDA using all environmental variables explained a
significant proportion of the species variance along all
canonical axes (p = 0.002, variance explained =
24.7 %). An RDA using forward selection and
permutation tests identified PCA axis-1 and axis-2
scores as significant predictors of the variation in the
chrysophyte assemblages (PCA axis-2: F = 3.6,
p =0.002; PCA axis-1: F=28, p=20.007),
accounting for 19.1 % of the variance (Fig. 4). The
first axis of the RDA ordination (A; = 0.14) separated
higher abundances of positively-loading species
including Synura petersenii Korshikov (and to a lesser
extent Mallomonas elongata Reverdin and Mal-
lomonas crassisquama (Asmund) Fott) from higher
abundances of negatively loading species including
Synura sphagnicola Korshikov (and to a lesser extent
Mallomonas acaroides sensu Iwanoff, Mallomonas
‘small’, M. duerrschmidtiae, and Synura echinulata
Korshikov). As such, S. petersenii achieved higher
abundances on average in deeper lakes with circum-
neutral to higher pH values, with M. crassisquama
achieving higher abundances in high ANC lakes of
intermediate depth. Conversely, higher abundances of
S. sphagnicola were found in shallower, slightly acidic
to circumneutral sites with higher concentrations of
DOC. However, S. sphagnicola did achieve higher
abundances in some deeper lakes with lower concen-
trations of DOC (e.g., Deer Pond). RDA axis-2 was
much weaker (Fig. 4, A, = 0.05), and weakly sepa-
rated a number of chrysophyte taxa. Together with
RDA axis-1, M. crassisquama tended to be found in
higher ANC sites that were slightly deeper (positive
loading from PCA axis-1 and axis-2 scores), whereas a
number of taxa (e.g. S. echinulata, and M. ‘small’,
amongst others) tended to be relatively more abundant
in circumneutral to higher ANC sites, which were
shallower with higher DOC (Fig. 4).

Pre-1900 to present-day change in scaled
chrysophytes

A total of 17 chrysophyte taxa, from three genera, were

present at above the cut-off of achieving >2 % relative
abundance in the 31 reference lakes, although scales
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Fig. 4 Redundancy analysis (RDA) using PCA axes scores as
input. a RDA of present-day samples from 31 reference lakes.
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(1) are given. b The same as above, but with the input variables
from the PCA of environmental variables plotted passively in
the ordination (grey arrows). See Fig. 3 caption for environ-
mental variable units and transformations

were absent from the 20-cm interval of 5 lakes. There
were 10 taxa from the genus Mallomonas, 6 taxa from the
genus Synura, and 1 taxon from the genus Chryso-
sphaerella (Electronic Supplementary Material 2). The
PCA ordination of both the modern and pre-1900
samples from the 26 lakes summarizes the changes in
species assemblages (Fig. 5a), representing ~46 % of
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the variation in the 26 lakes since pre-1900 times. In
these 26 lakes, there is a shift in assemblage composition
in the PCA that can be summarized as a shift from a
Mallomonas-dominated assemblage to one more dom-
inated by increasing abundances of colonial Synura taxa
(i.e., a movement generally upward and to the right on
the PCA ordination diagram, Fig. 5b, ¢). Unicellular taxa
such as M. duerrschmidtiae, Mallomonas pseudocoro-
nota Prescott, M. crassisquama, and Mallomonas lych-
enensis Conrad (lower left quadrant of the PCA, Fig. 5a)
have generally declined in relative abundance from pre-
1900 to present. In contrast, Mallomonas punctifera
Korshikov (bottom-right quadrant, Fig. 5a) increased in
some lakes since the 1900s, as did M. elongata (upper-
left quadrant, Fig. 5a). The ANOSIM test supports the
shift shown in the PCA, with a significant difference in
species composition from pre-1900 to present
(R =0.12; p = 0.002), with SIMPER showing that
the changes were largely driven by increases in S.
petersenii, S. sphagnicola, and S. echninulata, and
decreases in unicellular taxa including M. duerrschmid-
tiae, M. pseudocoronata and other taxa (Table 1).
Overall, there has been a significant increase in the total
relative abundance of colonial taxa since pre-industrial
times (Fig. 6, Wilcoxon signed-rank test, Z = 3.9;
p < 0.0001). The only colonial chrysophyte taxon that
generally had a higher relative abundance in the pre-
1900 samples was Synura curtispina (Peter and Hansen)
Asmund (Electronic Supplementary Material 2).

Inferences of lake-water pH based on changes in the
chrysophyte assemblages show that chrysophyte-
inferred pH (CI-pH) has increased, decreased, or
remained unchanged between the pre-1900 and pre-
sent-day samples (See Electronic Supplementary
Material 2). Only two lakes (Middle Branch Lake
and Bass Lake) showed a decline in CI-pH greater than
the RMSEP (0.51) (Table 2).

Discussion

Present-day distribution of scaled chrysophytes
in reference lakes and change over time

Numerous studies have shown the importance of pH
for determining chrysophyte species distribution in the
Adirondacks and elsewhere (Cumming et al. 1992a;
Hyatt et al. 2010). In this investigation, even though
the pH gradient in the reference lakes was relatively
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grey line have shown an increase in the total relative abundance
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narrow (~5.9-6.8), the Redundancy Analysis demon-
strated that lakes with higher pH values and deeper
maximum depths (higher PCA axis-1 and PCA axi-2
scores) were characterized by a higher relative abun-
dance of S. petersenii. Flear (2011) found a similar
separation in a study of 40 minimally disturbed lakes
in the Experimental Lakes Area in northwest Ontario.
In the Adirondack lakes, deep, higher-pH lakes (i.e.,
generally pH > 6.5) were characterized by a higher
relative abundance of S. petersenii and shallower,

b Present-day (filled circle) and pre-1900 (empty square)
samples. Dashed lines show trajectory of species change in
ordination space from pre-1900 to present. ¢ Present-day
samples only (labelled). Eigenvalues () are given

Table 2 SIMPER test results showing taxa that contributed to
the significant difference in species composition between top
and bottom samples

Species Av JRA  Av JRA % Cont.
TOP (%) Bottom (%)
S. petersenii 34 (16.8) 2.02 (7.0) 11.2
S. sphagnicola 3.2 (15.3) 2.4 (8.9) 10.5
M. duerrschmidtiae 3.7 (15.2) 5.4 (31.5) 9.6
M. ‘small’ 2.9 (11.0) 2.9 (11.6) 8.4
M. pseudocoronata 1.2 2.7 2.3 (8.9) 8.1
S. echinulata 2.6 (8.5) 1.6 (4.4) 7.3
M. crassisquama 2.4 (7.3) 2.7 (8.5) 6.1
Chrysosphaerella spp. 1.5 (3.8) 0.8 (1.3) 5.5
M. acaroides 1.2 (2.6) 1.3 (2.6) 5.3

ANOSIM identified significant differences between top
(present-day) and bottom (pre-1900) samples in the 26
reference lakes (ANOSIM R = 0.12, p = 0.002). Taxa that
made a >5 % contribution (% Cont.) to the dissimilarity
between groups are listed. Average square-root relative
abundance (%) of the species in the top (Av \/RA TOP) and
bottom (AV \/ RA Bottom) groups are provided, with the non-
square root transformed average relative abundance given in
brackets

lower-pH lakes were characterized by a higher relative
abundance of S. sphagnicola, M. acaroides, and M.
punctifera. S. sphagnicola was abundant in shallower,
high-DOC sites (low PCA axis-2 scores) but did occur
at relatively high relative abundances in deeper low-
DOC sites, suggesting that pH could be more impor-
tant in determining the abundance of S. sphagnicola
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than DOC/depth. In contrast, a close examination of
the DOC data reveals that S. petersenii was less
abundant (<~ 10 % relative abundance) in lakes with
a DOC concentration greater than ~5.2 mg C L™
(Arseneau 2014). Therefore, high DOC levels may be
related to the lower abundance of S. petersenii in some
reference lakes.

The fact that the RDA explained only approximately
19.1 % of the variation in the present-day chrysophyte
assemblages suggests that important explanatory vari-
ables were not included in the analysis. Lake ther-
mostructure, for example, is known to influence
chrysophyte species composition (Siver et al. 1995;
Pla-Rabes and Catalan 2011). Some chrysophyte taxa
are considered warm-water species (e.g. M. punctifera)
and during long periods of thermal stratification, large
metalimnetic populations of both colonial (Synura,
Chrysosphaerella) and unicellular (Mallomonas cau-
data Ivanov em. Krieger, M. acaroides, M. cras-
sisquama) taxa can occur (Siver 1991, 2003). The fact
that maximum depth was important for structuring
chrysophyte assemblages in the reference lakes sug-
gests that lake thermostructure may be an important
control on chrysophyte distribution in the region.
Biological factors may also be an important control
on chrysophyte species distribution. Large colonial
chrysophytes likely have a size refuge from small
herbivores but may be susceptible to predation by large
daphniids (Sandgren and Walton 1995).

The Adirondack reference lakes have experienced a
significant shift in species composition from pre-1900
to present, with the present-day samples characterized
by an increased abundance of colonial taxa. Both
univariate and multivariate analyses found that there
has been a significant increase in the relative abun-
dance of colonial taxa from pre-1900 to present, along
with increases in some unicellular taxa in some lakes
(e.g., M. punctifera, M. elongata). Because of the
regional distribution of the reference lakes, we can
conclude that regional rather than local stressors are
likely responsible for the changes in chrysophyte
species composition. Furthermore, because of the
reference lake study design, we can conclude that
these increases are not due to: acidification, eutroph-
ication (from shoreline or watershed development),
salinization, or introduced piscivores. Additionally,
comparisons of lake classes and lakes that had or had
not experienced reclamation suggested that both
historic  fisheries disturbance and watershed
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disturbance have minimal influence on the present-
day chrysophyte taxa in the reference lakes (Arseneau
2014). The RDA results suggest that both physical and
chemical characteristics may control the distribution of
chrysophyte taxa. Of particular interest are the controls
on S. petersenii, a taxon that has been shown to cause
taste and odour issues in lakes (Nicholls and Gerrath
1985). The results of this investigation suggest that S.
petersenii is more common in deeper lakes with higher
pH values and DOC concentrations less than ~5.2 mg
CL~'. Nuisance S. petersenii blooms are unlikely to be
a concern in the many Adirondack lakes which are
small (SA <4 ha, Z,,.x < 5 m) or relatively acidic
(pH < 6) (Kretser et al. 1989). However, lakes which
support sportfish like lake trout are often fairly large,
deep, and characterized by higher pH and hence may
provide suitable habitat for S. petersenii. Increases in
colonial chrysophyte taxa (and S. petersenii in partic-
ular) may pose a management concern (Paterson et al.
2004), and so it is important to discuss the possible
causal mechanisms behind the increases in colonial
chrysophyte taxa noted in this investigation.

Given the large impact atmospheric deposition has
had in the Adirondack region, it is important to
consider whether or not the changes in chrysophyte
species composition noted in this investigation could
be due to long-term effects of acid deposition. CI-pH
reconstructions suggest that the majority of the
reference lakes are unlikely to have acidified (i.e.
experienced decreases in pH/ANC to low values) but
atmospheric deposition may have resulted in other
changes. Increased leaching of cations with acid
deposition is unlikely to be an important driver of
the species changes noted from pre-1900 to present as
chrysophyte taxa are broadly tolerant of a range of
cations, though increased long-distance transport and
deposition of certain trace metals may be important
(i.e. Se, a micronutrient related to chrysophyte
blooms, Sandgren 1988). Long-term exposure to acid
deposition may also increase the ionic strength of soil
solutions, decreasing DOC flux to nearby waterbodies
(Monteith et al. 2007). Decreases in DOC flux, in turn,
would increase light penetration in the water column
and improve light conditions for metalimnetic colonial
chrysophytes (Healy 1983). However, while DOC
may influence the distribution of S. petersenii in the
Adirondack reference lakes, S. sphagnicola was
present in both high-DOC and low-DOC sites
(Fig. 4). Long-term exposure to acid deposition may
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also decrease the flux of phosphorus to lakes by
increasing the retention of TP in watershed soils
(Eimers et al. 2009). Furthermore, logging and
subsequent forest regrowth may also decrease TP
export to nearby lakes, and many of the reference sites
experienced early logging disturbances (Hall and
Smol 1996). The fact that M. lychenensis and S.
curtispina decreased in abundance from pre-1900 to
present in some lakes (Electronic Supplementary
Material 2) suggests that total phosphorus (TP)
concentrations may have decreased in those sites, as
both taxa are associated with higher lake trophic status
(Siver and Marsicano 1996). Under the low-TP
conditions characteristic of Adirondack lakes (Crow-
ley et al. 2012), the metalimnetic position of colonial
chrysophytes may provide a competitive advantage by
allowing access to the more nutrient-rich hypolimnetic
waters (Nicholls 1995). Interestingly, though unicel-
lular taxa generally declined in relative abundance
from pre-1900 to present, a few lakes showed
increases in the relative abundance of M. caudata
and M. elongata, both of which can form metalimnetic
blooms (Siver 2003). Thus, oligotrophication may
have contributed to the changes in chrysophyte
assemblages noted in the reference lakes.

Regional warming may have also contributed to the
changes in species composition noted in the reference
lakes from pre-1900 to present. The Adirondack
region has warmed at a rate of 1.3 °C per 100 years,
a warming trend associated with an increased ice-free
period in Adirondack lakes (Jenkins 2010). The
increases in M. punctifera (a warm-water taxon, Siver
1991) noted in some reference lakes may therefore be
due to warming surface waters. Similarly, an extended
ice-free season may benefit taxa like S. sphagnicola
which persists in the water column through summer
and fall and is lost at ice-on (Siver and Hamer 1992).
Longer ice-free periods can also lead to a longer period
of summer stratification, which may provide motile
algae like chrysophytes a competitive advantage over
non-motile algae, like diatoms, because they can seek
out optimal temperature/nutrient/light conditions in
the water column (Winder and Sommer 2012). At the
assemblage level, longer periods of stratification may
provide a competitive advantage to colonial chryso-
phyte taxa over unicellular ones because large flagel-
lates tend to be superior swimmers, with faster swim
velocities and larger migration amplitudes (Sommer
1988). Longer periods of stratification can also result

in increased nutrient limitation in the epilimnion,
providing chrysophytes that form metalimnetic
blooms with a competitive advantage because of their
access to nutrient-rich hypolimnetic waters. Thus, the
increases in colonial taxa noted in this investigation,
along with increases in certain unicellular taxa like M.
punctifera, are likely related at least in part to regional
warming.

It is possible that the long-term effects of regional
warming and/or acid deposition may have also
resulted in changes in biotic conditions that could
have contributed to the increased abundance of
colonial chrysophytes. Large colonial chrysophytes
likely have a size refuge from small zooplankton
(Bosmina, calanoid and cyclopoid copepods) but can
be predated upon by large Daphnia taxa (i.e. >1 mm
in size) (Sandgren and Walton 1995). It has been
hypothesized that regional warming may benefit small
zooplankton (Daufresne et al. 2009). Furthermore,
long-term exposure to acid deposition may lead to
depletion of soil available Ca in watershed soils, a
phenomenon that may negatively affect Ca-sensitive
Daphnia (Jeziorski et al. 2008). A subsequent pale-
olimnological study of cladoceran assemblages in the
reference lakes could determine whether or not
cladoceran assemblages have undergone a significant
shift in species composition from pre-1900 to present
and what link, if any, those changes may have to
changes in colonial chrysophyte abundance in Adiron-
dack lakes.

Methodological considerations: reference site
approaches in non-protected areas

Our work to identify minimally disturbed reference
sites was supported by the fact that the research was
being undertaken in a large state park with lands
designated for protection over a century ago. It may
not be possible for researchers and managers working
in developed areas to identify ‘minimally disturbed’
reference sites, but alternative frameworks exist. In
highly developed areas of the United States, it is
difficult if not impossible to identify minimally
disturbed reference sites. In such cases, managers
can use the least disturbed sites in a region to define
recovery targets (Stoddard et al. 2006). For example,
the ‘best attainable condition’ for a lake in a region
with intensive agriculture may not necessarily be one
without agrarian development (a minimally disturbed
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condition) but, rather, one characterized by low levels
of agricultural development (e.g. <10 %). Similarly, it
is well-recognized that minimally disturbed reference
sites are rare in parts of Europe (Bjerring et al. 2008).
As an alternative, Bennion et al. (2011b) used a
modern analogue approach to identify reference sites.
In that study, the historical (baseline) diatom species
assemblages of 9 lakes were compared to the present-
day sedimentary diatom assemblages of 347 European
lakes. Lakes that had a square-chord distance measure
of <0.75 were considered modern analogues of the
study lakes’ historic condition, and so were taken to
represent reference sites. While a useful approach,
there are two important limitations. First, although a
lake may have a present-day species composition
similar to the historic condition of another site, such a
reference site could have experienced significant
human impact over time, complicating an attempt to
characterize a shifting baseline due to climate change.
Secondly, if climate warming results in particular
‘syndromes’ of changes in species composition (i.e. an
increase in warm-water species, small-bodied taxa,
taxa with a high surface-to-volume ratio, etc.,
Daufresne et al. 2009; Winder and Sommer 2012),
then the likelihood of identifying modern analogues
that can serve as reference sites may decrease over
time.

Importance of reference lake results for recovery
studies

Arguably, the most important finding of this study is
simply that minimally disturbed reference lakes in the
Adirondack Park show a pronounced shift in species
composition from pre-1900 to present, likely due to
climate warming and/or oligotrophication. Thus, it
should be expected that lakes in an area recovering
from acidification will not return to their pre-distur-
bance state. Rather, the recovery endpoints for acid-
ified lakes will be different from their pre-disturbance
condition—a state characterized by an increased
abundance of colonial and/or warm-water taxa.
Repeating the top—bottom analysis of the reference
sites with other paleo-indicators (diatoms, cladocera,
chironomids, etc.) will allow the assessment of
shifting baselines in other groups of aquatic organ-
isms. Moreover, by pairing both acidified and refer-
ence lakes in subsequent paleolimnological studies,
we will be able to determine whether or not the
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recovery trajectories of impacted sites suggest that
they are moving towards a novel ‘recovered’ condition
similar to the reference sites. While a growing number
of studies have shown chemical recovery from acid-
ification, lakes are increasingly influenced by multiple
anthropogenic stressors, making the return of biolog-
ical assemblages to a pre-disturbance state unlikely.
Paleolimnology can, and should, play an important
role in recovery studies because paleolimnological
techniques can both identify species changes in
impacted sites and, as we have illustrated, be applied
in reference lakes to identify shifting baselines,
thereby informing recovery targets.
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