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influence carbon balance [1, 3], the response of microbial 
communities remains less understood. Testate amoebae, a 
polyphyletic group of shell-producing protists, are particu-
larly well suited to examining peatland microbial commu-
nity responses to past and ongoing environmental changes 
because their decay-resistant shells are generally well pre-
served in peat stratigraphy [4–6]. For example, the expan-
sion of Sphagnum-dominated vegetation on the North Slope 
of Alaska over the last several decades has been linked to 
significant changes in testate amoeba communities recorded 
in peat cores, and these changes likely reflect broader 
changes in microbial food webs [3].

Testate amoebae are key components of microbial food 
webs in peatland ecosystems, comprising a significant por-
tion of the microbial biomass and playing important roles in 
nutrient cycling, decomposition, and energy flow [4, 7, 8]. 
Their function in microbial food webs is complex, because 
some taxa are heterotrophic while others are mixotrophic, 
harboring endosymbiotic algae (zoochlorellae) that enable 

Introduction

High-latitude ecosystems are undergoing significant ecolog-
ical transformation in response to rapid climate warming. 
Across the Arctic and boreal regions, shifts in vegetation 
composition, including shrub expansion and peatland devel-
opment [1–3], along with changes in hydrology, perma-
frost stability, and wildfire activity, are altering landscape 
structure and ecosystem processes. While much research 
has focused on understanding how these changes may 
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Abstract
High-latitude ecosystems are undergoing rapid ecological changes in response to climate warming. While some changes 
are well studied, the responses of microbial communities remain less understood. Testate amoebae, shell-producing pro-
tists well preserved in peat, provide a means to reconstruct past microbial dynamics. Mixotrophic taxa such as Archer-
ella flavum host algal endosymbionts (zoochlorellae), allowing both heterotrophic and phototrophic energy acquisition. 
Previous work has demonstrated that these pathways result in different δ13C values. We applied a novel stable isotope 
approach to a peat core from the North Slope of Alaska to reconstruct changes in phototrophy by Archerella flavum. δ13C 
values were measured on Archerella flavum tests (i.e. shells) and Sphagnum, and a two-endmember mixing model was 
used to estimate relative usage of phototrophy through time. δ13C values were compared with testate amoeba community 
composition, test size, vegetation, and historical climate. Archerella flavum δ13C values were consistently more positive 
than Sphagnum δ13C values in the peat core, and patterns indicated greater phototrophy use after the late 1980s CE. This 
shift was followed by expansion of Archerella flavum populations and a trend of decreasing test length in several testate 
amoeba taxa. Increased phototrophy was associated with higher peat C:N ratios, indicating more oligotrophic conditions. 
From 2007 to 2019 CE, the length of the snow-free growing season was correlated with estimates of phototrophy usage, 
with more phototrophy during longer growing seasons. δ13C analyses of mixotrophic testate amoebae are a powerful tool 
for reconstructing microbial nutritional strategies and responses to past environmental change.
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them to utilize both heterotrophy and phototrophy [9]. Mix-
otrophs such as Archerella flavum, Hyalosphenia papilio, 
and Heleopera sphagni are common in nutrient-poor, 
Sphagnum-dominated habitats [10, 11], often outnumber-
ing heterotrophic species under stable, open bog conditions 
[12, 13]. Experimental results have shown that mixotroph 
abundance decreases without light [8, 14]; however, par-
tial shading experiments suggest that relationships between 
mixotroph abundance and light availability are complicated 
[15]. Furthermore, little is known regarding the relative uti-
lization of heterotrophy and phototrophy by mixotrophic 
testate amoebae, and whether they vary their use of ener-
getic strategies in response to environmental conditions.

Stable isotope analyses are powerful tools for under-
standing microbial food web dynamics. For example, δ13C 
and δ15N measurements on microorganisms inhabiting the 
water film of Sphagnum have been used to uncover feed-
ing relationships [13, 16, 17]. Herbert et al. [15] com-
piled available δ13C data from various components of the 
Sphagnum-associated microbial food web, and showed 
that heterotrophic organisms living in Sphagnum, includ-
ing heterotrophic testate amoebae, nematodes, copepods, 
rotifers, and bacteria, all generally have δ13C values similar 
to Sphagnum, ranging from about −24 to −30‰. Mixotro-
phic testate amoebae, on the other hand, have more posi-
tive δ13C values than their heterotrophic food sources and 
Sphagnum. This suggests that they use an energy source 
with higher δ13C values, consistent with use of their algal 
symbiont (Chlorella) [13, 15]. High algal δ13C values 
occur because of carbon-concentrating mechanisms uti-
lized by Chlorella, which reduce the fractionation of car-
bon isotopes by the RUBISCO enzyme [15]. Given that the 
δ13C values of mixotrophic testate amoebae likely reflect 
the relative usage of their phototrophic and heterotrophic 
nutritional strategies, such values provide a potential tool 
to examine past changes in the relative use of phototrophy 
in paleoecological studies.

In this study, we introduce a novel approach to estimate 
past changes in the relative use of phototrophy and heter-
otrophy by a mixotrophic testate amoeba by analyzing the 
δ13C values of Archerella flavum and Sphagnum along the 
length of a peat core from the North Slope of Alaska. We 
then assessed how changes in phototrophy utilization were 
associated with (1) broader patterns of testate amoeba com-
munity change, (2) changes in the size of mixotrophic and 
heterotrophic testate amoebae, and (3) historical records 
of temperature and the length of the snow-free season. We 
conclude by discussing the potential of using δ13C measure-
ments to investigate changes in the relative utilization of 
heterotrophy and phototrophy, and potential applications 
in paleoecological studies to assess past changes in photot-
rophy by mixotrophic testate amoebae through time.

Methods

Study Area and Core Collection

A peat core was collected from the Brooks Range Foothills 
region of Alaska’s North Slope, a landscape characterized 
by prolonged winters and brief, cool summers. Between 
1993 and 2022, the mean annual air temperature at Toolik 
Field Station, located 137 km east of our site, was approxi-
mately −8.0 °C, with average July temperatures near 11 °C 
and February averages around −21 °C [18]. Snow typically 
covers the region for a majority of the year, while the snow-
free growing season is 2–4 months long. The region has 
experienced pronounced warming in recent decades, with 
mean annual temperatures rising by approximately 0.04 °C 
per year since 1988 [18].

A 27-cm long and ~ 8-cm wide peat core, extending 
from the surface to the underlying mineral soil, was col-
lected using a serrated knife from a Sphagnum-rich peat 
patch embedded within a matrix of moist tussock tundra 
(68.4315°N, −152.9099°W), on August 10, 2019. The core 
was wrapped in plastic and aluminum foil, transported in a 
PVC tube, and stored at ~ 4 °C prior to laboratory analyses.

Chronology Development

The chronology for the peat core is more thoroughly 
described in a previous paleoecological study of peatland 
development on the North Slope [3]. To develop an age-
depth model, Sphagnum fragments were picked from eight 
1-cm depth intervals, rinsed in distilled water, and submit-
ted for radiocarbon (14C) analysis at the Lawrence Liver-
more National Laboratory. Calendar ages were assigned 
to the eight depth horizons by calibrating post-bomb 
14C measurements using the Northern Hemisphere Zone 
1 (NHZ1) dataset [19], and pre-bomb radiocarbon dates 
were calibrated using the IntCal20 calibration curve [20]. 
Bayesian age-depth modeling was performed using the 
software package rbacon [21], with 4000 Markov Chain 
Monte Carlo iterations. The median age-depth model 
was used to estimate ages for subsequent paleoecological 
analyses.

Analytical Methods

The peat core was subsampled into contiguous 1-cm sec-
tions. To characterize botanical composition, 1-cm3 samples 
were dispersed in distilled water on Petri dishes and the 
percent abundance of plant macrofossil types was estimated 
under a dissecting microscope [3]. The plant macrofossil 
groupings used were Sphagnum, herbaceous, woody, other 
mosses, and unidentified organic material. C:N ratios were 
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measured from 1-cm3 subsamples from each depth interval. 
Dried soil samples were ground in a SPEX SamplePrep 
8000D ball mill to analytical fineness, and percent C and 
N were determined using elemental combustion with a 
Costech elemental analyzer [22].

Testate amoebae were isolated and their assemblages 
and morphology analyzed from 1-cm3 subsamples follow-
ing standard methods [23]. Subsamples were boiled, sieved 
to retain material between 15 and 300 μm in diameter, and 
mounted in glycerol on microscope slides. Individual tes-
tate amoebae were identified to morphospecies using taxo-
nomic resources [24, 25], and at least 100 individuals were 
tallied per sample. The relative abundance of each taxon 
was then calculated as a percentage of the total number 
of testate amoebae counted in each sample. Archerella 
flavum was selected for our isotopic analyses due to its 
consistently high abundance throughout the core, its well-
established mixotrophy, and its robust and well-preserved 
tests. Water table depth (WTD) was reconstructed using 
a weighted average partial least squares (2-component) 
model developed from nearly 4000 northern hemisphere 
surface-samples in the Neotoma Paleoecology Database 
[6]. Sample-specific error estimates were estimated using 
a bootstrapping approach with 1000 iterations. To assess 
changes in test (i.e. shell) length over time, individuals 
of the most abundant taxa were photographed from each 
sample along the core and measured using ImageJ software 
[26]. Taxa included Archerella flavum (n = 1054), Hyalos-
phenia papilio (n = 256), Alabasta militaris (n = 208), and 
Nebela tincta-collaris type (n = 409). For visualization of 
changes in test size, data from adjacent centimeters were 
merged if fewer than 10 individuals of a given species were 
measured in a sample.

 δ13C was measured separately on Archerella flavum 
tests and Sphagnum moss from the same peat samples 
along the core. A 1-cm3 subsample from each depth interval 
was washed through sieves using distilled water to isolate 
material between 20 and 80 μm in diameter, which included 
the expected size range of Archerella flavum. Based on ini-
tial measurements, we estimated that analyses of 10–20 
empty tests (i.e., devoid of cytoplasm, zoochlorellae, or 
other materials) of Archerella flavum composited together 
would produce enough carbon (~ 1 nmol) for δ13C analyses 
with an accuracy and precision of ~ 1‰ [27, 28]. Thus, 
from each subsample we identified 10–20 empty Archer-
ella flavum tests at 200x magnification on a pre-combusted 
microscope slide using an Olympus CX41 and isolated 
them with a micropipette. The tests were then rinsed in 
nanopure water and placed in a ~ 0.4 µl drop of nano-
pure water. The drop was then applied to a spooling-wire 
microcombustion device interfaced with a ThermoFinnigan 

Delta V + isotope ratio mass spectrometer (IRMS; Bre-
men, Germany) at the Central Appalachians Stable Isotope 
Facility at the Appalachian Laboratory, following methods 
outlined by Nelson et al. [29]. Blanks (nanopure water to 
which tests were added and removed) were measured to 
ensure that the measured δ13C values were from carbon in 
the tests. Sample data were normalized to Vienna Peedee 
Belemnite (VPDB) using 5 nmol aliquots of dissolved in-
house standards, leucine and sorbitol, which have δ13C val-
ues of −31.7 and − 16.2‰, respectively [30, 31]. A size 
series (ranging from 5.0 to 0.15625 nmol C) of these stan-
dards was used to calculate the expected accuracy and pre-
cision of the test δ13C data [32]. In addition, we measured 
δ13C values of modern Archerella flavum, Hyalosphenia 
papilio, and Hyalosphenia elegans using the spooling-wire 
microcombustion approach, and added these measurements 
to the compilation of Herbert et al. [15] to assist with our 
downcore interpretations.

In parallel, δ13C values were measured on Sphagnum tis-
sue from the same peat core depth intervals to estimate the 
δ13C values of potential heterotrophic food sources at the 
time of deposition. Sphagnum remains were picked, washed 
with distilled water, dried at 50 °C, wrapped in tin capsules, 
and measured for δ13C using a Carlo Erba NC2500 elemen-
tal analyzer (CE Instruments, Milano, Italy) interfaced 
with a ThermoFinnigan Delta V + IRMS. The δ13C data 
were normalized to the VPDB scale using a normalization 
curve with three internal standards, corn (−13.61‰), cocoa 
(−28.64‰), and caffeine (−35.36‰). The analytical preci-
sion of an internal spinach standard analyzed alongside the 
Sphagnum samples was 0.1‰ for δ13C.

Differences between testate amoeba δ13C and Sphagnum 
δ13C (the baseline for heterotrophic C uptake) were inter-
preted as a reflection of the relative use of phototrophy. 
The estimated proportion of carbon that Archerella flavum 
obtained from phototrophy was estimated using a two-end-
member linear mixing model, formulated from two simple 
mass balance equations:

δ A = fSδ S + fCδ C

1 = fS + fC

 where δA is the δ13C of Archerella flavum at a given depth, 
δS is the δ13C of Sphagnum at the same depth, and δC is 
the average value for Chlorella δ13C from low-nitrogen and 
low-phosphorus experiments at ambient CO2 [33, 34]. fS is 
the estimated proportion of carbon which Archerella flavum 
obtained from heterotrophy, and fC is the estimated pro-
portion of carbon which Archerella flavum obtained from 
phototrophy.
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ranged from −26.5 to −19.1‰ and showed the same negative 
trend seen in the Sphagnum values until the mid 1980s CE, 
but in the last 3 decades the two trends diverged significantly. 
Our three new modern δ13C measurements on Archerella fla-
vum confirmed that the species has a similar range of values 
as other mixotrophic species (Fig. 3). Prior to this study only 
one measurement on Archerella flavum was reported in the lit-
erature [13]. Based on the amount of carbon in the Archerella 
flavum samples, the average expected accuracy and precision 
of the δ13C data were 1.06‰ (range: 0.61–2.27‰) and 1.14‰ 
(range: 0.66–2.37‰), respectively. All δ13C measurements 
can be found in Online Resource 1: Table 1, and 2.

The δ13C of Archerella flavum was always more positive 
than the δ13C of Sphagnum from the same depth, differing by 
1.3 to 11.4‰. Given that the δ13C of Sphagnum reflects the 
heterotrophic food environment for the microbial commu-
nity, this difference between the δ13C of Sphagnum and the 
δ13C of Archerella flavum should primarily reflect the relative 
use of the algal symbiont (Chlorella) as an energy source. 
Therefore, increased algal symbiont use should result in a 
greater difference between Sphagnum δ13C and Archerella 
flavum δ13C. From the 1940s to the 1980s CE, this difference 
averaged 2.2‰, while the difference averaged 6.4‰ after 
the 1980s CE. Our δ13C measurements (Online Resource 1: 
Table 1) provide a sub-decadally resolved record of changes 
in the relative use of C sources by Archerella flavum, and 
suggest that populations shifted toward greater reliance on 
algal symbionts after the late 1980s CE, just prior to the 
increased abundance of Archerella flavum in the 2000s CE.

Results

Shifts in Vegetation and Testate Amoeba 
Community Composition

Peat began accumulating at the site in approximately 1920 
CE (Fig. 1). Sedges and shrubs were the dominant vegeta-
tion early in the record, with a variable amount of Sphagnum 
and other bryophytes. Sphagnum was variable in abundance 
up until the 1960s CE, but became dominant (> 90%) after 
that time. The relative abundance of mixotrophic testate 
amoebae, particularly Archerella flavum, increased from 
the bottom to the top of the core, with a particularly large 
increase in Archerella flavum since about 2000 CE (Fig. 2). 
The relative abundance of heterotrophic taxa, such as Dif-
flugia pristis type and Difflugia pulex, decreased as Archer-
ella flavum increased. Other taxa, such as Alabasta militaris 
and Nebela collaris-tincta type, maintained a more stable 
relative abundance throughout the core (Fig. 2).

δ13C Measurements and Reconstruction of 
Phototrophy

 δ13C values measured on Sphagnum and Archerella flavum in 
the peat core were similar to those observed in modern sam-
ples (Fig. 3). δ13C values for Sphagnum in the peat core ranged 
from −31.4 to −25.4‰, and trended more negative over time, 
with some of this trend likely due to fossil fuel emissions and 
the well-known Suess Effect [35]. Values for Archerella flavum 

Fig. 1  Median age-depth model 
(red line) developed using the R 
package rbacon [21] for our peat 
core. The inset map shows the 
site location (red) on the North 
Slope of Alaska (68.4315°N, 
−152.9099°W). Dashed lines 
indicate the 95% confidence 
interval for the age-depth model. 
Blue circles indicate post-bomb 
dates (after 1950 CE) calibrated 
using the NHZ1 dataset [19]. 
Blue bars indicate 95% confi-
dence intervals for the pre-bomb 
date (before 1950 CE) calibrated 
using the IntCal20 calibration 
curve [20]
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this time (Fig.  5). H. papilio also decreased in size from 
the bottom to the top of the core, with tests becoming more 
variable in size and generally smaller after 1980 CE, coin-
ciding with the onset of increased phototrophy in Archerella 
flavum. A. militaris displayed a distinct peak in size centered 
around 2000 CE, when Archerella flavum became more 
abundant. N. collaris-tincta type showed a relatively consis-
tent decrease in size from bottom to top of the core. (Fig. 5). 
All test measurements can be found in Online Resource 1: 
Table 3.

Discussion

Community Changes and Increased Phototrophy 
During the Past Several Decades

Our results indicate that Archerella flavum, a mixotrophic 
species, has increased in abundance over the past several 
decades at this location on the North Slope, and similar 
increases in mixotrophic testate amoebae have occurred 
more broadly within Sphagnum-dominated settings on the 
North Slope of Alaska since the mid-1900s [3, 37]. At our 
study location, mixotrophs comprised less than 40% of the 
testate amoeba community prior to the late 1990s CE, but 
since that time they have made up 50–84%, indicating a dra-
matic reorganization of the microbial community (Fig. 2). 
This recent expansion of mixotrophs may be a more wide-
spread phenomenon in high-latitude Sphagnum-dominated 

Comparing Inferred Phototrophy To Measured and 
Reconstructed Environmental Properties

Our reconstructed record of phototrophy broadly corre-
sponds with variability in the length of the snow-free grow-
ing season as measured near Toolik Field Station from 2007 
to 2019 CE, at least within the uncertainty of the age-depth 
model (Fig. 4). The increase in inferred phototrophy seen 
after the late 1980s CE may also have been in response to 
increased warming, and the expansion of nutrient-poor con-
ditions as indicated by the dominance of Sphagnum (Fig. 4). 
The highest C:N ratios, consistent with nutrient-poor condi-
tions, occurred toward the top of the core and coincided with 
high estimated phototrophy usage (Fig.  4). Reconstructed 
water-table depths, based on testate amoeba communities, 
remained relatively stable throughout the record, suggesting 
that moisture changes had little influence on the observed 
changes in inferred phototrophy (Fig. 4).

Changes in Test Size in Mixotrophic and 
Heterotrophic Taxa

Measurements of testate amoebae in the core indicated that 
the recent community changes and increasing use of photot-
rophy by Archerella flavum were associated with changes in 
the test size of both heterotrophic and mixotrophic testate 
amoebae. The length of Archerella flavum tests was variable 
prior to 2005, but tests became consistently smaller after 

Fig. 2  Stratigraphic records of plant and testate amoeba community 
composition. Testate amoeba taxa in green are mixotrophs, while taxa 
in light brown are heterotrophs. Only dominant and/or frequent testate 

amoeba taxa are shown, and the complete dataset is available through 
the Neotoma Paleoecology Database. The proportion of mixotrophs 
and heterotrophs is summarized in the panel on the far right
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[38], mixotrophic taxa became more abundant since 1875 
CE in 61 of them, or 77%.

Our downcore δ13C measurements of Archerella flavum 
and Sphagnum suggest that the species increased its reli-
ance on phototrophy after the late 1980s CE, just prior to its 

habitats. For example, all 12 peat records studied by Zhang 
et al. [11] in Quebec showed mixotrophic taxa becoming 
dominant in recent decades, reaching 50% relative abun-
dance. Of the 79 peat records that contained mixotrophs in 
the recent northern hemisphere compilation of Zhang et al. 

Fig. 3  (a) Compilation of literature-derived and new measurements of 
δ13C for taxa in the food web of Sphagnum-dominated peatlands [13, 
15–17]. For Chlorella, δ13C data from low-nitrogen and low-phos-
phorus experiments, at ambient CO2 are shown [33, 34]. (b) δ13C of 
Sphagnum and Archerella flavum in a peat core from the North Slope 
of Alaska (c) The difference between the Sphagnum and mixotroph 

measurements. Error bars indicate the expected precision of the spool-
ing-wire microcombustion approach. During times of increased algal 
symbiont use, the difference between Sphagnum δ13C and Archerella 
flavum δ13C should increase due to an increase in the % C derived from 
the symbiont
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flavum δ13C values increased, and the two values are no lon-
ger positively correlated, consistent with increased photot-
rophy usage. Based on a simple mixing model, we estimate 
that the changes in δ13C in Archerella flavum and Sphagnum 
represent a shift from approximately 10 to 25% of carbon 
derived from phototrophy, to over 25%, possibly up to 75%, 
of carbon obtained via phototrophy (Fig. 3). Expansion of 

rapid increase in relative abundance within the community. 
Interestingly, prior to 1980 CE the difference between δ13C 
values of Archerella flavum and Sphagnum were not only 
smaller than after this time, but they were also positively 
correlated, consistent with a strong heterotrophic signature 
reflected in the Archerella flavum δ13C values. After the 
1980s CE, the difference between Sphagnum and Archerella 

Fig. 5  The reconstructed record of phototrophy in Archerella flavum 
(green line) includes gray horizontal error bars indicating the expected 
precision of the spooling-wire microcombustion approach. Records of 
test size are shown for four taxa: Archerella flavum (n = 1054), Hya-

losphenia papilio (n = 256), Alabasta militaris (n = 208), and Nebela 
tincta-collaris type (n = 409). Error bars for test length were calculated 
using standard error of the mean

 

Fig. 4  The reconstructed record of phototrophy in Archerella flavum is 
shown in green with vertical error bars indicating the uncertainty of the 
age-depth model and horizontal error bars indicating the expected pre-
cision of the spooling-wire microcombustion approach. This inferred 
record was compared with the measured length of the snow-free grow-
ing season from 2007 to 2019 from the Toolik Lake region [18], tem-
perature records from the North Slope of Alaska [36], the record of 

C:N ratios in the core, the record of Sphagnum remains in the core, 
and water table depth (WTD) reconstructed using a weighted average 
partial least squares (2-component) model developed from nearly 4000 
northern hemisphere surface-samples in the Neotoma Paleoecology 
Database [6]. Horizontal error bars were estimated for each sample 
using a bootstrapping approach with 1000 iterations
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is one factor that promotes tree expansion in peatlands [12, 
44], and mixotrophs are not typically abundant in drier habi-
tats [6].

Hydrological changes may have also contributed to the 
observed recent changes in mixotrophic testate amoebae on 
the North Slope, and possibly elsewhere in the arctic. The 
mixotrophic testate amoebae Archerella flavum, Hyalosphe-
nia papilio, and Heleopera sphagni are typically found in 
moderately wet peatland habitats, while the species Amphi-
trema wrightianum is typical of very wet peatlands. Mixo-
trophic testate amoebae are particularly sensitive to drying 
as they live in the uppermost portion of the Sphagnum [42], 
and prior research conducted in peatlands found that experi-
mental drying led to a loss of mixotrophs [45]. Of course, 
limited drying of a very wet site can result in moderately 
wet conditions ideal for mixotrophs. However, the recon-
structed moisture at the location examined in this study has 
not changed considerably over the last century (Fig. 4), so 
hydrological change was not likely a cause of the increased 
abundance of Archerella flavum. Together, these observa-
tions underscore the sensitivity of microbial communities 
and mixotrophy to multiple co-occurring environmental 
changes, such as warming, nutrient limitation, growing-
season length, and vegetation shifts.

Changes in Test Length

Testate amoeba community changes and increased photot-
rophy over the past several decades were associated with 
changes in test length for the dominant testate amoeba 
taxa in the peat core. All four measured taxa decreased in 
size from ~ 2000 CE to the present (Fig. 5), a pattern that 
may be related to the same suite of environmental changes 
that promoted the expansion of Archerella flavum and its 
increased use of phototrophy. The abundance of taxa with 
smaller test sizes have been linked to increasingly ombro-
trophic or drier conditions in Sphagnum peatlands [46], and 
our observed size changes within individual species may 
represent a similar response. Analogous patterns have been 
observed in other protist groups; for example, smaller phy-
toplankton often dominate under nutrient-poor conditions 
[47]. Warmer temperatures have also been linked to reduc-
tions in protist size [48, 49]. Reduced snow cover in winter 
may also favor smaller-bodied testate amoebae in peatlands, 
due to increased exposure to frost events that limit larger 
testate amoebae [50]. However, in addition to the recent 
trend toward smaller test sizes, our measurements reveal 
quite a bit of test-length variability downcore, and three 
taxa attained their smallest size at an earlier point in the 
record, when conditions were presumably cooler and less 
nutrient-poor. The timing of earlier size shifts also varied 
among taxa.

Archerella flavum and its increased reliance on phototrophy 
may have altered competitive dynamics, leading to changes 
in microbial community composition and decomposition 
rates.

Environmental changes of the last several decades may 
have contributed to the inferred increase in phototrophy 
and the subsequent population expansion of Archerella 
flavum. These changes potentially included the develop-
ment of more oligotrophic conditions, variability in light 
availability due to changes in the length of the snow-free 
growing season, and changes in water balance or other 
potential responses to climatic changes. Decreased nutri-
ent availability, potentially enhanced by the expansion and 
increasing dominance of Sphagnum over the past several 
decades on the North Slope [3], may have favored Archer-
ella flavum and promoted its increased use of phototrophy. 
Across terrestrial and aquatic systems, mixotrophy appears 
to be favored under nutrient-limited conditions in a range 
of organism groups [39, 40]. Ecological theory also pre-
dicts that mixotrophs will outcompete strict autotrophs and 
heterotrophs in nutrient-limited settings [41]. Increased 
abundance of mixotrophic testate amoebae, including 
Archerella flavum, has also been observed in more oligotro-
phic peatland environments [6, 10, 11]. In our peat record, 
the highest C:N ratios, consistent with nutrient-poor condi-
tions, occurred toward the top of the core and coincided 
with high phototrophy usage and the high abundance of 
Archerella flavum.

A longer snow-free growing season and the resulting 
increased light availability may have also contributed to the 
expansion of Archerella flavum and its increased use of its 
algal symbiont as a carbon source (Fig. 4). In a seasonal 
observation of peatland sites in northern Poland, Archer-
ella flavum relative abundance and density increased from 
spring to summer, and this difference was mainly attributed 
to increased light availability [42]. Archerella flavum occur-
rence was also positively correlated with light intensity 
in a tropical peatland precipitation-exclusion experiment 
[43]. In full-shading experiments, abundance and biomass 
of mixotrophs decreased [8] and death of all endosymbiont 
Chlorella occurred within 3 months [14]. Partial shade with 
50–60% light reduction, on the other hand, resulted in viable 
endosymbionts even after 2 years, and a slight unexpected 
increase in the relative abundance of mixotrophs, though the 
reason for this is unclear and absolute densities of testate 
amoebae were not measured [15]. Although it is not a factor 
at our Arctic site, studies have also observed a decline in 
mixotrophic testate amoebae along gradients of increasing 
tree cover in bogs, suggesting a possible link between shad-
ing and mixotroph decline related to decreased light avail-
ability [10, 12, 44]. The lack of mixotrophs in tree-shaded 
plots could also be influenced by hydrology, since drying 
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contribution of phototrophy, and an assessment of how vari-
able Chlorella δ13C values are along community and envi-
ronmental gradients. Such measurements would provide 
estimates of the expected range of variability in these val-
ues through time and better constrain uncertainty estimates. 
Repeated measurements of test δ13C from the same samples, 
across multiple mixotrophic species, and across multiple 
peat cores would also help to quantify uncertainty and assess 
consistency in response among taxa and across habitats.
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