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Abstract

The objective of this thesis was to develop new approaches and perspectives in resolving
historical information from natural archives. Paleolimnology, the study of past aquatic
environments using lake sediment cores, has greatly advanced our understanding of previous
environments. This thesis intended to expand the range of historical information that may be
used in paleolimnology and for historical reconstructions. Here I used pond sediments and a bat
guano deposit as natural archives that recorded a history of events that I interpreted using a
combination of chemical and biological measurements. In particular, I applied sterols and stanols
as novel approaches for interpreting historical information in natural archives.

First, I examined the chemical and biological composition of lake sediments to track the
human occupation of Dorset and Thule people in Canada’s High Arctic. As predicted, sterols,
stanols, cadmium, copper, and zinc increased in sediments deposited during known periods of
human occupation owing to nutrient addition, whereas these increases were absent in reference
sites. These methods were further corroborated in a study of 20" century human occupation at
Resolute Bay by examining similar constituents in waterbodies that received wastewater
discharge.

Second, I used 8'°N and 8'3C to track the agricultural history of Jamaica using a 4,300-
year-old bat guano deposit. I then used C/N, §'3C, and sterol and stanol ratios to detect two
periods of increased frugivory relative to insectivory-based foraging. Metals normalized to
titanium increased during the Industrial Revolution and 2°Pb/2°’Pb values tracked the
introduction and subsequent ban of leaded gasoline. I also examined the same chemical

constituents in fresh bat guano from frugivorous, insectivorous, and sanguinivorous bats. C/N
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values decreased and cholestanol, cholesterol, and cholesterol/(cholesterol+sitosterol) values
increased in bat guano according to trophic level.

This thesis demonstrated the strength of examining several independent lines of evidence
to reconstruct historical activities in both High Arctic waterbody sediments and a bat guano
deposit. I showed that human activities were traceable within natural archives over several
thousand years thus demonstrating that the multi-proxy approach is a powerful tool that can

conduct a broad range of analyses in various natural archives.
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Chapter 1: General introduction

1 A brief history of human impacts on the environment

Many of humankind’s advances have resulted in the alteration of the environment. One of
the earliest records of change in the chemical composition of the terrestrial environment can be
traced back to the use of fire by Neanderthals, which was evidenced by increased metal
concentrations in hearths [1]. Likewise, atmospheric releases of metals due to mining activities
can be traced back to ca. 5000 BCE in China, 1400 BCE in Bolivia, and 1400 CE in the Peruvian
Andes [2—4]. Moreover, the development and establishment of cities, and the rise of the
Industrial Revolution, led to increased atmospheric concentrations of pollutants, including heavy
metals [5—7]. Agricultural practices have led to changes in the chemical composition of soils and
nearby waterbodies [8—10] and wastewater discharge has increased the concentration of metals in
waterbody sediments [11]. Commencing in the 1940s, the manufacturing and use of persistent
organic pollutants (POPs) introduced a new human-derived pollutant to the environment.
Fortunately, there has been an increase in the understanding of the burdens that humans have
placed on the environment, which has led to modified practices to improve the health of the
environment. In 1962, Rachel Carson’s book, Silent Spring, sparked public outcry against the
application of dichlorodiphenyltrichloroethane (DDT), as severe effects became evident in biota
[12] and the surrounding landscape [13]. Changes in industry standards, such as the use of
scrubbers in refineries, decreased the atmospheric emission of some metals [14], and regulations
to limit the release of POPs have been ratified in many countries. The ongoing development and
use of monitoring strategies for anthropogenically derived contaminants is thus crucial to help
scientists track the long-term impacts of humans on the environment and reduce the legacy

impact of these contaminants.



2 Human activities have increased the atmospheric concentration of metals

Human practices have contributed to the release of metals to the atmosphere for
thousands of years. Historical mining practices increased the atmospheric concentrations of
metals such as arsenic, cadmium, chromium, copper, and manganese [6]. For example, mining
and smelting activity in Europe during the Roman Empire caused a significant increase in the
atmospheric release of copper (15,000x10° kg yr!), lead (90,000x10° kg yr!), zinc (10,000x10?
kg yr!"), and mercury (2000 kg yr!) [7]. Similarly, the development of the Patio Process, an
improved mining practice used to extract silver from ore, increased mercury emissions in South
and Central America from 1570 to 1900 CE (196x10° kg cumulatively) [15]. 20% century
industrial practices have also contributed to atmospheric metal concentrations. In 1983, global
coal and oil combustion were the two major contributors to the atmospheric release of heavy
metals, and of the total global atmospheric metal emissions in that same year, nickel, lead,
manganese, vanadium, and zinc were released in the greatest concentrations [16]. Increased
industrial practices, such as zinc production, iron and steel manufacturing, and coal and oil
combustion, increased atmospheric concentrations of zinc, nickel, and copper by 293 %, 187 %,
and 125 %, respectively [6]. It is therefore evident that the processes of natural resource
extraction, processing, and product manufacturing, have significantly increased atmospheric
concentrations of metals. Further investigation is thus warranted to determine the magnitude of

metal distribution in the environment and whether elevated metal concentrations persist today.

3 Natural archives allow for the reconstruction of historical environmental
conditions

Contaminants emitted to the atmosphere eventually settle and accumulate in the

terrestrial and/or aquatic environment, which allows for the reconstruction of historical



environmental conditions. Ice [17,18], peat bog [19,20], and sediment [21,22] cores commonly
act as natural archives that can be used to infer the influence of anthropogenic activity, if any, on
the environment. Bat guano deposits can also act as natural archives as cave-dwelling bats
excrete guano in the same location, thus providing a long-term record of their exposure to
anthropogenic activity [23,24]. Natural archives can thus be analyzed for a suite of
anthropogenic contaminants, environmental proxies, and/or biomarkers, which allows for the
reconstruction of historical environmental conditions. Changes in the chemical composition of
the archive can be evaluated through time and can be used to infer the extent to which
anthropogenic activity may have influenced the terrestrial and/or aquatic environment. Natural
historical archives have been used by the scientific community to trace the evolution of human
technology and the transition of nomadic societies to settled communities. Throughout history,
the environmental impacts caused by humans have evolved, and modern scientists seek to
reconstruct, and where possible remediate, these ubiquitous anthropogenic legacies of

contamination.

3.1 Natural archives record the history of anthropogenic activity

Sediment cores are a useful tool to track the history of anthropogenic influence on metal
concentrations in the environment. In particular, lake sediment cores have been extensively used
to study the effects of mining on the environment. In Southern Iberia, lead concentrations
increased from 28 to 90 pg g'' dry weight (dw) in lake sediment cores as a result of mining
during the Bronze Age (ca. 1950 BCE) [25]. Similarly, lead concentrations increased from ~ 0 to
300 ug g'! dw in lake sediments deposited during pre-Colonial mining in the Bolivian Andes [3]
and silver metallurgy ca. 1400 CE was traceable within lake sediment cores from Peru as

evidenced by a ten-fold rise in lead [21]. These ancient mining techniques left a legacy footprint



of metal production in lake sediment cores. Cores are thus useful tools with which we can
reconstruct the historical processes that shaped metal use and cultural development.

The introduction of leaded gasoline in the 1920s increased atmospheric concentrations of
lead [6,17,26,27], which resulted in its subsequent ban in the 1970s due to rising environmental
concerns [28]. Natural archives have proven to be a useful tool in tracking the history of leaded
gasoline use [4,29]. In China, lead concentrations increased from to ~35 pg g™ dw in lake
sediments deposited ca. 1950 owing to leaded gasoline use [4]. A similar peak in lead (40 pg g!
dw) was observed in Swiss lake sediments in response to the use of leaded gasoline [30].
Notably, the lead flux in a Swiss peat bog was 1570-fold greater in 1979 CE when compared to
the background flux [29]. The use of leaded gasoline was so widespread, that lead concentrations
(9.4 pg g™ peaked in snow deposited between 1969 and 2004 in Antarctica [31]. One can also
use lead isotope ratios to confirm the source of lead in environmental archives [19,29]. In the
United Kingdom, a decrease in 2°°Pb/?’Pb values (from ~1.17 to ~1.1) in soils marked the onset
of the worldwide use of leaded gasoline [27]. 2°°Pb/2°’Pb values also decreased (from ~1.18 to
~1.3) in a Swiss peat bog, coeval with the introduction of leaded gasoline [29]. Similar 20
century 2%Pb/2°’Pb values in U.K foliage [27], Swiss peat bogs [29] and Spanish peat bogs [32]
were evidence of the ubiquitous effects of coal burning and use of leaded gasoline. Fortunately,
leaded gasoline was banned in the 1970s, which is marked by decreased lead concentrations and
increased 2°Pb/2°’Pb values in lake sediments [30]. This is a prime example of the utility of lake
sediment cores to track not only the deposition of lead from anthropogenic sources, but also the
effectiveness of implementing practices to reduce metal emissions.

In addition to lead, mercury concentrations also tracked the history of anthropogenic

activity in natural archives. In Peru, mercury concentrations were 10-fold greater in mining-



impacted sediments than in pre-mining sediments deposited ca. 1400 BCE [2]. The rise in
mercury emissions during the Roman Empire, a time period characteristic of elevated gold and
silver mining activity, was also tracked worldwide in ice, peat, and sediment cores [17,19,25,33].
The mercury flux increased 10-fold in lake sediments from South America in response to mining
during the colonial period (1400 to 1600 CE) [34]. In addition, by tracking the effect of
anthropogenic activity on mercury deposition thousands of years ago, we can also observe
increased mercury concentrations owing to 20™ century practices. For example, ice cores tracked
an approximately 3-fold increase in mercury concentrations during the 20" century owing
largely to coal combustion [18,35]. Similar results were observed in a Swiss peat core where the
mercury accumulation rate peaked (78 ug m? yr'!) in the 1970s owing to the incineration of
municipal waste [36]. As such, the effects of anthropogenic activity on the distribution of
mercury in the environment are well-documented as evidenced by the globally elevated mercury
concentrations in natural archives.

Increased concentrations of other heavy metals in natural archives have also tracked the
influence of anthropogenic activity over the last 5000 years. Concentrations of copper, nickel,
and zinc increased in lake sediments and peat cores during the Bronze Age in China (3000 BCE
to 170 BCE), a period marked by an increase in mining and metal use [4,33]. 11t century
metallurgy in Peru is evidenced by increased concentrations of zinc and copper [37]. More
recently, peak concentrations of antimony (6 pg g*' dw), silver (0.6 pg g”' dw), and tin (0.5 pg g’!
dw) were recorded in Bolivian lake sediments coeval with early colonial mining [3]. 20% century
lake sediments were also commonly enriched in zinc, cadmium, and copper owing to increased
industrial activity [38]. It is thus evident that lake sediment cores are an ideal tool for tracking

changes in atmospheric metal fluxes as a result of anthropogenic activity. Consequently,



sediment cores preserve metal concentrations pre, during, and post-impact; this allows for the
determination of the magnitude of change (owing to anthropogenic activity) and the extent of

recovery (when applicable).

3.2 Lake sediments and migratory species

In addition to anthropogenic activity, the deposition of faeces (e.g. by birds or mammals)
into waterbodies can also change the chemical composition of sediments, and consequently
reflect the influence of biota on the aquatic environment. One way to study how biota affect the
chemical composition of the aquatic environment is by comparing animal-affected sediments to
uninfluenced sediments. For example, cadmium, lead, manganese, and mercury were elevated in
seabird-influenced Arctic sediments as a result of the birds’ diet that was enriched in these
elements [39], whereas selenium and mercury concentrations were greater in seal and penguin-
influenced sediments relative to uninfluenced sediments owing to dietary enrichment of these
elements [40]. Likewise, higher concentrations of cadmium were recorded in lake sediments
influenced by northern fulmar [41] and bat [42] guano, relative to unaffected sediments. Copper
and zinc concentrations also increased in seabird-influenced Arctic lake sediments [43]. In
addition, these sediment cores can be used to infer movement and changes in biota populations.
For example, a peak in the cadmium concentration in Arctic lake sediments reflected the arrival
of little auks ca. 250 BCE [44]. Xie and Sun reported increased concentrations of arsenic in
1,800-year-old penguin faeces-influenced sediments, which they used to infer changes in
penguin population size [45]. Sediment cores can thus be used to assess the historical influence
of biota on waterbodies as the addition of faeces changes the chemical composition of the

sediments.



4 Lake sediment cores track the history of human-derived effluents

Lake sediments may also be used to track the history of wastewater discharge. Prior to
the development of more advanced wastewater treatment plants, raw sewage was commonly
deposited directly into nearby waterbodies [11]. The effects of unloading raw sewage into
waterbodies are well-documented and can result in increased concentrations of nutrients, heavy
metals, pesticides, and personal care products in the water and sediments [46,47]. For example,
chlorophyll a (chl @) decreased by ~80 % in sewage-influenced lakes following a reduction in
sewage discharge [47] and wastewater-influenced High Arctic sediments had more eutrophic
diatom assemblages than unimpacted ponds [48]. Specifically, a change in the diatom
assemblage (from Fragilaria sensu lato to Navicula kriegeri) was observed in High Arctic lake
sediments in response to wastewater input [49]. In remote locations, wastewater management is
particularly difficult owing to logistical and geographical constraints [50,51]. As a result,
untreated wastewater is often discharged directly into local waterbodies owing to limited
infrastructure [49,52—-54]. The study of wastewater discharge on remote lakes can be particularly
informative as these systems are often depleted in nutrients prior to human impact [55], and thus

changes in the chemical composition of the lake sediments are evident from human occupation.

4.1 Metal concentrations in lake sediments track the history of wastewater discharge

Metal concentrations are often greater in raw sewage than in the sediments of
uninfluenced waterbodies, and as such, one can examine downcore metal profiles to track the
history of wastewater discharge. For example, raw sewage from a wastewater treatment plant in
Poland was most concentrated in chromium (260 pg g™' dw), copper (330 pg g' dw), and zinc
(710 pg g dw), with lower, but detectable, concentrations of cadmium (1.9 pg g dw), nickel

(33 pg g dw), and lead (35 pug g! dw) [11]. Cadmium, copper, lead, and zinc were also



approximately 1.3-fold greater in wastewater influenced sediments from Korea, relative to
uninfluenced sediments [56]. Metal concentrations were also elevated in sediments from Zhifu
Bay, China, as a result of wastewater input (relative to uninfluenced sediments) and
concentrations subsequently decreased in sediments following the implementation of a sewage
treatment plant [57]. The ratio of metals to titanium (to account for natural weathering) increased
in lake sediments in response to wastewater [52]. The ratio of cadmium, lead, and zinc to
titanium increased approximately 3-fold, 2-fold, and 5-fold, respectively, in wastewater
influenced sediments [52]. Similarly, heavy metals, including copper and cadmium, were
enriched in lake sediments from northern Fennoscandia owing to industrial wastewater discharge
[58]. Metal concentrations in lake sediment cores can thus be used to determine and assess the

extent of wastewater discharge into waterbodies.

4.2 Sterols and stanols in lake sediments track the history of wastewater discharge

Sterols (unsaturated) and stanols (saturated) are subgroups of steroids that are found in all
eukaryotes [59]. Stanols are commonly formed by the reduction of sterols in the intestines of
higher mammals [60]. Coprostanol, formed from the reduction of cholesterol in the intestines of
higher mammals and birds, is frequently used to identify human-derived faeces in water samples
as coprostanol constitutes approximately 60 % of all sterols and stanols in human faeces [61].
The elevated concentrations of coprostanol in wastewater (270 pug L) [62] are thus reflected
within wastewater-influenced sediments. For example, coprostanol increased from ~0 to 40 pug g
"' OC in wastewater influenced sediments from Guanabara Bay, Brazil [63] and increased
coprostanol concentrations were recorded in wastewater-influenced sediments from the New
York Bight [64], Arctic [65], and Antarctic [66]. In fact, increased concentrations of coprostanol

were recorded in sediments collected from the Agora, Athens, Greece as a result of wastewater



input during the Roman period [67]. Cholestanol is formed from the microbial reduction of
cholesterol [61] and low, but detectable concentrations of cholestanol are also found in human
faeces: 70 pg g*!' dw; 1.4 % of total sterols [61,68]. As such, higher concentrations of cholestanol
were found in lake sediments as a result of sewage input [68,69]. The cholesterol concentration
in human faeces is approximately 290 pg g! dw, [61] and as such, cholesterol concentrations of
260 pg L' have been recorded in wastewater [62]. Consequently, increased cholesterol
concentrations are frequently recorded in lake sediments owing to wastewater input [67,70].
Phytosterols (plant-derived sterols and stanols) include sitosterol and stigmastanol and
can also track wastewater input. Sitosterol concentrations are typically elevated in vegetation,
contributing to ~40 — 70 % of the sterol composition in High Arctic plants and mosses, for
example [71]. Stigmastanol is produced by the microbial reduction of sitosterol in high trophic
level mammals and thus stigmastanol is found in mammalian faeces [61]. Consequently,
stigmastanol concentrations in lake sediments increased coeval with manure inputs [72], and

sitosterol increased in Arctic lake sediments in response to sewage dumping [65].

5 Ancient human settlements near High Arctic waterbodies

Small communities surrounding High Arctic lakes can alter the chemical composition of
the sediments. The Thule people were a group of nomadic whalers who were present in Canada’s
High Arctic from ca. 1200 CE to ca. 1500 CE [73]. They arrived via the Bering Strait and moved
south approximately 500 years ago as a result of cooling temperatures during the Little Ice Age,
which decreased their ability to hunt owing to sea-ice blockages [74—77]. The Thule specialized
in hunting bowhead whales: they hunted using spears and seal-skin floats, which they attached to
the whales to keep them from diving [78]. One report estimated that the Thule people hunted

~18,500 whales during their time in Greenland and the Canadian Arctic [73]. The whalebones



were used to construct residential structures, such as permanent and semi-permanent homes, and
work-related structures, such as temporary whaling camps and kayak stands [73,75,79]. In order
to construct these whalebone structures, whales were brought into or in close proximity to,

coastal ponds, and consequently, whalebones are visible in many of those ponds today.

5.1 Stable isotopes, sterols, and stanols recorded the history of human occupation in High Arctic
lake sediments

8!5N profiles in pond sediments can track nitrogen sources from higher trophic level
species, because carnivorous species, like humans, are enriched in the heavier nitrogen isotope
("*N) relative to the lighter nitrogen isotope (14N) [80,81]. §'°N values in sediments from Thule-
occupied ponds increased coeval with Thule arrival [82,83]. 8'5N values also tracked the
departure of the Thule people from these sites, as evidenced by a decrease in §'°N values (from
~7 10 5.5 %) to pre-Thule settlement values in some sites [82].

Sterols and stanols can also track human settlement adjacent to High Arctic waterbodies.
Zoosterols and phytosterols are relatively stable in cold and anaerobic environments [65,84], and
consequently, fluctuations in zoosterols and phytosterols in lake sediments may result from
human occupation, particularly in an otherwise desolate and oligotrophic setting like an Arctic
coastline environment. Coprostanol and cholesterol are present in human faeces, and as such,
they should be present in lake sediments influenced by human activity. Indeed, coprostanol
comprised ~20 % of the total sterol and stanol composition in High Arctic lake sediments as a
result of human settlements around the lake [65]. An increase in the ratio of coprostanol to
cholesterol in Arctic lake sediments marked the presence of the T’satsaot’ine people [65].

The presence of the Thule people and nutrients from whale carcasses increased primary
production in ponds, as evidenced by shifts to more eutrophic diatom species and increased

sedimentary chl a (up to three-fold greater) during the time of Thule occupation [82,83].
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Consequently, phytosterols should also track the history of human settlement adjacent to Arctic
ponds as campesterol, sitosterol, and stigmastanol constitute the majority of sterols and stanols in
algae and terrestrial and aquatic plants [71,85]. Thus, one would predict increased sediment
phytosterol concentrations in response to increased productivity in sediments deposited at the

time of Thule settlement.

6 Bat guano deposits can also serve as natural archives on which one can
study the effects of anthropogenic activity

Thus far, we have demonstrated the utility of studying changes in the chemical
composition of lake sediment cores to infer the effects of industrial practices, wastewater input,
and human settlement on the environment. Bat guano deposits can be used in a similar manner,
as the accumulation of guano through time allows one to more directly address the exposure of
bats to anthropogenic influences in the environment. One can measure the concentration of
contaminants in the excrement of biota in order to track historical changes in chemical exposure
to the animals that produced them. Furthermore, bats are an excellent study species because they
occupy a range of trophic levels owing to their various dietary habits (frugivorous, insectivorous,
and sanguinivorous), which allows one to examine the movement of contaminants through the
food web. In addition, bats provide a number of ecosystem services (including pollination, seed
dispersal, and acting as a natural insecticide [86]), and consequently, it is important to
understand how anthropogenic activity affects the chemical composition of their guano as this
can be evidence of their exposure to environmental contaminants. Collection of their guano is
relatively non-invasive and can be used as an indicator of their overall body burden of a specific
contaminant. Increased metal concentrations in bat guano have been correlated to their

environmental exposure to anthropogenic activity. For example, the concentration of cadmium
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was elevated (2.2 pg g' dw) in guano from bats inhabiting caves in proximity to a battery
recycling factory [87]. As well, bats roosting near a contaminated military site had higher
concentrations of mercury in their guano (0.43 pg g™! dw), relative to bats roosting in
uncontaminated areas (0.13 pug g! dw) [88]. Bat guano can therefore be analyzed for
environmental contaminants and used to assess the effects of anthropogenic emissions on

mammals occupying a range of trophic levels.

6.1 Bat guano preserves a record of anthropogenic activity

Bat guano deposits offers the means to reconstruct historical exposure trends in relation
to changing industrial practices, with the advantage of determining whether bats are exposed to
these contaminants. For example, lead and copper concentrations in a 30,000-year-old bat guano
deposit reached peak concentrations of ~10 and >1000 pg g*' dw, respectively [89]. Similarly,
copper concentrations in a 13,000-year-old bat guano deposit from Borneo were elevated
(~8,000 pg g!' dw), with lower concentrations of other metals such as chromium (~450 pg g!
dw), vanadium (~250 pg g*' dw), and zinc (2,250 pg g™' dw) [23]. Onac et al. also examined
downcore metal concentrations (of copper, lead, and zinc) in a ~3,000-year-old bat guano deposit
in Romania [90] but did not link fluctuations in metal concentrations to anthropogenic activity.
Given the elevated metal concentrations previously observed in bat guano deposits, it should be
possible to examine temporal changes in metal concentrations in association with changes in

anthropogenic activity to infer how bat exposure to metals has changed over time.

6.2 Stable isotopes track dietary changes in bat guano

Stable isotopes are also well-preserved in guano deposits and can be used to infer dietary
changes and/or exposure to anthropogenic activity [91-93]. Nitrogen stable isotope values

increased with trophic level (e.g.: phytoplankton, zooplankton, insects, and mammals), nitrogen
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excretion sources, and habitats [81]. This is the result of preferential fractionation of the lighter
nitrogen isotope in higher trophic level species [94,95]. For example, §'°N values in a chimney
swift guano deposit tracked a dietary shift in prey owing to the introduction of DDT [92]. As
well, 35N has been used as an indicator of trophic position in pond-derived sediments influenced
by seabirds [96] and bat guano [97,98]. When studying bat guano, a bat’s diet should reflect the
specific stable nitrogen isotope of their food source [99,100]. Indeed, greater §'°N values were
present in insectivorous bats relative to frugivorous bats [101]. In summary, 3'°N values in bat
guano reflect a bat’s diet and thus long-term changes in foraging habits may be evidenced by
changes in 6'°N values within a bat guano deposit.

813C is another stable isotope that can be analyzed in bat guano deposits to track their
dietary changes. 8'*C can be an indicator of diet as the ratio is dependent on the photosynthetic
pathway type of the vegetation the bats consume, either directly or indirectly (via insects for
example) [102,103]. There are three possible carbon-derived food sources: C3, C4 or
crassulacean acid metabolism (CAM). C3 plants, characterized by the production of two 3-
phosphoglyceric acids from atmospheric COz, dominate under cool, moist conditions, when
photorespiration is limited. Conversely, C4 plants dominate under high temperatures because
their stomata are open less frequently, thereby reducing water loss. CAM plants are even more
effective at preserving water because they open their stomata at night thus dominating under arid
conditions. C3 and C4 plants are easily distinguished by their varying 8'3C values, averaging -
28.1 %o and -13.5 %o, respectively [104]. CAM plants, however, can be more difficult to identify
as the isotope ratio is dependent on the light availability during photosynthesis such that §'3C
may reflect typical C3 or C4 values [104]. The majority of CAM plants, however, have the least

negative 8'°C values characteristic of their preference for dry habitats. Therefore, photosynthetic
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pathways type is species specific resulting in 6'3C values that are mirrored within the consumer
[99] thus allowing for the determination of a bat’s diet. '3C is typically enriched in C4-derived
plants and higher trophic level organisms relative to their diet owing to preferential fractionation
of 12C [24,104-106] thus allowing one to determine the carbon source and foraging habits of an

individual.

6.3 Sterols and stanols in bat guano differ between feeding habits

The sterol and stanol composition of bat guano should be different between frugivorous,
insectivorous, and sanguinivorous bats. The faeces of mammalian herbivores is typically
enriched in Cy9 5B-stanols such as sitostanol, stigmastanol, and campestanol [107]. Notably,
concentrations of sitosterol and stigmastanol tend to be similar among mammalian herbivores
and omnivores owing to overlaps in their diet. For example, the stigmastanol concentration in
goat and human faeces was 330 pug ¢! dw and 160 pg g™' dw, respectively [85] and the sitosterol
concentration in cow and human faeces was 270 pug ¢! dw and 313 pg g'! dw, respectively [85].
Campesterol is also abundant in plants (> 300 mg kg™' wet weight) [108,109], and is present in
human faeces (300 pg g' dw [110]) and herbivore faeces (3 to 140 pg g! dw [111]). Notably,
some herbivores are particularly enriched in phytosterols relative to omnivores; for example,
stigmastanol in sheep faeces was 1400 pg g' dw [85] and sitosterol in rabbits was 970 pug g! dw
[111]. Thus, while concentrations of sterols and stanols are generally similar in faeces from
herbivores and omnivores, there are species specific exceptions.

Insects tend to have similar concentrations of sterols and stanols to the plants they
consume. This is likely because arthropods are unable to synthesize their own cholesterol de
novo and thus, they require a dietary intake of Cyg and Cy9 sterols, such as sitosterol,

stigmastanol, and campesterol, to synthesize cholesterol [107]. As a result, elevated
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concentrations of sitosterol and campesterol are present in arthropods, which can make up > 95
% of their sterol and stanol composition [112,113]. Fucosterol and desmosterol are abundant in
arthropods as they are intermediate products in the conversion of sitosterol to cholesterol in the
gut of insects [114—116]. Conversely, fucosterol and desmosterol are present in low
concentrations in algae and thus are not commonly analyzed in herbivorous mammals [61,111].
Concentrations of sterols and stanols differ in plants, insects, and mammalian faeces based on
feeding habits. We thus surmised that these differences in sterol and stanol patterns among plants
and animals would reflect different feeding habits in the guano of bats that feed on a range of

plants, insects, and mammalian blood.

7 Summary

This thesis aimed to examine a series of paleo-proxies in both lake sediments and a bat
guano deposit for the purpose of inferring the effects of anthropogenic activity on the aquatic and
terrestrial environment. Using multiple proxies, including metals, lead isotopes, stable isotopes,
sterols, and stanols, we examined temporal changes in the chemical composition of natural
archives in relation to anthropogenic activity.

This thesis was written by manuscript and contains four data chapters. Chapter two
examined sediment cores from High Arctic waterbodies that were influenced by wastewater. We
compared a series of proxies in wastewater-influenced pond sediments to sediments in a nearby
reference pond to determine the extent to which wastewater discharge altered the chemical
composition of the sediments. Chapter three examined the chemical composition of sediment
cores taken from ponds that were previously home to the Thule and Dorset people. The objective
was to determine whether multiple proxies tracked the arrival and departure of the Thule and

Dorset people and the extent to which the Thule and Dorset people altered the chemical
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composition of the pond sediments. In Chapter four, we examined changes in the metal and
stable isotope profiles within a 4,300-year-old bat guano deposit from Jamaica to infer the
exposure of anthropogenic activity on the biotic environment. We applied commonly used
techniques in the field of limnology to the guano deposit and demonstrated the effectiveness of
using multiple proxies when reconstructing historical environmental conditions. The objective of
chapter five was to determine the sterol and stanol composition in fresh guano from bats feeding
at different trophic levels (frugivorous, insectivorous, and sanguinivorous) in order to identify
chemical differences based on feeding habits. We also reconstructed the sterol and stanol profiles
in a ~4,300-year-old bat guano deposit to reconstruct long-term changes in the foraging habits of
the bat colony.

In summary, we demonstrated the effectiveness and strength of examining multiple-
proxies in natural archives in order to reconstruct historical events. We provided compelling
evidence that this multi-proxy approach tracked human influence in High Arctic waterbodies
over the past 2000 years and that when applied to bat guano deposits, this multi-proxy approach
can be used to monitor the effects of human activity and changes in bat feeding strategies based

on the chemical composition of bat guano.
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Abstract
Human activities can greatly affect the chemical and biological composition of High

Arctic lakes that otherwise receive only sparse inputs from their watersheds and airsheds. This

study examined three High Arctic waterbodies in which wastewater from an airport was released
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over the span of several decades. Using sediment cores from these waterbodies, this study
reconstructed the history of wastewater inputs using a multiproxy approach consisting of sterols,
stanols, metals, and stable isotopes of carbon and nitrogen. This multi-proxy approach showed
good concordance between 3N, coprostanol (a stanol specific to human faecal sources),
cholesterol, and cholestanol, which tracked the known history of human wastewater deposition to
this High Arctic environment. Concentrations of plant derived sterols, such as campesterol and
sitosterol, increased at the time of wastewater input, presumably due to increased plant growth
stimulated by wastewater nutrients. Metal(loid)s normalized to titanium showed copper and lead
tracked the input of wastewater into R-12, while arsenic, cadmium, chromium, nickel, and zinc
increased more than 15 years after the onset of wastewater input. These results demonstrate the
ability of sterols and stanols to reconstruct the historical presence of humans in High Arctic
locations within the last 80 years and provided compelling evidence that these paleolimnological

approaches may be used to track human populations in the Arctic beyond the last century.
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1 Introduction

Eutrophication of waterbodies occurs from the presence of excess nutrients and can be
the result of both natural and anthropogenic activity. The addition of untreated wastewater to
inland lakes often results in signs of eutrophication and can lead to elevated concentrations of
phosphorus in Arctic lake sediments (Dauvalter and Kashulin, 2018). Northern communities
often lack sewage treatment facilities and thus wastewater is more commonly discharged directly
into nearby waterbodies. Signs of eutrophication may not be evident due to short growing
seasons; however, chemical and biological changes have been observed in water and sediments.
For example, sewage waste can increase the concentration of heavy metals such as cadmium,
lead, mercury, and thallium in Arctic lake sediments (Antoniades et al., 2011; Michelutti et al.,
2007), increase nutrient availability as evidenced by increases in carbon and nitrogen in lake
water (Schindler et al., 1974), and can lead to increased primary productivity, which alters
chironomid and diatom communities (Schindler et al., 1974; Stewart et al., 2018). Cadmium,
chromium, copper, lead, and zinc also peaked in lake sediments from Antarctica as a result of
sewage input (Bueno et al., 2018b; Santos et al., 2005). The flux of lead, cadmium, and mercury
to sediments also increased in Annak Lake, Belcher Island, Nunavut, Canada, coeval with
sewage input (Michelutti et al., 2007).

In Resolute Bay, Cornwallis Island, Nunavut, Canada, there is a series of waterbodies
that received sewage for decades: R-12 and R-13 (both ponds), and Meretta Lake. In 1949, the
Department of Transport Airport Base was established, housing an average of 150 permanent
residents. From 1949 to 1979, raw sewage was released from the base through two utilidors into
nearby waterbodies. A main utilidor ran 1.6 km, depositing sewage into several waterbodies,
including R-12 and R-13, with a final destination of Meretta Lake. A second utilidor ran through

a series of waterbodies, also ending its route in Meretta Lake. In the 1970s, the permanent
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population at the Airport Base more than halved (averaging 65 people), at which time the major
utilidor carrying sewage was dismantled, leaving only one utilidor that deposited sewage directly
into Meretta Lake. In 1998, the remaining utilidor was closed owing to the construction of a new
airport.

The limnology of these waterbodies was studied as a part of the International Biological
Program (IBP) (Antoniades et al., 2011; Douglas and Smol, 2000); providing the unique
opportunity to examine human impacts on waterbodies in the High Arctic. Meretta Lake was
historically defined as an oligotrophic lake owing to low nutrient availability and few ice-free
days (Antoniades et al., 2011; Smol and Douglas, 2007). However following the addition of
sewage wastewater in 1949, the lake quickly became eutrophic as evidenced by increased
phytoplankton and chlorophyll a (chl a) concentrations (Kalff and Welch, 1974; Schindler et al.,
1974). Biological changes have also been documented in sediment cores from these wastewater-
receiving waterbodies. For example, shifts in the bacterial composition in Meretta Lake
sediments (Antoniades et al., 2011) and changes in the diatom assemblages in Meretta Lake, R-
12, and R-13 (Douglas and Smol, 2000; Stewart et al., 2014) have been shown to track the
history of wastewater inputs.

There is evidence that High Arctic lakes are able to recover from human-induced
eutrophication. For example, the diatom assemblage in Meretta Lake recovered to pre-
wastewater conditions as indicated by a decrease in the concentration of diatoms following a
reduction in wastewater input; sewage-associated metals, such as cadmium, also decreased as a
result of a reduction in wastewater input (Antoniades et al., 2011). Furthermore, the diatom
assemblage in Meretta Lake sediments deposited post-1990 is returning to pre-impact sediment

assemblages (Michelutti et al., 2002) and total phosphorus and chl a concentrations in lake
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sediments in the 1990s are lower than those recorded for the IBP in 1968 (Douglas and Smol,
2000).

Sterols and stanols are a powerful and source-specific proxy that can be used to track the
onset and termination of human wastewater input in this High Arctic environment. There is a
growing interest in sterols and stanols for paleolimnological studies as they can offer more detail
in reconstructing historical conditions. Sterols and stanols are a subgroup of steroids, present in
varying concentrations and proportions in all eukaryotes. Sterols and stanols can be divided into
two categories: phytosterol (naturally occurring sterols and stanols in plant cell membranes) and
zoosterols (naturally occurring sterols and stanols in animals). Sterols and stanols are relatively
stable within cold aquatic environments, and thus any change in their composition or abundance
in a lake system should be preserved within lake sediments (Leeming et al., 2015, 1997).
Consequently, sterols and stanols can function as biomarkers of human presence as the
specificity of the sterol composition in vegetation and animals can be used to reconstruct long-
term trends in waterbody sediments.

Zoosterols, such as coprostanol, cholesterol, and cholestanol, are more source specific
than stable isotopes and thus are frequently used to track sewage in lake sediments (e.g. Bull et
al. 2003; Walker et al. 1982; Zocatelli et al. 2017). For example, coprostanol is produced in the
gut of higher mammals and is typically ten-times more concentrated in humans relative to other
animals (Leeming et al., 1996; Shah et al., 2007). As a result, coprostanol has been effectively
used to track the presence of human sewage in the New York Bight (Hatcher and McGillivary,
1979), Arctic lake sediments (Stewart et al., 2018), and Antarctic lake sediments (Tort et al.,
2017). While coprostanol is the major component of human faeces (57 % of total sterols),

cholesterol is also present in elevated concentrations; this differs from other omnivores and
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carnivores, where concentrations of cholesterol exceed those of coprostanol (Leeming et al.,
1996; Prost et al., 2017). Cholestanol is formed from the microbial reduction of cholesterol
(Leeming et al., 1996) and low, but detectable concentrations of cholestanol are also found in
human faeces: 70 pg g*' dry weight (dw); 1.4 % of total sterols (Leeming et al., 1996; Sanez et
al., 2017). Thus, higher concentrations of cholestanol are commonly found in lake sediments as a
result of sewage input (Nishimura, 1978; Sanez et al., 2017).

Common phytosterols include campesterol, sitosterol, and stigmastanol. Vegetation is
typically abundant in sitosterol (Behmer and Nes, 2003; Cheng et al., 2016; Pereira et al., 2017);
for example, sitosterol makes up ~40 — 70 % of the sterol composition in High Arctic plants and
mosses (Cheng et al., 2016). Stigmastanol is produced by the microbial reduction of sitosterol in
high trophic level mammals; as a result, stigmastanol is found in herbivore faeces (Leeming et
al., 1996). When combined, sitosterols and stigmastanols account for 64 — 89 % of all sterols in
herbivore faeces, with sitosterol being the dominant of the two sterols (Leeming et al., 1996;
Prost et al., 2017). Stigmastanol concentrations in lake sediments have been correlated to manure
inputs from herbivorous animals such as cows and sheep (Vane et al., 2010), and an increase in
the concentration of sitosterol was observed in Niven Lake (Yellowknife, Northwest Territories,
Canada) in response to wastewater input (Stewart et al., 2018). Campesterol is also commonly
found in higher plants as well as in small concentrations in algae, relative to sitosterol and
stigmastanol (Patterson, 1994; Pereira et al., 2017). Consequently, campesterol has been used as
an indicator of terrestrial organic matter deposition in estuarine mangrove sediments (Ranjan et
al., 2015).

The objective of this study was to reconstruct the history of sewage dumping using

sterols and stanols in three High Arctic waterbodies (Meretta Lake, R-12, and R-13, Fig 2.1) and
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determine the extent to which these proxies persisted following the cessation of wastewater
input. We compared the chemical profiles in sewage-influenced waterbodies to a nearby
reference pond, Little Char, in order to differentiate between sewage impacted and unimpacted
systems. Dated sediment cores from ponds with a known history of sewage dumping provided
the opportunity to test explicit hypotheses about the ability of sterols and stanols to track human
faecal contamination of surface waters. We thus aimed to answer the following research
questions: (1) Is the sterol and stanol composition in wastewater-influenced sediments different
from uninfluenced sediments? We hypothesized that sterols and stanols would be more
concentrated in sediments receiving wastewater discharge than in uninfluenced sediments. (2)
Does the sterol and stanol composition in sediments change during the period of wastewater
discharge? We hypothesized that sterols and stanols would increase during the known period of
wastewater input based on 2!°Pb dating. (3) Are stanols (coprostanol and epicoprostanol) specific
to human waste and thus do they track wastewater discharge in sediments? We hypothesized that
coprostanol and epicoprostanol would increase in wastewater-influenced sediments and this
increase would be absent in the reference pond, which did not receive wastewater. This project
aimed to better understand historical changes in the chemistry of remote Arctic waterbodies and

to relate those changes to human activity.

2 Methods

2.1 Site description
Little Char, located in Resolute Bay, Cornwallis Island, Nunavut, Canada, is so named as
it is a small offshoot of nearby Char Lake (Fig 2.1, Table S2.1 for latitudes and longitudes).

While there are no records of sewage dumping into Little Char, sediments from the catchment of

the inflow stream of Char Lake were used to construct an airstrip into the drainage basin from
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1969 — 1972 (Michelutti et al., 2003). Beginning in 1975, Char Lake was used as a source of
drinking water. Meretta Lake, R-12, and R-13 (Fig 2.1, Table S2.1 for latitudes and longitudes)
were selected as the wastewater-influenced sites as their chemistry and biology are well-
documented, thus allowing for a more in depth paleolimnological analysis. All field sample
collections were performed in July 2017, under the Nunavut Research Institute Scientific

Research License # 02 025 17N-A issued to JMB.

2.2 Water, periphyton, and zooplankton sampling

We compared the chemical composition of near-shore surface water samples in
wastewater-influenced waterbodies to the chemical composition of a water sample from a
reference pond to determine if influenced waterbodies recovered following the cessation of
wastewater input. Electrical conductivity and pH were measured using a Y SI meter (model 85,
YSI Incorporated). Water bottles were pre-rinsed using 10 % HNOs for total metal
concentrations. We used 10 % H>SOq to pre-rinse Nalgene bottles for total phosphorus (TP),
total dissolved phosphorus (TDP), total dissolved nitrogen (TDN), dissolved organic carbon
(DOC), and dissolved inorganic carbon (DIC). Water samples for DOC were filtered through a
Sartorious acetate filter (47 mm, 0.45 um) and stored at 4°C. Water samples for particulate
organic carbon (POC) were filtered through a Whatman glass microfiber filter (GF/F) (47 mm,
0.45 pm); the filter was frozen until analysis. All water chemistry data were analyzed by the
National Laboratory for Environmental Testing (Burlington, Ontario, Canada).

We also examined the sterol and stanol profiles in zooplankton and periphyton to
determine how these potential sources may have affected the sediment sterol and stanol
composition. Near-shore periphyton was collected and stored at 4°C until they were sieved (125

um) and filtered through a pre-heated (3 hours at 400°C) 110 mm Whatman GF/F (42.5 mm, 0.7
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um). Periphyton samples were air-dried and then homogenized. Near-shore zooplankton samples
were collected using a 200 um net; zooplankton samples were stored frozen and ultimately

freeze-dried for analysis.

2.3 Sediment core collection

We collected a sediment core from the centre of each waterbody to determine if sterols,
stanols, stable isotopes, and metal profiles in waterbody sediments tracked the introduction and
cessation of wastewater input into High Arctic waterbodies. The maximum depth of Meretta
Lake was determined by bathymetric map while the maximum depth of the remaining ponds was
determined visually upon arrival at the site. Sediment cores were collected from the deepest part
of each lake; we used a UWITECO gravity corer (Uwitec, Mondsee, Austria) in Meretta Lake
and a push corer in the shallower ponds, R-12, R-13, and Little Char. We sectioned sediments
into 0.5 cm intervals using a Glew extruder (Glew, 1988) and froze the sediments in Whirl-Pak®
bags at -4°C.

Sedimentation rates and 2'°Pb activity can be low in Arctic lakes, which can affect the
accuracy and precision of 2!°Pb dating (Douglas and Smol, 2000). Therefore, we explored two
methods of 2!°Pb dating: alpha and gamma counting. Alpha counting offers the advantage of
better sensitivity, accuracy, and precision in 2!°Pb measurements; however, it is a destructive
method, meaning extracted sediments cannot be recovered for other analyses. 2'°Pb
measurements by gamma counting are non-destructive. Consequently, we selected a single core
(Meretta Lake) to 2!°Pb date by alpha counting to determine whether there was sufficient >'°Pb
activity to use gamma counting on the remaining ponds. Alpha counting was conducted at
MyCore Scientific using a >Po tracer (0.839 Bq g!); background ?'°Pb was set to 0.030 Bq g™'.

Sufficient excess 2!°Pb activity was present for gamma counting, so cores from the remaining
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three ponds were dated using an Ortec High Purity Germanium Gamma Spectrometer (Oak
Ridge, TN, USA) at the University of Ottawa. Efficiency corrections were made using Certified
Reference Materials from the International Atomic Energy Association (Vienna, Austria).
Sediment chronologies were calculated from 2'°Pb and '*’Cs profiles with the Constant Rate of
Supply (CRS) model using ScienTissiMe (Barry’s Bay, Ontario, Canada).

Freeze-dried sediments were analyzed for percent carbon and nitrogen using a Micro
Cube elemental analyzer at the Jan Veizer Stable Isotope Laboratory (formerly G.G. Hatch SIL
Laboratory), located at the University of Ottawa, Ontario, Canada. A subsample of sediments
was acidified by repeatedly adding 6N HCI to the sample and oven-heating the sample for 20
minutes until no effervescence was observed for two consecutive acid additions. The volume of
acid added increased from 10 — 50 pL and the oven temperature increased from 40 — 60°C over
the course of the repetitions. Acidified samples were analyzed for organic §'*C (%o V-PDB),
hereafter, referred to as 6'3C, and unacidified samples were analyzed for §!°N (%o air). The
analyses were run separately using an elemental analyzer interfaced to an isotope ratio mass
spectrometer at the Jan Veizer Stable Isotope Laboratory. Values were normalized to several
internal standards: C-51 Nicotiamide (8'N: 0.07 %o, 8'3C: -22.95 %o), C-52 ammonium sulphate
and sucrose (8'°N: 16.58 %o, 6'3C: -11.94 %o), and C-54 caffeine (3'°N: -16.61 %o, 8'°C: -34.46
%o0); the blind standard was C-55 glutamic acid (8'°N: -3.98 %o, 8'3C: -28.53 %o). Results were
reported in delta notation (8), where 6 = ((Rx-Rstd))/Rstd)*1000; R = ratio of the abundance of
the heavy to light isotope, x = sample, and std = standard. 3'°N values were calibrated to the
following international standards: ITAEA-N1 (0.4 %o), ITAEA-N2 (20.3 %0), USGS-40 (-4.52 %o),
and USGS-41 (47.57 %o). 6'3C were calibrated to the following international standards: IAEA-

CH-6 (-10.4 %o), NBS-22 (-29.91 %o), USGS-40 (-26.24 %), and USGS-41 (37.76 %o).
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Analytical precision was £ 0.2 %o using glutamic acid. Zooplankton and periphyton samples
were analyzed following the same protocol, except zooplankton samples were not acidified
owing to low sample weight and the absence of carbonates.

We analyzed the sediment cores from R-12 and Little Char for total metals using
approximately 0.5 g dw from each interval. Samples were submitted to SGS Minerals Services,
Lakefield ON, Canada for analysis. Metal concentrations were determined using an aqua regia
digestion and analyzed using inductively coupled plasma mass spectrometry. Concentrations
below the method detection limit (MDL) were replaced with MDL/ V2. The concentration of
each metal was then normalized to the concentration of titanium in order to account for natural
weathering (Boés et al., 2011; Last and Smol, 2001).

Sterol and stanol concentrations were determined in the periphyton and sediment cores
using methods modified from Birk et al. (2011) and Cheng et al. (2016). 10 mL of
dichloromethane (DCM) (high-grade Optima® brand) was added to 0.1 g of copper (Fisher
C434-500, laboratory grade copper powder; CAS 7440-50-8) in a glass scintillation vial,
sonicated for 10 minutes, and subsequently removed. This process was repeated twice more; the
copper was air-dried. 0.1 g of freeze-dried material and 50 uL of 10,000 ng mL-' deuterated
cholesterol (d6 cholesterol) was added to the copper. For blanks, d6 cholesterol was spiked
directly into the copper. The samples were left for 12 hours at 4°C. To extract the sterols from
the sediments, 10 mL of DCM was added, and the samples were sonicated for 10 minutes, and
the DCM pipetted into pre-solvent washed Turbovap tubes. This process was repeated twice
more to improve extraction efficiency. Samples were then evaporated to 1 mL at 23°C under a
gentle stream of nitrogen. 1 g LC-Si SPE columns (Sigma-Aldrich, Oakville, ON, Canada), were

conditioned with 6 mL of DCM; this DCM was discarded. The 1 mL sample was transferred to
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the SPE column and the Turbovap tube was rinsed three times using 0.4 mL DCM. The sample
and an additional 20 mL of DCM was eluted into a pre-solvent washed Turbovap tube. The
sample was again evaporated to 1 mL at 23°C under a gentle stream of nitrogen and transferred
to a gas chromatography (GC) vial. The sample was then evaporated to dryness under nitrogen
and reconstituted in 1 mL of DCM. A 10x dilution was created by transferring 100 pL of the
stock sample to a new GC vial and evaporating to dryness. 100 pL of 99 % N,O-
bis(trimethylsilyl)trifluoroacetamide) + 1 % trimethylchlorosilane was added and the sample was
heated for two hours at 60°C. 0.9 mL of toluene (high-grade (Optima® brand)) and 10 pL,
10,000 ng mL-! of p-terphenyl-d;4 (Cambridge Isotope Laboratories, Tewksbury, MA, USA)
were added to the sample. Samples were analyzed using an Agilent 6890 gas chromatograph —
5973 mass selective detector in electron impact, selected ion monitoring mode (Agilent 19091J-
433 HP-5 5 % phenyl methyl siloxane 29.8 m x 250 um x 0.25 pum column). Analytical
conditions include: a pulsed splitless injection at 250°C at 16.26 psi, DB-5MS (Agilent, Santa
Clara, CA, USA), oven start at 150°C, ramp 1 at 8°C minute™! to 250°C, ramp 2 at 12°C minute’!
to 300°C held for 12 minutes. Mass selective conditions as follows: transfer line 280°C, source
230°C, quad 150°C. Sterol and stanol concentrations were volume corrected to p-terphenyl-di4
using MSD ChemStation D.02.00.275. Samples were analyzed using additional dilutions, as
required. Zooplankton sterols were extracted following the same protocol, except no d6
cholesterol was added.

Eleven sterols and stanols were measured: coprostanol (5p3-cholestan-33-ol),
epicoprostanol (5B-cholestan-3a-ol), coprostanone (5B-cholestan-3-one), cholesterol (cholest-5-
en-3[3-ol), cholestanol (5a-cholestan-33-o0l), cholestanone (5a-cholestan-3-one), campesterol

(campest-5-en-33-o0l), desmosterol (3-cholesta-5,24-dien-3-ol), fucosterol (stigmasta-5,24-dien-
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3B-ol), sitosterol (B-sitosterol), and stigmastanol (Sa-stigmastano-33-ol). Concentrations were
interpreted using a limit of quantification set to a signal to noise ratio of three. The sterol and
stanol concentrations in each sample were recovery corrected to the concentration of d6
cholesterol (Table S2.2). Sterol and stanol concentrations below the MDL were corrected to the
MDL divided by root two (Table S2.3). MDLs were calculated using a five-point calibration
curve in triplicate. Sitosterol and stigmastanol are larger compounds that do not ionize as well as
smaller compounds, and thus their MDLs were greater. The sterol and stanol concentrations in
the blanks were subtracted from the sterol and stanol concentrations in the sample. All
concentrations were normalized to the dry sample weight. Concentrations were normalized to the
percent organic carbon, when applicable. All data handling was conducted using R statistical

computing environment (v3.5.2).

3 Results
3.1 Dating profiles

Sediments from Meretta Lake were dated to the year 1873 (at 7.25 cm) using alpha
counting with the majority of excess 2!°Pb lost by 5 cm below the sediment surface. Excess 2'°Pb
activity in R-12 reached background (based on 2'“Pb activity) at 8.75 cm, which was dated to an
age of 1909 CE (Fig S2.1). Peak '3’Cs activity, representing the year 1963 in accordance with the
height of above-ground nuclear weapons testing, closely corroborated the CRS dates. Excess
219pp activity in R-13 reached background by 3.75 ¢cm (2.75 cm = 1956 CE); peak '*’Cs activity
was recorded at 1.75 cm and thus closely matched the 2!°Pb dating profile. In Little Char, >'°Pb
activity reached background by 5.75 cm (4.75 cm = 1949 CE); *’Cs corroborates this dating

profile, as peak activity occurred at 4.75 cm.
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3.2 Sterols in sediments, periphyton, and zooplankton

Sterol and stanol profiles in the sediment cores are presented in Figs 2.2 and 2.3, and
summary concentrations are presented in Table S2.4 (ug g™ organic carbon (OC) dw) and Table
S2.5 (ug g dw). The maximum cholesterol concentration was observed in R-12 at the CRS date
of 1998 (416 nug g'! OC dw), coincident with peaks in 6'°N and §'°C values (Fig 2.2).
Concentrations of coprostanol, cholestanol, campesterol, and sitosterol also increased during the
period of sewage dumping, though appeared to lag beyond the time that effluents were released
to this environment. In R-12, percent organic carbon increased after wastewater input stopped
(Fig 2.2). The sterol, stanol, and percent organic carbon profiles in R-13 were similar to those
observed in R-12, although to a lesser magnitude (Fig 2.3). Sterol and stanol concentrations and
percent organic carbon in Meretta Lake sediments increased in 1949 at the onset of sewage
dumping, but unlike R-12 and R-13, the sterol and stanol concentrations did not decrease in more
recently deposited lake sediments. Sterol and stanol concentrations in R-12 generally exceeded
those found in R-13 and Meretta Lake. 3'°N increased coeval with wastewater inputs in R-12 but
were relatively constant in R-13 and Meretta Lake (Figs 2.2 and 2.3). In both R-13 and Meretta
Lake, 8'°N values did not increase at the time of wastewater inputs and 8'°N values in R-13 were
more variable (2.3 — 5.0 %o) than the '°N values observed in Meretta Lake (4.0 — 5.6 %o) (Table
S2.6). 8'3C values increased slightly over the timing of wastewater inputs in R-12 and Meretta
Lake, increasing by 2 %o and 1 %o, respectively. Conversely, 8'*C did not increase at the time of
wastewater emissions to R-13.

Sterol and stanol concentrations in sediments from the reference pond, Little Char, were
always lower than the concentrations recorded in the wastewater-influenced waterbodies (Figs
2.2 and 2.3). For example, the maximum concentration of any sterol and stanol observed in

sediments from Little Char was stigmastanol at 14.0 pg g! OC dw versus a maximum of 254 pg
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g OC dw cholesterol in Meretta Lake, 416 ug g'! OC dw cholesterol in R-12, and 36.6 pg g!
OC dw cholesterol in R-13 (Table S2.4). Percent organic carbon increased in more recently
deposited sediments (2.2 — 5.2 %), but the increase was much lower than that observed in
wastewater-influenced waterbodies (e.g. 18 —41.9 % in R-12) (Table S2.7).

The principle component analyses (PCAs) presented in Figs 2.4 and S2.2 show the inter-
relatedness of sterols and stanols in sediment through time. In R-12, 89 % of the total variance in
the sterol and stanol concentrations in sediment was explained by the first two axes. Coprostanol
and epicoprostanol drove the shift in the sterol and stanol composition starting in 1949,
corresponding to the onset of wastewater emissions in R-12 (Fig 2.4). Cholesterol, campesterol,
and sitosterol also contributed to the change in the sterol and stanol composition. Recently
deposited sediments appeared to return to a composition similar to pre-impact sediments, as
evidenced by the reversal in direction along the x axis. The PCA for R-13 was very similar to
that of R-12, with 78 % of the variation explained by the first two axes (Fig S2.2). In Meretta
Lake sediments, coprostanol, cholesterol, campesterol, and sitosterol also drove much of the
variation along the first two axes (96.6 % variance explained) (Fig S2.2). There was a clear shift
from the pre-wastewater sterol and stanol composition to the present-day sterol and stanol
composition. Unlike R-12 and R-13, sterol and stanol concentrations in Meretta Lake continued
to increase even after wastewater input stopped. In Little Char, campesterol, sitosterol, and
cholesterol explained little of the variation in the sterol and stanol composition down-core, and
while coprostanol drove the composition in more recently deposited sediments, coprostanol only
explained 9.5 % of the variation along axis 2, which represented sediments deposited in the 20™

century.
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We also looked at the concentration of sterols and stanols in periphyton and zooplankton
in order to determine if primary producers and consumers had higher concentrations of sterols
and stanols relative to those in uninfluenced waterbodies. We were unable to collect sufficient
zooplankton biomass to analyze for sterols and stanols in the reference pond, Little Char, and as
a result, we only presented the sterol and stanol concentrations in zooplankton from the
wastewater-influenced waterbodies. The concentration of sterols and stanols in zooplankton and
sediments were generally similar (Table S2.5 and Fig S2.3) with a few exceptions: the
concentration of cholesterol was approximately three and five-fold greater in zooplankton than in
sediments from Meretta Lake and R-13, respectively. Similarly, the concentration of sitosterol
was three to five-fold greater in zooplankton than in sediments from wastewater-influenced
waterbodies. Stigmastanol was also more concentrated in zooplankton than in sediments from R-
12 and R-13. The maximum concentration of any sterol and stanol in zooplankton was always
greater than that in periphyton, with the exception of coprostanol in Meretta Lake. The sterol and
stanol concentrations in periphyton from the sewage water receiving waterbodies was generally
greater than the sterol and stanol concentrations in periphyton from the reference pond, Little
Char, with the following exceptions: the concentration of campesterol, cholesterol, and sitosterol
in Little Char exceeded the concentration in R-13 and the concentration of coprostanol in Little
Char exceeded the concentration in Meretta Lake (Fig S2.3). Periphyton was largely composed
of cholesterol and sitosterol, followed by campesterol and stigmastanol; periphyton were very

low in coprostanol and cholestanol.

3.3 Metal profiles in sediment cores

The proportion of copper and lead increased in R-12 sediments in 1949, the start of

wastewater input; the remaining metals, (with the exception of vanadium, which was constant
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through time), increased more than a decade after the onset of wastewater input (Fig 2.5). The
proportion of zinc and copper were approximately four and eight-fold, respectively, greater
following wastewater input. The proportion of all metals were relatively low and stable
throughout sediments in Little Char; for example, the maximum ratio of all the examined metals
was 0.12 for zinc (Table S2.8). The concentration of metals in sediments from Little Char were
also low, with maximum values ranging from 0.26 pug g' dw of cadmium to 33 pg g”' dw for
zinc (Table S2.9). Conversely, metals concentrations were generally greater in R-12, with

maximum values ranging from 0.72 to ug g dw of cadmium to 340 ug g dw of copper.

4 Discussion
4.1 Using stable isotopes to reconstruct wastewater deposition in High Arctic waterbodies

8'°N increased in R-12 coeval with sewage input, thus reflecting the elevated §'°N signal
commonly found in human faeces (Fig 2.2). Similar results were observed in sewage-receiving
freshwater systems, were 8'°N increased to values of ~10 %o (Bueno et al., 2018a; Vane et al.,
2010). 8"°N remained relatively low and stable in both R-13 and Meretta Lake. The causes of
low 8'°N values in sewage-affected lake sediments were well described by Vane et al. (2010). In
short, 8'°N values varied widely depending on their source, for example: while higher trophic
level mammals were enriched in §!°N, nitrogen-fixing algae can have §'°N values closer to 0 %o
(Cole et al., 2004). In fact, §'°N values in raw sewage can be less than 3 %o (Cabral et al., 2019).
While these factors may have contributed to the low and stable §!°N values in sediments from R-
13, the concentration of coprostanol was also low (relative to R-12), which suggests this pond
may not have accumulated as much of the sewage-derived suspended matter to its sediments as
R-12. The very stable 3'°N profile in Meretta Lake was unexpected, as a previously constructed

8!°N profile in Meretta Lake sediments saw an increase in 8'°N over time of ~6 %o at the onset of
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sewage input (Antoniades et al., 2011). The difference in the 8'°N profiles may be attributed to
differences in coring locations owing to Meretta Lake’s large basin.

The range in 8'C values were similar between waterbodies (Table S2.10). §'*C values
increased following wastewater input in R-12 to a maximum of -25.2 %o and then decreased to
background values after sewage input stopped. Similarly, §'3C values were relatively constant in
Meretta Lake sediments and then increased to -24.2 %o during the period of wastewater input.
This is in agreement with §'*C profiles from other sewage-affected lake sediments, ranging from
-26 %o to -22 %o (Andrews et al., 1999; Barros et al., 2010; Bueno et al., 2018a). In R-13, §'3C
values generally decreased in more recently deposited pond sediments, reaching a minimum
value of -26.7 %o. This is likely explained by a greater input of terrestrial Arctic vegetation,
which typically has depleted §'*C values relative to autochthonous primary producers (Choy et
al., 2010; Skrzypek et al., 2008; Zibulski et al., 2017). Notably, there were two periods of
increased 8'°C, where 8'3C values increased by ~1 %o relative to the §'3C values deposited before
and after. The variation in 8'3C values may be explained by the different 6'3C values reported for
different Arctic vegetation; for example: sedges (-28.9 %o ), mosses (-22.5 to -37.0 %o), lichen (-
19.2 to -27.5 %o), and saxifrage (-30.7 to -23.3 %o) (Choy et al., 2010; Skrzypek et al., 2008;
Zibulski et al., 2017). Consequently, the two small peaks in §!*C values may reflect a greater
input of low 8'3C mosses relative to sedges at that time. Similar trends were observed in sewage-
influenced lake sediments from South America, where §!3C values were variable over the period

of sewage input (Cabral et al., 2019).

4.2 Reconstructing the history of wastewater discharge using zoosterols

Sterols and stanols are useful tools for reconstructing historical trends in lake sediments

as they can often be linked to specific sources (Bull et al., 2002; Leeming et al., 1998, 1996;
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Pereira et al., 2017). Coprostanol has been used for sewage identification in environmental
samples as far back as the 1980s and earlier (e.g. Vivian 1986 and references therein). In this
study, we observed an increase in coprostanol coincident with wastewater input into the High
Arctic waterbodies (Figs 2.2 and 2.3). The sediment concentrations at the study sites were at
least two-fold lower than those observed in the other sewage-influenced sediments: for example,
the concentration of coprostanol peaked at 252 pg g™! OC in lake sediments from Manitoba,
Ontario, Canada as a result of sewage input (Tse et al., 2014). Similarly, the concentration of
coprostanol was 150 pg g' OC in surface sediments of an Antarctic stream as a result of sewage
input (Tort et al., 2017). Coprostanol in sediments from Guanabara Bay, Brazil, reached 1,400
ug g OC as a result of sewage input (Carreira et al., 2004). There was also a nearly 14-fold
difference in coprostanol concentrations in R-12, relative to R-13 and Meretta Lake. The greater
concentrations of coprostanol recorded in R-12 relative to Meretta Lake may be attributed to the
deposition of sewage via the two utilidors into R-12 (and other waterbodies) prior to Meretta
Lake; sterols, bound to particulate matter, would be largely deposited before reaching Meretta
Lake. Furthermore, Meretta Lake is ~82 times larger than R-12 and therefore the sterol and
stanol signal would have been diluted to a much larger area in Meretta Lake. R-13, however, is
nearly the same size as R-12, and was the first pond (examined in this study) to receive sewage.
The difference in response to the wastewater biomarkers in R-12 and R-13 is likely the result of
the higher dating resolution in R-12 (1953 is at 8 cm) relative to R-13 (1956 is at 3.5 cm).
Consequently, R-13 likely has more intervals of diluted wastewater input than R-12. Stewart et
al. (2014) found that diatoms in R-12 recorded a greater eutrophication impact than R-13, which
they also attributed to differences in the dating resolution. The concentration of coprostanol in

Little Char, the reference site, was very low throughout the sediment core. The small, but
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measurable coprostanol concentrations may be explained by in situ hydrogenation of cholesterol
(Leeming et al., 1996; Nishimura and Koyama, 1977).

Cholesterol and cholestanol concentrations increased coeval with the onset of wastewater
emissions into R-12, R-13, and Meretta Lake. As expected, the concentrations of cholesterol and
cholestanol decreased in R-12 and R-13 in more recent sediments, however neither the
concentration of cholesterol nor cholestanol decreased in post-sewage sediments in Meretta
Lake. Conversely, diatom assemblages did change immediately after sewage was stopped from
flowing into Meretta Lake (Douglas and Smol, 2000; Michelutti et al., 2002). Although there
was no apparent lag in diatom assemblage changes to Meretta Lake following the cessation of
sewage inputs, a twenty-year lag in the response of diatoms to sewage input was observed in
Annak Lake, Belcher Island, Nunavut, Canada (Michelutti et al., 2007). Similarly, cholesterol
concentrations in sediments from Niven Lake, Yellowknife, Northwest Territories, Canada, did
not rise until ~25 years after sewage input had ceased (Stewart et al., 2018). There were no
measurable concentrations of cholestanol in Little Char as we also did not measure any
cholesterol in the sediments.

Epicoprostanol is a minor component in human faeces (Leeming et al., 1996) so the low,
but detectable concentrations of epicoprostanol (maximum of 17.3 pg g'! OC in R-12) in the
wastewater-affected waterbodies may have been the result of the sewage itself. For example,
sewage-affected lake sediments can be composed of up to 4 % epicoprostanol (compared to 2 %
in pre-sewage sediments) (Stewart et al., 2018). Epicoprostanol may also be present in the lake
sediments as a result of the aerobic bacterial degradation of coprostanol to epicoprostanol
(Battistel et al., 2015). Low concentrations of epicoprostanol can also be indicative of raw

sewage (relative to treated sewage) as the prolonged digestion of the sewage allows for greater
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microbial transformation of cholesterol to epicoprostanol (McCalley et al., 1981). For example,
lake sediments from Brazil had low epicoprostanol concentrations (maximum: 2.24 ug g™'),
which reflected the input of untreated sewage (Carreira et al., 2004).

In the wastewater-influenced waterbodies, many sterols and stanols peaked after the
cessation of wastewater input. Such a lag may have occurred from a slow release of
contaminated sediments from the utilidor, or delayed particle settling due to currents or
turbulence. This may be particularly true of R-12 and R-13, both small waterbodies, where any
current created by wastewater input may have delayed the analytes from settling.

Faecal sterols appeared to be the main driver of the sterol and stanol composition in R-12
sediments from 1949 to 1990, as evidenced by the shift along axis 1 (Fig 2.4). Similar trends
were observed in Meretta Lake and R-13 (Fig S2.2). The general absence of sterols in pre-
sewage sediments was also evident within the PCAs: the sterol composition of pre-wastewater
sediments appeared in a separate quadrant from wastewater-input sediments and the sterol
vectors travelled in the opposite direction of pre-wastewater sediments. The change in the sterol
composition in R-12 following wastewater input was also traceable within the PCA: from 1990
to 2017, the sediment composition appeared in a separate quadrant from pre- and wastewater-

input quadrants, and the sterol vectors extended in the opposite direction.

4.3 Phytosterols in waterbody sediments

In addition to faecal sterols, we examined an array of phytosterols, including
campesterol, fucosterol, sitosterol, and stigmastanol. Campesterol is commonly found in vascular
plants, as well as in phytoplankton and algae, although at lower concentrations (Pereira et al.,
2017). In R-12, R-13, and Meretta Lake, campesterol concentrations increased in sediments at

the onset of sewage input (Figs 2.2 and 2.3). Campesterol concentrations in this study are
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comparable to those found in sewage-affected sediments from a lake in northern Manitoba,
Canada (peak of ~100 ug g'! OC) (Tse et al., 2014). Fucosterol is abundant in algae (Mouritsen
et al., 2017; Patterson, 1994; Pereira et al., 2017) and can be found in concentrations of up to
48.1 pg g, more than double that of sitosterol and stigmastanol (Pereira et al., 2017).
Accordingly, fucosterol in sediments also tracked sewage input, suggesting an increase in the
abundance of algae as a result of the nutrients supplied by wastewater (Figs 2.2 and 2.3).

Sitosterol and stigmastanol are found in vegetation and have therefore been used to track
the input of terrestrial vegetation in lake sediments (Nishimura, 1978). Sitosterol, in particular,
makes up a large percentage of the sterol composition in plants; for example, ~30 — 70 % in High
Arctic moss (Cheng et al., 2016). Consequently, sitosterol is also found in high concentrations in
herbivore faeces (e.g. 497 ug g’ in sheep) and human faeces (313 pg g') (Prost et al., 2017).
Predictably, sitosterol concentrations increased in sediments at the time of wastewater input in R-
13 and Meretta Lake (Fig 2.3), likely as a result of the increased plant growth associated with the
presence of wastewater. Sitosterol increased after the period of wastewater inputs in R-12,
suggesting delayed plant growth in that location. Water from Meretta Lake has greater
concentrations of several analytes, including TP, POC, DOC, and zinc, relative to Little Char
(Table S2.11). Despite the elevated nutrients available in Meretta Lake, sitosterol was not
measurable in periphyton, however sitosterol was present at concentrations in periphyton equal
to ~50 % of that in surface sediments from R-12 (Fig S2.3). The generally low concentration of
periphyton in Meretta Lake may be attributed to the low number of rocks located at this site and
thus an absence of an adequate environment on which the periphyton can grow.

Stigmastanol, while also present in plants, is found in much lower concentrations than

sitosterol; consequently, stigmastanol concentrations in human faeces are ~17 % of that of
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sitosterol (Prost et al., 2017). This is reflected within the sediments, as the concentration of
stigmastanol is about half of that of sitosterol in Meretta Lake and very low in R-12 and R-13
(Table S2.4). The low, but detectable concentrations of stigmastanol before sewage dumping in
Meretta Lake, may be the result of freshwater algae producing stigmastanol under low oxygen
conditions (Fahrenfeld, 2008). The concentration of phytosterols in Little Char were consistently
low, indicating that this pond was historically low in vegetation and algae. The absence of a
nutrient source (such as sewage) would explain the low concentration of sterols, and this is
further enforced by the water chemistry: Little Char had lower concentrations of many nutrients,
including phosphorus, nitrogen, and OC, which are essential for vegetation growth (Table

S2.11).

4.4 The effect of wastewater on the concentration of sterols and stanols in periphyton and
zooplankton

We measured the concentration of sterols and stanols in periphyton and zooplankton in
order to determine if periphyton and zooplankton from wastewater-influenced waterbodies had
greater concentrations of sterols and stanols in primary producers and consumers, relative to
unaffected waterbodies. Indeed, there was not enough zooplankton biomass to determine the
sterol and stanol concentrations in zooplankton, and the concentration of sterols and stanols in
periphyton was generally greater in wastewater-influenced waterbodies relative to the reference
pond, Little Char. The only exceptions were the lower concentrations of campesterol,
cholesterol, and sitosterol in periphyton from R-13 and the lower concentration of coprostanol in

periphyton from Meretta Lake, relative to Little Char (Fig S2.3).
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4.5 Metals show a delayed response to wastewater input

Wastewater can increase the concentration of certain biogenic metals in lake sediments.
In particular, cadmium, chromium, lead, and zinc are commonly elevated in sewage-influenced
lake sediments (Andrews et al., 1999; Antoniades et al., 2011; Bartkowska et al., 2019;
Karthikeyan et al., 2018; Wang et al., 2016). With the exception of copper, metals decreased
slightly and subsequently increased to baseline prior to wastewater input. In R-12, arsenic,
cadmium, chromium, nickel, and zinc first surpassed background either ~15 years after
wastewater input began or increased after wastewater input stopped (Fig 2.5). A delayed rise in
these elements could be due in part to dissolution and diffusion in sediment porewaters
(particularly for arsenic; (Pan et al. 2019)) or from sediment resuspension from turbulence of the
wastewater discharge itself. Copper and lead increased slowly with wastewater input and peaked
after wastewater input stopped. In R-12, cadmium and zinc increased by two and four-fold,
respectively, after wastewater input stopped. Similarly, cadmium and zinc increased in sediments
previously collected from Meretta Lake (Antoniades et al., 2011), however the ratio of cadmium
and zinc was at least four-times greater in R-12 than that previously observed in Meretta Lake.
Similarly, chromium and lead were also more concentrated in wastewater-affected sediments
from R-12; a similar rise in chromium and lead was observed in lake sediments from Antarctica
(Bueno et al., 2018b). Conversely, metal ratios in the reference pond, Little Char, were generally
low and were relatively constant through time. This is expected as there was no wastewater
discharge into this pond. Similarly, low concentrations of cadmium and zinc were observed in a
reference lake in a study of remote high Arctic lakes (Brimble et al., 2009), and pond sediments

before impact by seabird guano (Evenset et al., 2007).

48



4.6 Tracking the return of lake sediments to pre-wastewater conditions

In R-12 and R-13, sterol and stanol concentrations in sediments increased at the time of
wastewater discharge, however unlike R-12 and R-13, sterol and stanol concentrations in Meretta
Lake continued to rise in more recently deposited sediments. Wastewater discharge continued
into Meretta Lake until 1998, 19 years longer than the discharge into R-12 and R-13, thus
resulting in the elevated sterol and stanol concentrations. Furthermore, Meretta Lake is larger
than both R-12 and R-13, and thus it may take more time for analytes to settle to the sediment-
water interface. This is not the first instance that a delay in the response of a proxy has been
observed in Meretta Lake: Michelutti et al. (2007) reported a lag of several decades before
diatom assemblages responded to wastewater inputs in Meretta Lake. In this case, these authors
attributed this delay to prolonged periods of ice cover, which would have prevented the

establishment of new diatom species.

5 Conclusions

We presented a case study that examined sterols, stanols, metals, 8'°N, and '3C in a
multiproxy analysis to reconstruct wastewater input in High Arctic waterbodies. First, this study
demonstrated that wastewater-receiving sediments had greater sterol and stanol concentrations
than uninfluenced sediments. Second, sterol and stanol profiles in waterbody sediments tracked
the introduction and cessation (in the case of R-12 and R-13) of wastewater input whereas sterols
and stanols in reference pond sediments remained stable through time. This study found that
sterol and stanol concentrations in R-12 and R-13 pond sediments approached pre-wastewater
concentrations following the cessation of wastewater input, whereas elevated sterol and stanol
concentrations persisted in Meretta Lake, likely due to its larger volume and longer period of

wastewater input. Lastly, this study found that coprostanol and epicoprostanol were sensitive
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wastewater tracers as evidenced by the low to undetectable concentrations in sediments prior to
wastewater input and greater concentrations in wastewater-influenced sediments.

This study highlighted the importance of using multiple proxies when studying paleo-
archives. We demonstrated that in addition to stable isotopes and metals, sterols and stanols also
tracked historical wastewater discharge. Sterols and stanols have the added advantage of being
more source specific than stable isotopes and metals, and as such, they provide additional
certainty when reconstructing historical environmental conditions. Furthermore, proxies can be
influenced by several factors and thus examining multiple proxies allows for a more accurate

reconstruction of historical events.
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indicates the period of sewage input into R-12.
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Supplementary information

Table S2.1: Latitude, longitude, area, and elevation above sea level of waterbodies from Cornwallis Island,
Nunavut, Canada.

Site Latitude Longitude Waterbody area (m?) Elevation above sea level (m)

Meretta Lake 74°41'44.96"N  94°59'34.74"W 239,700 21
Little Char 74°42'01.90"N  94°53'38.06"W 21,740 27
R-12 74°42'32.80"N  94°59'22.61"W 2,910 38
R-13 74°42'37.17"N  94°59'18.82"W 3,250 44
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Table S2.2: Percent recoveries + standard error (std. error) of sterols and stanols in waterbodies; n = sample

size.
Waterbody Median (%)  Std. Error (%) n
Little Char 124.8 10.2 16
R-12 116.4 53 15
R-13 82.7 19 15
Meretta Lake 72.3 0.9 21
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Table S2.3: Method detection limit (MDLs) (ng g dw) of sterols and stanols determined through a

calibration curve.

Compound MDL MDL/2
coprostanol 1.08 0.76
epicoprostanol 0.81 0.57
coprostanone 169.49 119.85
cholesterol 52.27 36.96
cholestanol 21.91 15.49
cholestanone 16.90 11.95
desmosterol 123.33 87.21
campesterol 19.36 13.69
fucosterol 3591 25.39
sitosterol 344.99 243.24
stigmastanol 442.73 312.35
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Table S2.4: Summary of sterol and stanol concentrations in the wastewater-impacted waterbodies, Meretta
Lake, R-12, and R-13, and the reference pond, Little Char. Sample size (n) represents the number of

waterbody sediment intervals analyzed. Standard error = std. error.

ug g OC dw
Waterbody Compound Minimum Maximum Median Std. Error
Little Char (n = 16) campesterol 0.26 0.61 0.35 0.02
cholestanol 0.30 0.69 0.40 0.03
cholestanone 0.23 0.54 0.30 0.02
cholesterol 0.71 1.66 0.94 0.07
coprostanol 0.01 1.26 0.02 0.09
coprostanone 2.30 5.37 3.07 0.21
desmosterol 1.68 3.91 2.23 0.16
epicoprostanol 0.01 1.74 0.50 0.16
fucosterol 0.49 1.14 0.65 0.05
sitosterol 4.68 10.91 6.22 0.43
stigmastanol 6.01 14.01 7.98 0.56
Meretta Lake (n =21) campesterol 0.06 17.34 0.08 1.09
cholestanol 0.07 54.53 3.19 3.53
cholestanone 0.05 13.48 0.07 0.89
cholesterol 0.16 253.81 5.31 16.71
coprostanol 0.03 5.57 0.22 0.36
coprostanone 0.52 0.89 0.62 0.02
desmosterol 0.38 0.65 0.45 0.02
epicoprostanol 0.02 3.55 0.16 0.24
fucosterol 0.11 17.17 0.14 1.01
sitosterol 1.06 137.29 1.36 8.44
stigmastanol 1.36 58.36 1.74 3.40
R-12 (n=15) campesterol 0.06 46.85 11.15 4.75
cholestanol 0.07 37.00 11.84 3.28
cholestanone 0.03 3.19 0.06 0.21
cholesterol 0.16 415.92 112.84 32.62
coprostanol 1.60 77.68 15.09 6.52
coprostanone 0.29 27.52 0.56 1.80
desmosterol 0.21 0.48 0.41 0.02
epicoprostanol 1.04 17.29 4.09 1.29
fucosterol 0.11 17.65 0.14 1.81
sitosterol 0.97 53.17 1.26 4.95
stigmastanol 0.75 1.74 1.45 0.09
R-13 (n=15) campesterol 0.10 23.87 0.31 2.06
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cholestanol
cholestanone
cholesterol
coprostanol
coprostanone
desmosterol
epicoprostanol
fucosterol
sitosterol

stigmastanol

0.22
0.03
0.28
0.02
0.31
0.22
0.01
0.06
1.84
0.80

12.43
0.62
36.63
5.49
3.82
2.78
2.25
1.82
34.47
9.95

5.20
0.17
0.85
1.88
1.38
1.00
1.17
0.35
4.46
3.59

1.12
0.04
3.11
0.43
0.30
0.22
0.19
0.11
2.27
0.77
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Table S2.5: Summary of sterol and stanol concentrations in the wastewater-impacted waterbodies, Meretta

Lake, R-12, and R-13, and the reference pond, Little Char. Sample size (n) represents the number of
waterbody sediment intervals analyzed. Standard error = std. error.

pg g dw
Waterbody Compound Minimum Maximum Median Std. Error
Little Char (n = 16) campesterol 0.01 0.01 0.01 0.00
cholestanol 0.02 0.02 0.02 0.00
cholestanone 0.01 0.01 0.01 0.00
cholesterol 0.04 0.04 0.04 0.00
coprostanol 0.00 0.06 0.00 0.00
coprostanone 0.12 0.12 0.12 0.00
desmosterol 0.09 0.09 0.09 0.00
epicoprostanol 0.00 0.07 0.02 0.01
fucosterol 0.02 0.02 0.02 0.00
sitosterol 0.24 0.24 0.24 0.00
stigmastanol 0.31 031 0.31 0.00
Meretta Lake (n=21) campesterol 0.01 3.36 0.01 0.20
cholestanol 0.02 10.6 0.53 0.66
cholestanone 0.01 2.62 0.01 0.17
cholesterol 0.04 49.1 0.93 3.12
coprostanol 0.01 1.08 0.04 0.07
coprostanone 0.12 0.12 0.12 0.00
desmosterol 0.09 0.09 0.09 0.00
epicoprostanol 0.01 0.69 0.03 0.04
fucosterol 0.03 3.33 0.03 0.19
sitosterol 0.24 26.6 0.24 1.58
stigmastanol 031 11.3 0.31 0.63
R-12 (n=15) campesterol 0.01 15.1 2.40 1.58
cholestanol 0.02 11.4 2.55 1.03
cholestanone 0.01 0.80 0.01 0.05
cholesterol 0.04 128 243 10.1
coprostanol 0.34 19.5 5.72 1.68
coprostanone 0.12 6.91 0.12 0.45
desmosterol 0.09 0.09 0.09 0.00
epicoprostanol 0.22 4.34 1.29 0.36
fucosterol 0.02 5.57 0.02 0.57
sitosterol 0.24 16.3 0.24 1.74
stigmastanol 031 0.31 0.31 0.00
R-13 (n=15) campesterol 0.01 881 0.01 0.72
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cholestanol
cholestanone
cholesterol
coprostanol
coprostanone
desmosterol
epicoprostanol
fucosterol
sitosterol

stigmastanol

0.02
0.01
0.04
0.00
0.12
0.09
0.00
0.02
0.24
0.31

3.35
0.23
13.5
1.17
0.12
0.09
0.52
0.67
12.7
0.31

0.47
0.01
0.04
0.21
0.12
0.09
0.14
0.02
0.24
0.31

0.26
0.01
1.11
0.09
0.00
0.00
0.04
0.04
0.92
0.00
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Table S2.6: Minimum, maximum, median, and standard error (std. error) §'°N values for the wastewater-
impacted waterbodies, Meretta Lake, R-12, and R-13, and the reference pond, Little Char. Sample size (n)
represents the number of waterbody sediment intervals analyzed.

35N (%o)
Waterbody Minimum Maximum Median Std. Error
Meretta lake (n=21) 3.96 5.58 4.8 0.08
R-12 (n=15) 1.57 6.92 3.9 0.51
R-13 (n=15) 2.31 4.95 3.2 0.21

Little Char (n = 16) 1.96 5.05 43 0.28



Table S2.7: Minimum, maximum, median, and standard error (std. error) percent organic carbon values for
the wastewater-influenced waterbodies, Meretta Lake, R-12, and R-13, and the reference pond, Little Char.
Sample size (n) represents the number of waterbody sediment intervals analyzed.

Organic carbon (%)

Waterbody Minimum Maximum Median Std. Error
Meretta Lake (n =21) 13.4 22.9 194 0.6
R-12 (n=15) 18.0 41.9 21.5 2.1
R-13 (n=15) 3.1 39.2 8.7 3.2
Little Char (n = 16) 2.2 52 3.92 0.2
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Table S2.8: Minimum, maximum, median, and standard error (std. error) metal ratios (metals normalized to
titanium) in the wastewater-influenced pond, R-12, and the reference pond, Little Char. Sample size (n)
represents the number of pond sediment intervals analyzed.

Waterbody Compound Minimum Std. Error

R-12 (n=15) arsenic 0.00 0.07 0.05 0.00
cadmium 0.00 0.02 0.01 0.00
chromium 0.07 0.12 0.11 0.00
copper 0.05 6.67 1.30 0.73
lead 0.01 0.55 0.41 0.04
nickel 0.04 0.17 0.11 0.01
vanadium 0.10 0.21 0.17 0.01
zing 0.07 3.53 1.16 0.32

Little Char (n = 16) arsenic 0.01 0.01 0.01 0.00
cadmium 0.00 0.00 0.00 0.00
chromium 0.05 0.06 0.05 0.00
copper 0.02 0.09 0.04 0.00
lead 0.02 0.02 0.02 0.00
nickel 0.04 0.05 0.05 0.00
vanadium 0.05 0.07 0.06 0.00
zinc 0.09 0.12 0.10 0.00
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Table S2.9: Minimum, maximum, median, and standard error (std. error) metal concentrations (ug g"' dw) in

the wastewater-influenced pond, R-12, and the reference pond, Little Char. Sample size (n) represents the

number of pond sediment intervals analyzed.

Waterbody Compound Minimum Maximum Median Std. Error

R-12 (n=15) arsenic 1.60 2.90 2.00 0.08
cadmium 0.03 0.72 0.46 0.04
chromium 3.20 32.00 4.70 1.83
copper 3.20 340.00 73.00 30.26
lead 5.20 28.00 16.00 1.83
nickel 4.10 20.00 6.00 0.99
vanadium 3.70 44.00 8.70 2.48
zinc 29.00 180.00 65.00 12.41

Little Char (n=16) arsenic 1.90 3.20 2.50 0.08
cadmium 0.13 0.26 0.20 0.01
chromium 13.00 16.00 13.50 0.23
copper 5.20 22.00 9.45 0.98
lead 5.00 7.10 5.35 0.18
nickel 11.00 15.00 12.00 0.26
vanadium 15.00 17.00 16.00 0.20
zing 24.00 33.00 26.00 0.91

66



Table S2.10: Minimum, maximum, median, and standard error (std. error) §'3C values for the wastewater-

influenced waterbodies, Meretta Lake, R-12, and R-13, and the reference pond, Little Char. Sample size (n)
represents the number of waterbody sediment intervals analyzed.

313C (%o)
Waterbody Minimum Maximum Median Std. Error
Meretta Lake (n =21) -25.0 -24.2 -24.7 0.05
R-12 (n=15) -27.3 -25.2 -27.0 0.20
R-13 (n=15) -26.7 -24.7 -26.3 0.16
Little Char (n = 16) -26.4 -24.7 -25.8 0.14
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Table S2.11: Water chemistry data from wastewater-influenced waterbodies, R-12, R-13, and Meretta Lake,
and the reference pond, Little Char. N = 1, except for Meretta Lake, where we presented the average of N = 3.
TP = total phosphorus, TDP = total dissolved phosphorus, TDN = total dissolved nitrogen, DOC = dissolved
organic carbon, DIC = dissolved inorganic carbon, POC = particulate organic carbon, PON = particulate
organic nitrogen.

Analyte Little Char Meretta Lake R-12 R-13
TP pug L*! 1.3 7.2 12.1 12.1
TDP pg L™ 1.3 2.6 6.4 6.1
TDN mg L™! 0.13 0.23 0.30 0.35
NO3/NOz asNmgL' 0.01 0.01 0.02 0.02
TDN (Kjeldahl) mg L' 0.16 0.27 0.35 0.40
NH3-as N 130 232 304 346
DOC mg L™! 2.1 3.1 5.4 6.9
DIC mg L"! 20.6 20.3 29.2 28.8
POC mg L"! 0.20 0.45 0.40 0.37
PON mg L 0.02 0.05 0.04 0.04
Clmg L 18.4 20.5 14.9 15.0
SO4> mg L! 394 8.8 11.7 9.2
Al pg L 27.5 10.3 12.3 2.1
Aspg Lt 0.10 0.16 0.24 0.20
CrugL! 0.09 0.06 0.08 0.15
CdpugL’! <0.001 0.01 0.004 0.006
CupgL’! 0.22 0.35 2.58 1.79
Feug L 29.9 234 26.1 26.9
Pb pg L 0.02 0.07 0.08 0.04
Znpg L <0.2 0.8 0.5 0.2
SrugL! 100 70 126 131
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Table S2.12: 2'°Pb dating information for R-12, R-13, and Little Char.

Cumulative 210pp 2l4pp e Age Year Error
Depth dry mass 210pp error 214pp error ¥Cs error (CRS) (CRS) (CRS)
(cm) (gem?) (Bgkg) (Bqkg") (Bqkg) (Bgkg) (Bqkg) (Bqkg!)  (year) (year) (year)
R-12
0 0 2017.57 0.8561
0.25 0.0769 64.88 11.07 5.43 2.15 14.24 1.89 0.7982 2016.77 0.8659
0.75 0.2183 122.72 19.41 2.36 3.53 13.41 2.53 2.5095 2015.06 0.9626
1.75 0.4811 114.27 14.76 6.94 2.25 22.68 2.47 6.935 2010.64 1.2053
2.75 0.7905 95.24 13.21 4.6 2.14 22.76 2.4 12.2021 2005.37 1.5381
3.75 1.0055 93.58 12.02 7.55 1.92 28.88 2.78 15.9633 2001.61 1.7915
5.75 1.6842 57.06 8.83 8.39 1.59 42.78 3.69 27.3748 1990.2 2.7831
6.75 2.3068 77.36 9.88 9.2 1.54 34.33 3 40.6945 1976.88 4.168
7.75 2.9948 49.75 9.24 6.31 1.63 19.86 2.01 65.8107 1951.76 8.3308
8.75 3.7618 27.57 7.83 9.31 1.57 8.46 1.26 107.9946 1909.58 25.0759
9.75 4.6719 9.09 7.53 8.23 1.64 2.55 0.86
10.75 5.6856 10.27 6.46 8.09 1.37 0.7 0.79
R-13
0 0 2017.57 3.8947
0.25 0.0655 77.57 16.36 6 3.05 10.35 2.15 2.4687 2015.11 3.944
0.75 0.1993 101.93 18.84 6.64 3.31 14.65 2.57 8.2233 2009.35 4.3075
1.75 0.5144 57.26 14.68 7.28 2.56 14.47 2.1 24.7583 1992.82 6.5398
2.75 1.1873 26.44 6.45 7.86 1.25 4.94 0.91 61.207 1956.37 20.503
3.75 2.3631 0 6.65 8.97 1.21 0.97 0.67
4.75 3.8224 1.06 5.98 9.97 1.24 0.23 0.61
5.75 5.3695 4.04 5.44 9.89 1.11 0 0.54
6.75 6.9946 3.68 5.01 10.88 1.09 0 0.51
7.75 8.7242 13.5 5.39 11.84 1.12 0.79 0.57
8.75 10.3181 3.19 4.94 10.26 1.06 0 0.54
9.75 11.8979 16.07 6.29 11.8 1.29 0.13 0.63
Little Char
0 0 2017.57 1.525
0.25 0.0737 106.1 15.38 15.77 2.29 10.05 1.69 0.7517 2016.82 1.5314
0.75 0.2996 107.7 14.94 12.24 2.02 8.92 1.52 2.9991 2014.57 1.5965
1.75 0.9964 125.11 15.48 16.17 2.07 12.24 1.79 12.0672 2005.51 2.2579
2.75 1.8201 110.42 15.11 13.74 2.06 10.2 1.61 27.8342 1989.74 3.5299
3.75 2.6029 50.27 10.22 9.83 1.75 7.58 1.31 44.333 1973.24 5.5449
4.75 3.4194 75.65 12.98 14.99 2.01 17.28 2.02 67.6652 1949.91 9.0676
5.75 4.6481 17.96 9.47 15.72 1.6 3.98 1.1
6.75 6.3026 26.33 8.97 16.04 1.5 0.37 0.88
7.75 8.0241 18.02 8.38 16.97 1.5 0 0.84
8.75 9.6580 22.59 8.18 16.42 1.48 0 0.84
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Table S2.13: 2!°Pb dating information for Meretta Lake.

210pp Mass
Bulk Sample  *!°Po 210pp Interpolate  2!°Pb excessin  *!°Pb
Depth  density ~ Moisture  weight measured  activity  *'°Pb excess  thecore  excess Age
(cm)  (gem®) (%) (g) (Bagh (Bagh (Bggh (Bagh (Bggh (Bg) (Year)
0.25 1.178 89.22 0.2888 0.179 0.211 0.211 0.182 0.214 0.645  2017.65
1.25 1.198 88.00 0.3019 0.145 0.171 0.171 0.141 0.169 0.431  2004.68
2.25 1.206 87.54 0.3204 0.140 0.165 0.165 0.136 0.163 0.262  1988.62
3.25 1.236 85.71 0.3154 0.075 0.089 0.089 0.059 0.073 0.098  1957.08
5.25 1.184 88.83 0.2997 0.037 0.044 0.044 0.015 0.017 0.025  1912.81
7.25 1.159 90.36 0.2965 0.033 0.040 0.040 0.010 0.012 0.007  1873.79
9.25 1.169 89.78 0.3075 0.034 0.040 0.040 0.01 0.01
11.25 1.169 89.73 0.3105 0.032 0.038 0.038 0.01 0.01
13.25 1.168 89.83 0.3193 0.026 0.031 0.031 0.00 0.00
15.25 1.197 88.06 0.3019 0.008 0.009 0.009
20.25 1.014 99.16 0.3182 0.022 0.026 0.026
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Figure S2.1: 21°Pb activity in Meretta Lake (alpha counting), and ?'°Pb, 2!4Pb, and *’Cs activity in R-12, R-13,

and Little Char (gamma counting). The constant rate of supply (CRS) model was used to infer year and is
shown on the right y-axes.
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Figure S2.2: Principle component analysis (PCA) of the downcore sterol and stanol concentrations (ug g' OC
dw) in R-13 and Meretta Lake (sewage-influenced waterbodies) and Little Char (reference pond). Select 2'°Pb
dates are indicated adjacent to their corresponding depth.
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Figure S2.3: Sterol and stanol concentrations (ug g"! dw) in periphyton and zooplankton from sewage
influenced waterbodies (R-12, R-13, and Meretta Lake) and the reference pond (Little Char). Note the
different y-axis scales for the concentration of sterols and stanols in periphyton and zooplankton.
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Abstract

The High Arctic was home to many previous cultures including both the Dorset people
(as early as ca. 550 BCE until ca. 1250 CE) and the Thule people (from ca. 1000 to 1600 CE).
Here, we used paleolimnological biomarkers in pond sediments to track Thule and Dorset
occupation at archeological sites in Canada’s High Arctic. The Thule people were nomadic
whalers who built over-wintering houses framed by whalebones on coastlines throughout the
Arctic. We compared two Thule/Dorset influenced ponds and two reference ponds without
evidence of human occupation, and observed pronounced changes in sterols, stanols, metals, and
stable isotopes of carbon and nitrogen in the sediments from Thule/Dorset occupied sites that
corresponded to the timing of human occupation. Coprostanol and epicoprostanol, the major
stanols in human faeces, consistently increased in sediments adjacent to Thule settlements in ca.
1000 CE, coeval with the timing of Thule occupation. Sitosterol and stigmastanol increased in
association with human occupation in one of the Thule/Dorset-influenced ponds, PaJs 3N, while
concentrations were undetectable in the other influenced pond, Pals 13; there was no evidence of
nearby human occupation in either reference pond. In PaJs 3N, sterol and stanol concentrations
and 6'°N values increased in pre-Thule influenced sediments, coincident with the arrival of the
Dorset people in ca. 500 CE. In PaJs 13, §'>N values and cholestanol and coprostanol
concentrations increased prior to Thule occupation, which suggested Dorset occupation. We also
compared metal ratios (metals normalized to titanium) in sediments from PaJs 13 to sediments
from the reference ponds. Cadmium, copper, and zinc ratios increased in sediments from Pals 13

during the time of Thule occupation, whereas metal ratios were low and stable in the reference
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ponds. Our results demonstrated the strength of using multiple proxies to reconstruct the
presence and timing of human influence on High Arctic ponds with potential future applications

for archeological investigations of pre-historic Arctic peoples.
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1 Introduction

Sediment cores from High Arctic ponds may be well-suited to tracking past human
occupation. One prime example is the presence of the Thule people in Canada’s High Arctic
~1000 years ago (1—4). The Thule people were a group of nomadic whalers who arrived via the
Bering Strait; recent studies suggested the Thule people then left their over-wintering homes
~500 years ago for better trading opportunities (5). The Thule specialized in hunting bowhead
whales; one report estimated that the Thule people hunted ~18,523 whales over 300 years across
Greenland and the Canadian Arctic (5). The whalebones were used to build both over-wintering
structures, such as permanent and semi-permanent homes, as well as work-related structures,
such as temporary whaling camps and kayak stands (5—7). The Thule camps and settlements are
still visible today. Whalebones and house foundations are often observed near High Arctic ponds
where the Thule would have derived their drinking water. To date, much of the research on the
first inhabitants in the High Arctic were derived from archaeological studies. For example, the
number and type of Thule homes has been extensively studied at several sites (2, 4, 5).
Whalebones have been '*C dated and the number of whalebones required for each home has
been calculated (8, 9). Weapons, pots, and other tools have been “C dated and their cultural
history identified (10). These findings provided the foundation for this study, where we aimed to
look at the chemical composition of pond sediments through the historical record and determine
to what extent we can observe evidence of historical occupation of these High Arctic ponds
using a multi-proxy paleolimnology approach. These ponds have elevated nutrients relative to
reference ponds lacking evidence of human habitation and even today are still surrounded by
moss and plant substrates (11). We hypothesized that the history of human habitation may be

recorded by the sterol and stanol composition in dated pond sediments.
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While the Thule people left archeological evidence (primarily in the form of whalebone
structures) of their occupation in the High Arctic, they were not always the first to live at these
High Arctic sites. The Dorset people were present in the High Arctic as early as 550 BCE to 50
BCE and were present until 750 CE to 1250 CE (12). While there is no evidence that the Thule
and Dorset ever met, nor that they are genetically connected, the Thule people did inhabit some
of the same locations as the Dorset (13).

8!5N profiles in pond sediments are commonly employed to track nitrogen sources from
higher trophic level species, because carnivorous species, such as humans, are enriched in N
relative to '“N. For example, 8'3N values in pond sediments from Thule-occupied sites increased
at the time of their arrival (11). The presence of the Thule people and nutrients from whale
carcasses also increased primary production in ponds, as evidenced by a shift to more eutrophic
diatom species and an increase in sedimentary chlorophyll a (chl a) during the time of Thule
occupation (11). 8'3C can also be used to infer human occupation in High Arctic ponds as §'3C
values can reflect productivity and the contribution of organic carbon by vegetation in the nearby
catchment. For example, §'*C values decreased in High Arctic lake sediments following
wastewater input as a result of increased phytoplankton productivity (14).

Sterols and stanols are more source specific than stable isotopes and may thus more
reliably track human influence on pond sediments. Zoosterols (animal-derived) and phytosterols
(plant-derived) are relatively stable in cold and anaerobic environments (15, 16), and
consequently fluctuations in zoosterols and phytosterols in lake sediments may be observed as a
result of human occupation, particularly in an otherwise barren and oligotrophic setting like an
Arctic coastline environment. For example, cholesterol, found in all mammals, increased in High

Arctic lake sediments as a result of wastewater input (15, 17). Coprostanol, produced from
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cholesterol in the guts of higher organisms, is elevated in human faeces (18), and is often much
higher in wastewater-influenced lake sediments compared to reference lake sediments not
receiving wastewater (19-22). By contrast, sitosterol is a phytosterol found in terrestrial and
aquatic plants as well as phytoplankton (17, 23, 24) and consequently, sitosterol in lake
sediments may track changes in allochthonous and/or autochthonous primary production (15).
The objective of this study was to reconstruct human occupation in Canada’s High Arctic
by examining the chemical and biological markers preserved in dated pond sediments.
Specifically, we employed a multi-proxy approach, where we analyzed pond sediments for
sterols, stanols, stable isotopes (8'°N, 8!3C), metals, and chl a. This multi-proxy approach
showed evidence of the timing of human occupation at these sites based on multiple lines of

evidence in dated pond sediments.

2 Site descriptions

PaJs 13 (Fig S3.1) and PalJs 3N (Fig S3.2) are archaeological sites of significant Thule
presence as evidenced by the high number of whalebone houses in the vicinity of the ponds (5).
Nine houses at each site were constructed using heavier bones, suggesting long-term occupation
of these sites (5). At PaJs 3N, moss and whalebones were present in the area immediately
surrounding the pond, and the remainder of the landscape was barren rock, while at PaJs 13
vegetation and whalebones were present in a much larger radius surrounding the pond.

Reference sites, Sav R4 and Sav RS, (Fig 3.1) were selected based on their proximity to
the archaeological sites, but with the absence of human-made structures and whalebones in the
vicinity of the ponds. Detailed site information (latitudes, longitudes, surface area, and height

above sea level) are presented in Table S3.1.
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3 Methods
3.1 Periphyton and zooplankton

We collected near-shore periphyton and zooplankton samples and stored them at 4°C. We
sieved (125 um) and filtered periphyton samples through a 110 mm Whatman glass microfiber
filter (GF/F) (42.5 mm, 0.7 um; pre-heated for 3 hours at 400°C). The periphyton and filters
were air-dried and homogenized prior to further analysis. Surface water samples were collected
near-shore in pre-rinsed (10 % HNOs for total metals and 10 % H>SO4 for total phosphorous,
total dissolved phosphorous, total dissolved nitrogen, dissolved organic carbon, and dissolved
inorganic carbon) Nalgene bottles. Water samples for dissolved organic carbon were filtered
(Sartorius acetate filter, 47 mm, 0.45 um) and stored at 4°C; water samples for particulate
organic carbon were filtered (Whatman GF/F, 47 mm, 0.45 um) and frozen until analysis. The
National Laboratory for Environmental Testing, Burlington, Ontario, Canada, conducted all

water chemistry analyses.

3.2 Sediment cores

We collected sediment cores from the centre of each pond by pushing a 3-inch tube into
the sediments; sediments were subsequently sectioned into 0.5 cm intervals using a Glew
extruder (25) and frozen at -4°C. !°Pb dates were determined using an Ortec High Purity
Germanium Gamma Spectrometer (Oak Ridge, TN, USA) at the University of Ottawa.
Efficiency corrections were made using Certified Reference Materials from International Atomic
Energy Association (Vienna, Austria). We constructed 2!°Pb and '3Cs profiles using the constant
rate of supply (CRS) model (26) (ScienTissiMe; Barry’s Bay, Ontario, Canada).

Sediments pre- and post- 1950, as determined by 2!°Pb dating, were '*C dated. 1-3 mg

organic carbon (OC) of freeze-dried material was weighed into culture tubes. Anthracite and To-
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12586 were used as standards for background and 2910 BP =+ 50, respectively. We submerged
the samples in 5 mL of 1N HCI for 30 minutes in a metal bead bath set to 80°C, removed the
HCI, added 5 mL milli-Q water, centrifuged the samples for three minutes at 2700 rpm, removed
the water, and freeze-dried the material. Samples were analyzed on a 3MV tandem accelerator
mass spectrometer (High Voltage Engineering) at the University of Ottawa. Dates were
calibrated using OxCal v4.3 (27) and are reported according to the conventions outlined by

Millard (28).

3.3 Stable isotopes

We analyzed acidified freeze-dried pond sediments for organic §'C (%o Vienna Pee Dee
Belemnite), hereafter, referred to as 8'°C, and unacidified pond sediments for 8'>N (%o air),
following the methodology outlined in Gallant et al. 2020 (under review) (17). Analyses were
conducted using a Micro Cube elemental analyzer (analytical precision: £ 0.2 %o using glutamic
acid) at the Jan Veizer Stable Isotope Laboratory (formerly G.G. Hatch SIL Laboratory), located
at the University of Ottawa, Ontario, Canada. We also analyzed acidified periphyton for §'*C and
unacidified periphyton for §'°N. Owing to low sample volume, we analyzed unacidified

zooplankton for §'*C and 8'N in a single run.

3.4 Metals

We analyzed select pond sediments for metals using 0.5 g dry weight (dw) of sediment.
The analysis was conducted using inductively coupled plasma mass spectrometry (prepared
using an aqua regia digestion) at SGS Minerals Services, Lakefield ON, Canada; a lab accredited
by The Canadian Association for Laboratory Accreditation Inc. Metal concentrations below the

method detection limit (MDL) were replaced with MDL/N2 and then normalized to the
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concentration of titanium in order to account for natural weathering (29). Summary metal

concentrations are presented in Table S3.2.

3.5 Sterols and stanols

We analyzed the pond sediments for sterols and stanols in accordance with the
methodology outlined in Gallant et al. 2020 (under review) (17). Briefly, 0.1 g of freeze-dried
sediments was extracted in dichloromethane (high-grade, Optima® brand) and separated using a
1 g LC-Si SPE column (Sigma-Aldrich, Oakville, ON, Canada). 100 puL of sample was
evaporated to dry, reconstituted in 100 pL. of 99 % N,O-bis(trimethylsilyl)trifluoroacetamide) +
1 % trimethylchlorosilane (BSTFA + TMSCI), and heated for two hours at 60°C . 900 uL of
toluene (high-grade, Optima® brand) and 10 uL, 10,000 ng mL! of p-terphenyl-d;4 (Cambridge
Isotope Laboratories, Tewksbury, MA, USA) were added to the sample. Samples were analyzed
using an Agilent 6890 gas chromatograph — 5973 mass selective detector in electron impact,
selected ion monitoring mode (Agilent 19091J-433 HP-5 5 % phenyl methyl siloxane 29.8 m x
250 um x 0.25 pum column). Sterol concentrations were volume corrected to p-terphenyl-di4
using MSD ChemStation D.02.00.275. Additional dilutions were analyzed, as required. The limit
of quantification was set to a signal to noise ratio of three. All data analyses was conducted with
R statistical computing environment (v3.5.2). Samples were recovery corrected to d6 cholesterol
(Table S3.3). Sterol and stanol concentrations below the limit of detection were corrected to
MDL/?2 (Table S3.4); values were previously reported in Gallant et al. 2020, under review (17).

Sterol and stanol concentrations are presented in Table S3.5.
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4 Results
4.1 Dating profiles

In Pals 13, 2!°Pb activity reached background at 7.75 cm and peak '*’Cs activity occurred
at 4.75 cm, closely matching the 2!°Pb date of 1964 (Fig S3.3). There is a 640-year difference in
the 2!1°Pb date (1924) and 'C date (1284) at 6.25 cm; consequently, we applied a reservoir effect
correction of 640 years to all '*C dates. As a result, we achieved a '*C date of 134 BCE in pond
sediments at 22.25 cm (Fig S3.4). In PaJs 3N, 2!Pb activity reached background at 15.75 ¢m and
peak '*’Cs activity occurred at 7.75 ¢cm, which closely matched the >'°Pb date of 1961 at 8.75
cm. There is a 453-year difference in the 2'°Pb (1868 CE) and '*C (1415 CE) date at 13.25 cm
and thus we applied a 453-year reservoir effect correction to all the '*C dates. As a result, we
achieved a *C date of 826 CE at 23.75 cm.

In Sav R4, 2'°Pb activity reached background at 5.75 cm; peak '37Cs activity (80.4 Bq kg
1 occurred at 1.75 ¢cm and had a notable drop at 4.8 cm to 4.5 Bq kg™ 2!1°Pb dating placed 1963
at 3.75 cm. There is a 655-year difference in the 2'°Pb date (1905) and *C date (1250) at 5.25
cm, so we applied a 655-year reservoir effect correction to all of the “C dates to the Sav R4 core.
In Sav R5, 21%Pb activity reached background at 4.75 cm and peak '*’Cs activity occurred at 1.75
cm (13.5 + 1.5 Bq kg'!), which supported the 2'°Pb date at 1.75 cm of 1978. There is a 1,748-
year difference in the 2'°Pb (1829 CE) and '*C age (82 CE) of sediments deposited at 4.75 cm
and as such, we applied a 1,748-year-reservior effect. Consequently, sediments reached a
maximum age of 868 BCE (at 15.25 cm) in Sav RS.

The reservoir effect corrections that we applied to these pond sediments were generally in
the same range as the corrections applied to marine shells (740 years) and bowhead whalebones

(400 years) from the same region (Gulf of Boothia) (13). Notably, corrections > 400 years were
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also required for bowhead whalebone samples (30); this may be attributed to long '*C residency
times in oceans, which can reach up to 2000 years in deep waterbodies (31). Reservoir effect
corrections are not specific to Arctic samples; reservoir effect corrections ranging from 200 to

600 years have been applied to lake sediments from South America (32,33) and elsewhere.

4.2 Sterols and stanols

In PaJs 3N, background concentrations of all the sterols were detectable, and comparable
to concentrations recorded in sediments deposited between ca. 1000 CE and ca. 1500 CE (Fig
3.2). The concentration of coprostanol, cholestanol, epicoprostanol, and campesterol increased in
the influenced pond, Pals 13 ca. 1200 CE (Fig 3.3). Notably, coprostanol and epicoprostanol
peaked between ca. 1000 and ca. 1500 CE, while the concentrations of cholestanol and
campesterol continued to increase into present day sediments. The concentration of cholesterol
did not increase until after ca. 1800 CE, and interestingly, the phytosterols, sitosterol and
stigmastanol, were not detectable throughout the sediment core.

When compared to the reference ponds, the concentration of sterols in the reference
ponds was nearly always lower than the influenced ponds; the only exception was the
concentration of cholesterol in Sav R4 in 2016 (14.6 pg g™! dw) relative to that in PaJs 13
(maximum: 14.3 pg g' dw in 2016). In Sav R5, the only sterols to exceed their MDLs were
coprostanol and epicoprostanol, whereas in Sav R4, campesterol, cholesterol, coprostanol, and

epicoprostanol exceeded their MDLs.

4.3 Metals

We analyzed sediments from one influenced pond, Pals 13, and sediments from the
reference ponds, Sav R4 and Sav RS, for metals (Fig 3.4). The concentration of each metal was

normalized to the concentration of titanium in each sample in order to account for natural
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weathering. Cadmium, copper, lead, and zinc-titanium ratios in PalJs 13 were generally low prior
to ca. 1000 CE and increased thereafter, peaking in the most recently deposited sediments at
0.001, 60, 0.02, and 0.16, respectively. By contrast, metal ratios to titanium were generally stable
throughout the sediment cores from both reference ponds. We then examined metal enrichment
factors (EFs) in order to determine the extent to which human activity influenced the metal
composition in sediments (Table S3.6). Background metal concentrations were determined using
sediments deposited pre-Thule and pre-Dorset; two sediment intervals met this criterion: Sav RS,
14.25 cm (520 BCE) and 15.25 cm (870 BCE) (Table S3.6). We divided metal ratios deposited
during the time of Thule occupation by background metal ratios to determine sediment metal
ratio EFs (sedimentgr_Ti): cadmium (4.0), copper (1.7), lead (2.8), and zinc (1.2). We also
compared metal concentrations in whale livers to background metal concentrations in sediments
to determine which metal would be most affected by an external source of whale flesh. We
divided previously reported whale liver metal concentrations (ug g”' dw): cadmium (31), copper
(20), lead (0.1), and zinc (140) (34, 35) by background metal concentrations to determine liver
metal EFs (livergr): cadmium (3100), copper (1.4), lead (0.07), and zinc (8.2). Titanium
concentrations in whale livers were not reported and thus we calculated sediment metal
concentration EFs (sedimentgr) in order to compare livergr to sediment data. We divided metal
concentrations in Thule-influenced sediments by background metal concentrations to determine

sedimentgr: cadmium (12), copper (2.6), lead (4.3), and zinc (1.9).

4.4 Periphyton and zooplankton

Sterol concentrations in the periphyton and zooplankton were MDL corrected. In all
instances, the maximum sterol concentration (ng g”! OC dw) in periphyton was below the

minimum concentration in zooplankton (Fig 3.5). Cholesterol was the only sterol detected in
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periphyton from both reference ponds; fucosterol was only detected in low concentrations (0.15
ng g'! dw) in Sav R4. In Sav R35, there was insufficient zooplankton to analyze for sterols.
Zooplankton from Sav R4 were more concentrated in campesterol, cholestanol, coprostanol,
epicoprostanol, fucosterol, sitosterol, and stigmastanol than PaJs 3N and PalJs 13 (Fig 3.5). With
the exception of fucosterol, the minimum sterol concentration in sediments from PaJs 3N was
always greater than the maximum sterol concentration in zooplankton and periphyton. Peak
concentrations of campesterol, cholestanol, and cholesterol in influenced pond sediments

exceeded the concentrations in zooplankton and periphyton.

4.5 Percent composition and stable isotopes

OC increased in PaJs 3N prior to ca. 1200 CE and remained elevated into present day
deposited sediments; in general, OC was high, ranging from 40.7 to 56.9 %. In PaJs 13, OC
increased notably in ca. 1800 CE; the range in OC was also much greater than that observed in
PaJs 3N, with OC values ranging from 2.55 to 36.4 %. In the reference ponds, Sav R4 (0.49 to
32.1 %) and Sav R5 (0.30 to 2.23 %), OC was generally much lower than observed in the
influenced ponds.

In PaJs 3N, 8!°N increased in ca. 1100 CE and decreased in ca. 1800 CE, while in PaJs
13, 5'5N was relatively stable until it decreased in ca. 1800 CE. 3'°N values were low in the
reference ponds, never exceeding 3.51 %o, versus the influenced ponds, where §'°N values
reached a maximum of 6.38 %o and 6.77 %o in PaJs 3N and Pals 13, respectively.

In Pals 3N, §!3C increased from values generally below -17 %o to values ranging from -
16.4 to -14.1 %o after ca. 1200 CE. In PaJs 13, "N remained relatively constant before
decreasing in sediments deposited post-1800 CE; notably, 6'3C values then increased again in the

most recently deposited sediments. 3'C values in both reference ponds were stable through time,
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ranging from -28.4 to -24.5 %o in Sav R4 and from -26.8 to -24.1 %o in Sav R5. Summary stable

isotope data are presented in Table S3.7.

4.6 Chlorophyll a

Trends in inferred Chl a increased in ca. 1100 CE, just prior to the archaeological
evidence suggesting Thule occupation, and remained elevated until ca. 1890s CE; Chl a then

peaked in 21" century deposited sediments (Fig 3.6).

5 Discussion

Ponds previously occupied by the Thule people are easily identifiable by the presence of
whalebones in and around the ponds, as well as the presence of the whalebone homes
themselves. Dorset tent rings were previously observed at PaJs 13 (13), which is in close
proximity to PaJs 3N, and thus we hypothesized that marked changes in the chemical
composition of sediments would also reflect Dorset-occupation at these sites. Our aim was to
determine whether we could reconstruct the presence of the Thule and Dorset people at these

sites by examining the chemical composition of the pond sediments.

5.1 Tracking the historical presence of humans using sterols and stanols

The best chemical marker for identifying influenced ponds relative to reference ponds
appears to be the presence/absence and overall greater concentration of sterols and stanols. For
example, the maximum concentration of cholesterol in PaJs 3N was five-times greater than the
maximum concentration of cholesterol in either reference pond (Figs 3.2 and 3.3). Campesterol
was only detected in one sediment layer of one of the reference ponds (Sav R4), while
campesterol was detected throughout the majority of both influenced sediment cores with

concentrations often exceeding 1 ug g! dw. Similarly, cholestanol was not detected in either
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reference pond, but was present in nearly all sediment intervals of the influenced ponds.
Increased phytosterol concentrations in sediments deposited post-Thule occupation suggested
sustained productivity following Thule departure, as evidence by elevated chl a concentrations
post-Thule (Fig 3.6). Sustained zoosterol and phytosterol concentrations in post-Thule deposited
sediments may also have resulted from continued shoreline run-off of faecal matter or moss
substrates, thus supplying a continued source of sterols and stanols to the sediments. Low levels
of cholesterol (maximum of 14.6 ug g! dw in Sav R4; not detected in Sav R5), coprostanol
(maximum of 0.14 pg ¢! dw in Sav R4), and epicoprostanol (maximum of 0.12 pg g*! dw in Sav
R4) were detected in reference ponds, however only in sediments deposited during the 20
century. Low concentrations of cholesterol, coprostanol, and epicoprostanol in the surface
sediments of Sav R4 likely reflected the small surface organic layer, which may be composed of
decaying zooplankton and phytoplankton. Indeed, low cholesterol concentrations were detected
within the phytoplankton and zooplankton of Sav R4 (Fig 3.5). The small surface sediment
concentrations of coprostanol and epicoprostanol in Sav R4 may be the result of in situ
degradation of cholesterol (37).

In PaJs 3N, cholesterol, coprostanol, and epicoprostanol were elevated in sediments
deposited in ca. 860 CE, and thus prior to Thule occupation (Fig 3.2), suggesting influence from
occupation by the Dorset who pre-dated the Thule at this location (13). Indeed, there was
evidence of historical occupation in the form of whalebones ('“C dated to 965 CE and 825 CE
after a 400-year reservoir age was applied) and relative sea level curves, which demonstrated that
the sites were elevated above sea level at the time of Dorset occupation (13). Therefore, the
elevated concentration of sterols and stanols in ca. 860 CE may have tracked the historical

presence of the Late Dorset people (450 CE to 950 CE) (13). The decrease of sterols and stanols
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in sediments in 995 CE and the subsequent increase in 1060 CE marks the approximate timing of
the transition from Dorset to Thule occupation (13). The sterol and stanol profiles in PalJs 3N
suggest the Thule people did indeed arrive in ca. 1000 CE, which aligns with findings of
previous studies (1-4). While a more recent date of 1200 CE has been proposed for the arrival of
the Thule people (5), our results suggested occupation at PaJs 3N and Pals 13 prior to this time,
as evidenced by increases in 8'°N, sterols, stanols, cadmium, and copper in 1000 CE (Figs 3.2
and 3.3), though we cannot ascribe this occupation to Thule or Dorset based on available
evidence. The prior occupation of these sites by the Dorset people is further supported by the
presence of Dorset winter houses and longhouses in the immediate area (13). 8'>N values do not
peak during the time of Dorset occupation because the earliest sediments in this core do not
extend back to pre-Dorset occupation (prior to 450 CE) (13).

Sterol concentrations in the PaJs 13 sediment core were generally ten-fold lower than in
PaJs 3N (Figs 3.2 and 3.3). Campesterol, cholestanol, coprostanol, and epicoprostanol
concentrations increased in sediments deposited during the 11" century, marking the arrival of
the Thule to Pals 13 (Fig 3.3). Coprostanol, cholestanol, and campesterol concentrations
increased slightly beginning in ca. 100 BCE, which closely matched the earliest recorded arrival
of the Dorset people to the High Arctic in ca. 550 BCE (13). 8'°N values also increased coeval
with the early rise in sterols and stanols, and OC values were similar among Thule-influenced
and Dorset-influenced sediments. In addition to the presence of Dorset tent rings (13), these
independent proxies lend further evidence that PaJs 13 was occupied by the Dorset people prior
to the Thule people.

Sitosterol and stigmastanol were not detected within sediments from PaJs 13. The

absence of these two sterols was unexpected as the area immediately surrounding PalJs 13 was
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rich in vegetation. OC was elevated in PaJs 13 (maximum of 36.4 %), which suggested increased
productivity (37) and therefore increased concentrations of sitosterol and stigmastanol. However,
OC was also elevated in the reference pond, Sav R4 (maximum of 32.1 %), suggesting that
increased OC alone may not be indicative of elevated sterol concentrations. The absence of a
strong sterol signal in sediments from PaJs 13 may be attributed to site size: PaJs 13 is a large
site, with whalebones spread for tens of meters beyond the perimeter of the pond itself. By
comparison, PaJs 3N is a relatively isolated pond where whalebones were concentrated in the
immediate area and the perimeter of vegetation surrounding the pond was much smaller than that
observed at PaJs 13. We thus proposed that the input of whalebones and human waste into PaJs
13 was diluted over a wide area, resulting in lower concentrations of sterols and stanols in pond
sediment, relative to a more focused input into PaJs 3N, resulting in higher concentrations of
sterols and stanols in sediment. Sediment chl a values fluctuated in concordance with changes in
the concentrations of phytosterols, and thus likely tracked primary productivity in the ponds

during the period of Thule occupation (Fig 3.6).

5.2 Historical human activity altered the metal composition of pond sediments

Human practices have altered the metal composition in the environment for thousands of
years. We thus examined the concentrations of cadmium, copper, lead, and zinc normalized to
titanium in the influenced pond, Pals 13, and the two reference ponds, Sav R4 and Sav RS, (Fig
3.4) to determine if metal concentrations tracked human occupation at PaJs 13. Cadmium (mean
+ standard error: 31 +£ 5.8 pg g”! dw), copper (20 £ 1.5 pg g dw), and zinc (140 £ 8.8 ug g'' dw)
were three of the most concentrated metals in bowhead whale livers (34), thus we expected the
flensing of bowhead whales in High Arctic ponds to increase these sediment metal

concentrations. Indeed, cadmium (4.0), copper (1.7), and zinc (1.2) sedimentgr 1; were elevated
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between 1000 CE and 1500 CE, coinciding with the arrival of the Thule people (Fig 3.4). The
lead sedimentgr Ti (2.8) was higher than predicted given the low lead concentrations in both
whale livers (0.1 £ 0.06 ng g'! dw) and bone (0.1 to 0.2 pg g' dw) (35), suggesting that human
excrement or atmospherically deposited lead may have also contributed to lead concentrations in
sediment. We also examined the livergr (based on whale liver concentrations), to determine
whether we could predict the extent to which whale-derived materials contributed to metal
concentrations in sediments. With the exception of cadmium, previously reported biotic EFs for
fulmar guano were similar (cadmium: 23, zinc: 4.4, copper: 0.6, and lead: 0.01) (38) to those
reported in this study (cadmium: 3100, zinc: 8.2, copper: 1.4, and lead: 0.07) (Table S3.6). We
attributed differences in cadmium EFs to very low background cadmium concentrations in Sav
R5 (0.01 pg g!' dw) relative to those in the fulmar study (0.37 ug g! dw) (38). Aside from
cadmium, (which had the highest livergr and accordingly, the highest sedimentgr), sedimentgrs
did not necessarily increase with increasing livergr (Table S3.6). Instead, livergr better predicted
mean Thule-sediment concentrations, where cadmium had the highest livergr and thus the
highest Thule-influenced sediment concentration while lead had the lowest livergr and the lowest
Thule-influenced sediment concentration. The whale liver zinc concentration was 7-fold greater
than copper, which was reflected by a 6-fold greater zinc livergr, relative to the copper livergr.
Interestingly, the copper and zinc concentrations were similar among Thule-influenced
sediments, which suggested greater copper biogenic enrichment relative to zinc, despite that
predicted by the livergr. Whale livers were least concentrated in lead, which was reflected by the
lowest livergr. We thus found that biogenic EFs were useful for predicting metal concentrations

in whale-influenced pond sediments.
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Proportions of cadmium, copper, lead, and zinc peaked in surface sediments at 3-fold, 9-
fold, 1-fold, and 2-fold greater than background, respectively. Surface sediment peaks in the
proportion of metals were reflective of 20" century increases in the atmospheric emissions of
these metals in association with mining and coal combustion (39—41). In contrast, sediment
metal ratios in both reference ponds, Sav R4 and Sav RS, were generally low and stable, as
expected for ponds uninfluenced by human activity. Notably, cadmium, lead, and zinc ratios
increased in surface sediments in Sav R4, which may too reflect the atmospheric deposition of

metals by 20" century industrial activity.

5.3 Sources of sterols and stanols in High Arctic ponds

We hypothesized that Thule and Dorset occupation would affect the sterol and stanol
composition in the pond sediments. Indeed, the sterols and stanols in sediments from PaJs 3N
generally exceeded those of other potential sources to waterbodies, such as zooplankton and
periphyton (Fig 3.5). Fucosterol was higher in zooplankton than in periphyton because fucosterol
is a phytosterol commonly found in algae, which are consumed by zooplankton (42). The
phytosterols, fucosterol, sitosterol, and stigmastanol, were not detected in sediments from Pals
13, but were detected in zooplankton from the same pond. Zooplankton consume algae, which
explains the presence of these phytosterols in zooplankton from PalJs 13. In Sav R4, cholestanol,
fucosterol, sitosterol, and stigmastanol were more concentrated in zooplankton than in pond
sediments. This was expected for a reference pond because the only major contributors to the
sterol and stanol concentrations in Sav R4 pond sediments were periphyton and zooplankton.
Phytosterols and zoosterols in sediments, phytoplankton, and zooplankton thus reflected the

presence of the Thule and Dorset people in Pals 13 and PaJs 3N. Conversely, reduced
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concentrations of phytosterols and zoosterols reflected the absence of human influence in the

reference ponds.

6 Conclusions

We demonstrated the utility of using multiple proxies to infer the presence of human
occupation in the High Arctic over 1000-years ago. We found that sterols, and in particular,
zoosterols, best tracked the historical occupation of the Thule and Dorset people at High Arctic
ponds. Increased ratios of cadmium, copper, lead, and zinc in Thule-influenced sediments
reflected the flensing of bowhead whales while surface sediment peaks likely tracked 20
century industrial sources. Sterols, stanols, and metal ratios were low in reference pond
sediments, which was consistent with the absence of human and whale-derived nutrients. We
also demonstrated that biotic EFs were useful for predicting metal concentrations in whale-
influenced sediments. This study provided a first glimpse at changes in the sterol and stanol
composition of lake sediments as a result of Thule and Dorset occupation in High Arctic ponds.
We surmised that the combined analysis of sterols, stanols, stable isotopes, and metal ratios in
waterbody sediments could be used to identify other historically important sites and track the

timing of human presence in these locations.
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the reference pond, Sav R4 (¢). The light gray shaded area signifies the time of Thule presence at PaJs 3N.
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101



8"5N (%o) Campesterol Cholesterol Epicoprostanol Stigmastanol

0 4 8 0 3 6 0 8 16 0 2 4 0 05 1
A A A —y A Jri
2000 CE
1500 CE [5)
=)
1000 CE E
§
= 500 CE §
0 8
500 BCE
1000 BCE
_ _ _ _
0 20 40 =32 -28 -24 0 3 6 0 25 5 0 05 1
OC (%) 813C (%o) Cholestanol Coprostanol Sitosterol

Figure 3.3: Stable isotope and sterol and stanol (ug g"' dw) profiles in the influenced pond, PaJs 13 (@), and
the reference pond, Sav R5 (¢). The light gray rectangle signifies the time of Thule presence and the dark
gray shaded area signifies the time of Dorset occupation at PaJs 13.
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Supplementary information

S o

Figure S3.1: Aerial photograph of PaJs 13 (as indicated by the arrow), located on Somerset Island. Note the
whalebones to the north west of the pond. Photo credit: LEK.
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Figure S3.2: Photograph of PaJs 3N, located on Somerset Island. Photo credit: LEK.
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Figure S3.3: 21'Pb, 24Pb, and '¥’Cs activity in the influenced ponds, PaJs 3N and PaJs 13, and the reference
ponds, Sav R4 and Sav R5. 21°Pb dates are plotted on the right y-axis as calculated by the constant rate of
supply model.
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R4, and Sav RS, respectively. Reservoir effects were based on the calculated difference between the '“C date
on material from the depth where the 1°Pb date was approximately 1900 CE.
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Table S3.1: Latitude, longitude, and elevation above sea level in the waterbodies from Nunavut, Canada.

Site Latitude Longitude Elevation above sea level (m)
Somerset Island
PaJs 13 72°826.81"N 94° 1'16.15"W 4
PaJs 3N 72°3'52.64"N 94°2'21.21"W
SavR4  72°12'34.78"N 93°57'47.90"W 45
SavR5  72°12'35.52"N 93°57'51.54"W 45
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Table S3.2: Summary of metal concentrations (ug g' dw) in each waterbody. The sample size is presented in

brackets and represents the number of sediment intervals analyzed. SD = standard deviation.

Minimum Maximum
Pond Compound (ng g' dw) (ng g' dw) (ng g' dw) (ng g' dw)
Pals 13 (23) cadmium 0.08 0.29 0.18 0.05
copper 23.00 60.00 38.00 11.76
lead 2.00 9.40 6.17 2.09
titanium 86.00 560.00 377.22 138.10
zinc 14.00 42.00 32.17 5.94
Sav R4 (16) cadmium 0.03 0.35 0.07 0.08
copper 15.00 36.00 23.19 5.31
lead 3.40 10.00 5.09 1.78
titanium 51.00 500.00 391.94 124.30
zinc 23.00 59.00 32.88 7.75
Sav R5 (16) cadmium 0.01 0.03 0.02 0.01
copper 4.60 21.00 8.54 4.46
lead 1.20 2.10 1.58 0.28
titanium 190.00 280.00 231.88 25.36
zinc 14.00 21.00 17.88 1.89
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Table S3.3: Summary of sterol and stanol percent recoveries as determined by d6 cholesterol. SD = standard
deviation. The sample size is presented in brackets and represents the number of sediment intervals analyzed.

Pond Minimum Maximum Mean SD

Pals 3N (24) 97.1 184 138 26.1
Pals 13 (23) 93.0 171 135 23.2
Sav R4 (16) 86.1 100 94.8 4.58
Sav R5 (16) 74.8 119 103 12.6
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Table S3.4: Method detection limit (MDL) (ng g dw) of sterols and stanols determined through a calibration

curve. Values were previously reported in Gallant et al. 2020, under review (17).

Compound MDL MDL/2

coprostanol 1.08 0.76
epicoprostanol 0.81 0.57
coprostanone 169.49 119.85
cholesterol 52.27 36.96
cholestanol 21.91 15.49
cholestanone 16.90 11.95
desmosterol 123.33 87.21
campesterol 19.36 13.69
fucosterol 3591 25.39
sitosterol 344.99 243.24
stigmastanol 442.73 312.35
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Table S3.5: Summary of sterol and stanol concentrations (ng g! dw) in each pond. The sample size is
presented in brackets and represents the number of sediment intervals analyzed. SD = standard deviation.

Minimum Maximum Mean SD
Pond Compound (ng g dw) (ng g dw) (ng g dw) (ng g dw)
PaJs 3N (24) campesterol 16700 124000 57000 30100
cholestanol 34100 95600 61900 16900
cholestanone 12.0 12200 6520 3110
cholesterol 20700 74600 52700 16100
coprostanol 9510 100300 38700 24400
coprostanone 120 120 120 0
desmosterol 87.2 87.2 87.2 0
epicoprostanol 5980 58400 25000 16200
fucosterol 25.4 25.4 25.4 0
sitosterol 29800 172000 85300 32200
stigmastanol 30900 157000 88700 34900
Pals 13 (23) campesterol 13.7 4890 2220 1730
cholestanol 15.5 6230 2950 1980
cholestanone 12.0 1240 276 390
cholesterol 37.0 14300 3340 5040
coprostanol 545 4820 2420 1000
coprostanone 120 120 120 0
desmosterol 87.2 87.2 87.2 0
epicoprostanol 191 3420 1290 880
fucosterol 25.4 25.4 25.4 0
sitosterol 243 243 243 0
stigmastanol 312 312 312 0
Sav R4 (16) campesterol 13.7 1810 126 449
cholestanol 15.5 15.5 15.5 0
cholestanone 12 12.0 12.0 0
cholesterol 37.0 14600 2140 4990
coprostanol 0.76 140 17.4 39.2
coprostanone 120 120 120 0
desmosterol 87.2 87.2 87.2 0
epicoprostanol 0.44 124 15.1 35.9
fucosterol 25.4 25.4 25.4 0
sitosterol 243 243 243 0
stigmastanol 312 312 312 0
Sav RS (16) campesterol 13.7 13.7 13.7 0
cholestanol 15.5 15.5 15.5 0
cholestanone 12.0 12.0 12.0 0
cholesterol 37.0 37.0 37.0 0
coprostanol 0.76 46.7 6.04 14.5
coprostanone 120 120 120 0
desmosterol 87.2 87.2 87.2 0
epicoprostanol 0.57 114 36.2 43.4
fucosterol 25.4 25.4 25.4 0
sitosterol 243 243 243 0
stigmastanol 312 312 312 0

114



Table S3.6: Titanium normalized sediment enrichment factors (sedimenter ti), sediment enrichment factors
(sedimenter), and liver enrichment factors (liverer) in PaJs 13. Thule-influenced sediments = metal
composition in sediments deposited between 1000 CE and 1500 CE, n = 5. Background sediments = metal
composition in Sav R5 sediments deposited pre-Thule and pre-Dorset, n = 2. All concentrations are presented
in pg g! dw.

Metal concentration normalized to titanium
concentration Metal concentration

Thule- Thule-

influenced Background influenced Background
Metal sediments sediments Sedimenter 1i | sediments  sediments Sedimenter  Liverer
cadmium 4.0x10* 1.0x10* 4 0.17 0.01 12 3100
copper 0.01 0.06 1.7 36 14 2.6 1.4
lead 0.02 0.01 2.8 6.1 1.4 43 0.07
zinc 0.09 0.07 1.2 32 17 1.9 8.2
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Table S3.7: Summary of stable isotope values in each waterbody. The sample size is presented in brackets
and represents the number of sediment intervals analyzed. SD = standard deviation.

Pond Compound Minimum Maximum Mean SD
Pals 3N (24) 313C (%o0) -17.79 -14.11 -15.59 1.21
315N (%o) 3.01 6.38 3.99 1.19
N (%) 2.65 3.47 3.13 0.22
OC (%) 40.70 56.90 53.25 4.01
Pals 13 (23) 313C (%o0) -30.80 -24.07 -25.68 1.64
315N (%o) 1.06 6.77 4.14 1.77
N (%) 0.12 2.22 0.82 0.70
OC (%) 2.55 36.40 15.81 12.09
Sav R4 (16) 313C (%o0) -28.37 -24.46 -26.88 1.30
315N (%o) -5.30 1.18 -0.19 1.46
N (%) 0.01 1.54 0.31 0.57
OC (%) 0.49 32.10 6.87 12.14
Sav RS (16) 313C (%o) -26.83 -24.08 -25.27 0.89
315N (%o) 0.84 3.51 1.99 0.83
N (%) 0.04 0.26 0.13 0.07
OC (%) 0.30 2.23 1.00 0.55
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Table S3.8: “C dating results for the four ponds.

Pond Lab ID Depth (cm)  '#C yr BP Cal BP median cal BP_ Julian date
PalJs 3N UOC-9919 13.25 528+ 16 617-613(1.1%) 535 1,415 CE
553-516 (94.3%)
U0C-9920 18.25 1329+ 17 1298-1256 (89.3 %) 1279 671 CE
1203-1187 (6.1 %)
U0C-9921 21.25 1566 = 16 1523-1410 (95.4 %) 1472 478 CE
UO0C-9922 23.75 1676 £ 18 1617-1537 (95.4 %) 1577 373 CE
PaJs 13 U0C-9923 6.25 699 + 16 680-651 (2.2%) 666 1284 CE
579-572 (2.2 %)
U0C-9924 8.25 1017 £ 18 962-920 (95.4 %) 938 1012 CE
U0C-9925 11.25 1200 £ 18 1180-1065 (95.4 %) 1124 826 CE
UOC-9926 15.25 1675+ 18 1616-1537 (95.4 %) 1575 375 CE
U0C-9927 22.25 2546 + 19 2748-2699 (77.3 %) 2724 774 BCE
2633-2616 (7.0 %)
2586-2570 (2.4 %)
2565-2539 (8.0 %)
2525-2520 (0.6 %)
Sav R4 U0C-9933 5.25 782+ 19 730-677 (95.4 %) 700 1250 CE
UOC-9934 6.25 2045 +22 2106-2086 (3.9 %) 1999 49 BCE
2063-1932 (91.5 %)
UOC-9935 8.25 18957 + 69 23060-22570 (95.4 %) 22823 20873 BCE
UOC-9936 10.25 27552+ 134 31550-31120 (95.4 %) 31333 29383 BCE
Sav RS UOC-10788 4.75 1923 +£ 69 2040-2018 (1.3 %) 1868 82 CE
20110-1702 (94.1 %)
UOC-10789 12.75 3438 +£ 76 3891-3551 (92.2 %) 3703 1753 BCE

3534-3484 (3.2 %)
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Table S3.9: 2!°Pb dating information for PaJs 3N. Bolded year was determined by extrapolating the 2°Pb
dates using a 3" order polynomial equation: y = -0.0563x> + 0.1643x? - 3.6596x + 2018.2.

Cumulative 210pp 2l4pp e Age Year Error
Depth dry mass 210pp error 214pp error ¥Cs error (CRS) (CRS) (CRS)
(cm) (g em?) (Bakgh) (Bgkgh) (Bgkgh (Bgkgh (Bgkgh (Bakgh) (vear) (year) (year)
0 0 2017.57 0.7775
0.25 0.0286 151.44 23.82 2.08 3.98 22.83 3.15 0.6085 2016.96 0.7831
0.75 0.0911 156.42 24.16 3 4.14 26.61 3.6 1.7394 2015.83 0.8123
1.75 0.2261 173.08 25.12 0 3.78 2.52 2.28 4.5389 2013.03 0.9568
2.75 0.3599 253.7 30.25 0.62 3.81 29.53 3.73 8.5653 2009 1.188
3.75 0.4954 211.78 24.45 0 35 9.96 2.38 13.6923 2003.87 1.4537
4.75 0.6361 172.98 23.14 1.43 3.48 34.51 4.03 18.8443 1998.72 1.7748
5.75 0.784 257.3 28.58 0.23 3.61 36.95 4.15 26.1927 1991.37 2.321
6.75 0.9401 148.51 20.6 1.6 3.38 35.17 3.76 35.6796 1981.89 3.2448
7.75 1.1051 140.49 23.94 0.47 3.9 63.16 6.33 45.2635 1972.3 4.4162
8.75 1.2758 87.15 19.35 2.8 3.58 35.12 4.14 55.8722 1961.69 6.2072
9.75 1.4519 97.74 20.14 0.24 4.12 44,11 4.77 68.6042 1948.96 9.1165
11.75 1.8103 41.34 18.68 2.52 4.01 37.97 4.29 112.1537 1905.41 28.6946
13.75 2.167 10.34 21.39 1.62 4.48 4.62 2.71 1852.59
15.75 2.537 0 17.82 3.34 3.87 1.79 2.35
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Table S3.10: 2!°Pb dating information for PalJs 13.

Cumulative 210pp 2l4pp e Age Year Error
Depth dry mass 210pp error 214pp error 137Cs error (CRS) (CRS) (CRS)
(cm) (g em?) (Bgkg) (Bgkg") (Bgkg") (Bqkgh (Bgkg) (Bgkg!) (year) (year) (year)
0 0 2017.55 0.7486
0.25 0.0386 173.17 20.48 5.47 2.96 29.42 3.25 1.2518 2016.3 0.7722
0.75 0.1203 153.08 17.85 5.85 2.7 27.98 2.99 3.8142 2013.74 0.871
1.75 0.2993 120.63 15.5 5.49 2.09 23.71 2.67 9.0949 2008.46 1.2128
2.75 0.4939 184.27 20.81 7.3 2.89 43.94 4.21 16.9241 2000.63 1.8522
3.75 0.7041 180.84 20 9.69 2.77 41.77 4.02 31.0324 1986.52 3.0776
4.75 0.9336 126.27 17.76 7.79 2.9 50.75 4.72 53.3548 1964.2 6.1348
5.75 1.1762 45.54 13.14 13.61 2.71 23 2.75 79.0786 1938.47 13.355
6.75 1.5068 32.99 13.62 11.51 2.88 8.81 1.84 108.0398 1909.51 24.8814
7.75 2.0066 14.6 9.42 11.95 2.06 0.54 1.07
8.75 2.6211 10.12 6.46 9.17 1.41 0.04 0.72
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Table S3.11: 2'°Pb dating information for Sav R4. Bolded year was determined by extrapolating the 2!°Pb

dates using a 3" order polynomial equation: y = -0.5591x> + 0.3258x? - 7.7253x + 2017.8.

Cumulative 210pp 2l4pp e Age Year Error
Depth dry mass 210pp error 214pp error 137Cs error (CRS) (CRS) (CRS)
(cm) (g em?) (Bgkg) (Bgkg") (Bgkg") (Bakgh (Bgkg!) (Bgkg!) (year) (year) (year)
0 0 2017.55 0.5897

0.25 0.024 1093.21 112.42 5.12 3.77 65.26 8.15 1.6182 2015.93 0.62

0.75 0.0735 1130.94 109.97 8.35 33 66.53 7.8 4.9896 2012.56 0.7464

1.75 0.2026 1061.53 79.45 6.4 2.37 80.38 6.82 15.7101 2001.84 1.1922

2.75 0.3904 330.47 27.24 8.61 1.75 32.28 3.04 30.2688 1987.28 1.6616

3.75 0.9548 95.82 10.34 9.23 1.34 9.01 1.15 53.2767 1964.28 3.1444

4.75 2.0552 56.2 7.42 8.24 1.13 4.45 0.8 89.1232 1928.43 7.1151

5.75 3.5585 7.29 5.46 10.76 1.14 1.24 0.59 1877.86

6.75 5.2684 18.51 6.07 10.96 1.19 1.41 0.67
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Table S3.12: 21°Pb dating information for Sav R5. Bolded year was determined by extrapolating the 2!°Pb
dates using a 2" order polynomial equation: y = -5.3111x2 - 14.599x + 2018.8.

Cumulative 210pp 2l4pp e Age Year Error
Depth dry mass 210pp error 214pp error ¥Cs error (CRS) (CRS) (CRS)
(cm) (g em?) (Bakgh) (Bgkgh) (Bgkgh (Bgkgh (Bgkgh (Bakgh) (vear) (year) (year)
0 0 2017.57 3.5877

0.25 0.2686 34.52 9.07 5.84 1.3 6.82 1.1 3.2003 2014.37 3.7417

0.75 0.8219 44.68 7.5 6.25 1.09 10.58 1.19 10.7436 2006.82 4.6662

1.75 2.0421 33.59 9.13 5.4 1.26 13.49 1.49 38.5761 1978.99 12.714

2.75 3.3558 12.06 7.58 6.56 1.2 5.22 0.93 83.201 1934.37 45.6967

3.75 4.6778 11.71 6.7 8.98 1.17 1.73 0.83 126.5543 1891.01 110.2094

4.75 6.0725 0 4.67 6.33 0.96 0.35 0.44 1829.62

5.75 7.5297 3.71 7.42 7.64 1.17 0 0.74

6.75 8.994 6.32 5.02 5.47 1 0 0.45

7.75 10.4883 5.55 8.97 9.14 1.36 0.12 0.9

8.75 11.9702 8.08 7.27 9.31 1.18 0.33 0.73
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Abstract

Bats are excellent ecological indicators because they are long-lived, globally distributed,
and show predictable responses to environmental stressors. Unaltered bat guano deposits,
although rare, can serve as environmental archives to reveal changes in dietary patterns over
millennial time scales. We inferred changes in agricultural and industrial practices using a
continuous 4,300-year-old bat guano deposit from Jamaica. Cadmium, mercury, lead, and zinc
increased during the Industrial Revolution, (which began in ca. 1760), a period characterized by
elevated emissions of metals to the atmosphere. Beginning in the early 20™ century, decreases in
206pp/207Ph isotopes tracked the history of leaded gasoline use. Metal concentrations in the bat
guano deposit exceeded those recorded in two nearby lake sediment cores from Jamaica. Carbon,
nitrogen, and sulfur stable isotope profiles in bat guano tracked the agricultural history of
Jamaica, specifically the introduction of nitrogen fertilizers, sugarcane, and possibly fungicides.
Bat populations are under stress globally, and such intact guano deposits provide potentially

critical information on long-term changes in their food source and exposure to metals.
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1 Introduction

Present across all continents except Antarctica, there are ~1,300 species of bats that
comprise ~20% of all mammal taxa (Fenton and Simmons 2014). Bats occupy a range of trophic
levels, and serve as pollinators, natural insecticidal agents, and seed dispersers (Kunz et al.
2011). Furthermore, at peak lactation, bats can consume over 100% of their body mass in a
single night (Kunz et al. 2011). Bats may be exposed to high concentrations of metals, some of
which passes in their guano (Afonso et al. 2016). Caves in which they roost can house large
guano deposits that may provide long-term records of bat exposure to metals. If intact deposits
can be located, radiometric dating methods can be combined with stratigraphic elemental

analyses to infer long-term changes in metal exposure.

1.1 Using bat guano deposits to infer bat exposure to metals

Many anthropogenic activities contribute to the concentration of metals in the environment
(Nriagu and Pacyna 1988). In particular, the onset of the Industrial Revolution in the late 1700s
and the introduction of leaded gasoline in the early 20" century contributed to atmospheric metal
concentrations in aerosols and soils (Nriagu 1990). Atmospherically released metals can enter
food webs, resulting in elevated concentrations of metals in bats (Pikula et al. 2010). Detectable
concentrations of metals were recovered previously from bat guano deposits. For example, lead
and copper concentrations in a 30,000-year-old bat guano deposit in the Philippines reached peak
concentrations of ~10 and >1000 ppm, respectively (Bird et al. 2007). Similarly, copper
concentrations in a 13,000-year-old bat guano deposit from Borneo reached ~8,000 ppm, with
lower concentrations of other metals such as chromium, vanadium, and zinc (Wurster et al.
2017). Copper, lead, and zinc profiles were also reported for a ~3,000-year-old bat guano deposit

in Romania (Onac et al. 2015). Given the concentrations to which metals can be detected in bat
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guano deposits, and the well-recorded release of metals to the atmosphere from industrial
activity, it is interesting that metal concentrations in the aforementioned bat guano deposits did
not fluctuate coeval with industrial practices.

Lake sediment cores are commonly used to infer past environmental conditions and have
been employed to document increases in the metal concentrations that resulted from past human
activities (e.g.: Cooke et al. 2007; Cooke and Abbott 2008; Laird et al. 2014). For example, 11t
century metallurgy and 16™ century silver mining in the Andes left a legacy of higher
concentrations of zinc and copper, and lead in Peruvian lake sediments, respectively (Cooke et
al. 2007). 20" century deposits are commonly enriched in metals, owing to high levels of

industrial activity (Cooke and Abbott 2008; Engstrom et al. 2014).

1.2 Tracking past agricultural changes using bat guano deposits

Several studies examined stratigraphic variations of !N and 8'*C in bat guano deposits that
ranged in age from mid-20™ century to 32,000 yr BP (Wurster et al. 2007; Wurster et al. 2017;
Widga and Colburn 2015; Bird et al. 2007; Mizutani et al. 1992). §'3C values in bat guano have
been correlated to precipitation and photosynthetic pathway type, where higher values associated
with greater summer precipitation and C4 grasses (Wurster et al. 2007). Accordingly, §'3C
values in bat guano deposits were lowest during periods of drought (Wurster et al. 2017; Onac et
al. 2014). 8'3C values in guano have also been used to track bat dietary preferences, with lower
8!3C values indicative of a diet dominated by C3 vegetation (Widga and Colburn 2015). A fall in
8!3C values in a bat guano deposit was also correlated to agricultural practices: historically
elevated 3'3C values (C4 plants) corresponded to a period of deforestation and lower present-day
8!3C values (C3 plants) corresponded to forests (Bird et al. 2007). "N values may be more

susceptible to diagenesis, and as a result, it is difficult to associate 3'°N profiles with past climate
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conditions (Wurster et al. 2017; Bird et al. 2007). Despite difficulties associated with
interpretation of nitrogen stable isotopes, greater 8'°N values in bat guano deposits have been
associated with insectivorous bats feeding at higher trophic level (Bird et al. 2007). §'°N was
also used to identify the dietary proportions of aquatic and terrestrial vegetation in a bat guano

deposit (Ahmad and Davies 2017).

1.3 Objectives

Bat guano was widely mined for gunpowder and fertilizer, such that long sequences of bat
guano deposits are now scarce. Consequently, bat guano is rarely used as an archive for
paleoenvironmental inference. We present results from one of only a few intact guano deposits
remaining in Jamaica, the Home Away from Home (HOM) cave. We set out to analyze a
continuous record of bat guano in a core from the cave for stable and radiogenic isotopes and
metals. Specifically, our aim was to gain insights into past agricultural practices (using §'°N,
813C, and &**S) and industrial activity (using cadmium, lead, mercury, and zinc) in this part of
Jamaica over the past four millennia. Lake sediment cores are frequently used to infer past
environmental conditions, and we compared the history recorded in the bat guano deposit to
histories from two, nearby, Jamaican lake sediment cores. Our guano analyses revealed a history
of bat community exposure to contaminants, stemming from a range of anthropogenic activities

over the last ~4,300 years.

2 Materials and methods

2.1 Study sites

The bat guano core was collected from Home Away from Home (HOM) cave, in Trelawny

Parish, Jamaica. The exact location of the cave is kept confidential for conservation reasons, but
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inquiries from qualified researches can be sent to the Jamaican Caves Organization. The cave is
well protected from local disturbances, as it is accessible only with technical climbing gear.
There is no evidence of human activity beyond the cave entrance. The cave temperature ranges
between 25 and 30°C and humidity approaches 100% during the rainy season. The HOM core
was taken from the deepest deposit within the cave, located approximately 30 m beneath the
entrance. An estimated 5,000 bats currently occupy HOM cave. Five bat species were identified
using a combination of sonar (Song-Meter SM2BAT), mist netting, and a taxonomic key created
by Dr. M. Brock Fenton and students: insectivorous Pteronotus parnelli, Macrotus waterhousii,
and Mormoops blainvillii, nectivorous Glossophaga soricina, and frugivorous Artibeus
jamaicensis. The HOM core was collected by excavation at the apex of the tallest guano deposit.
10 x10-cm cross-sections of bat guano were collected at 1-cm intervals to a depth of 129 cm.
Samples were stored in Whirl Pak® bags at -20°C until analysis.

Sediment cores were collected from Crystal Lake (18° 27’ 39.71°° N, 77 22° 47.63°> W)
and Wakefield Lake (18° 24'47.30" N, 77° 43' 42.95" W) using a 3-inch Glew and Smol (Glew
and Smol 2016) deep water corer. Cores were sectioned into 0.5-cm intervals, that were
refrigerated at 4°C and then freeze-dried for analysis. Crystal Lake is located 512 m from the
ocean and 33 km east of HOM cave. It is relatively free from human activity, with the exception
of local fishing and a highway to the north. Wakefield Lake is located 9.5 km northwest of HOM

cave, within a town that floods frequently and is thought to have existed only since the 1800s.

2.221Pb and '*C dating

210pp dating and '*’Cs measurements on guano from the HOM deposit were accomplished
using an Ortec High Purity Germanium Gamma Spectrometer (Oak Ridge, TN, USA) at the

University of Ottawa. Measurements on samples from the lake cores were run on gamma
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detectors at Queen’s University. Certified Reference Materials, obtained from International
Atomic Energy Association (Vienna, Austria), were used for efficiency corrections, and results
were analyzed using ScienTissiME (Barry’s Bay, ON, Canada). '3’Cs measurements were made
to confirm 2'°Pb dates calculated using the CRS (constant rate of supply) model. 2!4Pb activity,
which was used as a proxy for supported 2!°Pb activity, remained relatively low and constant
throughout each profile. In the bat guano deposit, an average background value of 56.5 Bq kg'!
was used to construct the dating profile. In the Crystal and Wakefield lake sediment cores, 2!°Pb
approached background at 16.25 ¢m and 32.25 cm, respectively (Fig S4.3). 2'4Pb activity was
averaged in the lake sediment cores; activity was set to a value of 37.11 Bq kg™! for Crystal Lake
and 47.49 Bq kg™!' for Wakefield Lake.

Lipid-treated (lipids removed using dichloromethane and methanol) and un-treated samples
from three selected depths in the guano profile (14.5, 56.5, and 85.5 cm) were “C-dated by
accelerator mass spectrometry at the Poznan Radiocarbon Laboratory in Poland. Because '*C
dates from the paired lipid-treated and untreated samples were similar (Table S4.1), '4C dates
were run on untreated samples at other depths in the profile. Radiocarbon dates were calculated

using OxCal 2013 and age calibrations were conducted using OxCal 4.1.5 software.

2.3 Metals

Metals were extracted by digesting freeze-dried guano in HNO3 and H>O> in a DigiPREP
Jr. (SCP Science, Baie D'Urfé, QC, Canada) in accordance with USEPA Method 3050b. Samples
were analyzed for total metals using an Agilent inductively coupled plasma mass spectrometer
(ICP-MS) (Santa Clara, CA, USA). Reference material was NIST 8704 Buffalo River Sediment.
Method detection limits are shown in Table S4.2. The standard error of triplicates in the lake

sediment samples ranged between 0.02 and 5.82 pg kg™ for each metal (Table S4.3). Samples
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were re-analyzed for lead isotopes by ICP-MS; the standard error of triplicates in the lake
sediment samples ranged between 0.001 and 0.097. Approximately 10 mg of freeze-dried bat
guano was analyzed for total mercury on a NIC Mercury Analyzer 3000 (Bryan, TX, USA),
using USEPA method 7473. Reference material was NRC MESS-3 Marine Sediment 91+/-9 ng
g’ total mercury; the method detection limit was 0.2 ng g*'. In addition to normalizing the total
metal concentrations to organic carbon, the metal concentrations were also normalized to
titanium concentrations to account for natural weathering and ensure that any fluctuations in the
metal profiles were reflective of anthropogenic activity. This standardization accounts for the
natural variations in metal flux within the guano deposit as some total metals are immobilized

within titanium lattices (Last and Smol 2001).

2.4 Carbon, nitrogen, and sulfur isotopes

Percent carbon, nitrogen, and sulfur were analyzed using a Micro Cube elemental analyzer
at the Jan Veizer Stable Isotope Laboratory (formerly G.G. Hatch SIL), located at the University
of Ottawa. TOC was determined by analyzing samples after they were acid desiccated using
HCI. Organic 8'3C (%o V-PDB), hereafter, referred to as §'°C, and 8'N (%o air) were analyzed
using an elemental analyzer interfaced to an isotope ratio mass spectrometer (IRMS). Samples
were normalized to the following internal standards: C-51 Nicotiamide (8'°N: +0.07 %o, §'*C: -
22.95 %o), C-52 ammonium sulphate and sucrose (8'N: +16.58 %o, 6'3C: -11.94 %o), and C-54
caffeine (8'°N: -16.61 %o, 8'>C: -34.46 %o). The blind standard was C-55 glutamic acid (8'°N: -
3.98 %o, 8'3C: -28.53 %o). Results are reported in delta notation (8) where § = ((Rx-
Rstd))/Rstd)*1000; R = ratio of the abundance of the heavy to light isotope, x = sample, and std
= standard. 8'°N values were calibrated to the following international standards: IAEA-N1 (+0.4

%o0), IAEA-N2 (+20.3 %), USGS-40 (-4.52 %), and USGS-41 (+47.57 %o). 8'3C values were
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calibrated to the following international standards: IAEA-CH-6 (-10.4 %o), NBS-22 (-29.91 %),
USGS-40 (-26.24 %o), and USGS-41 (+37.76 %o). Analytical precision was +0.2 %o using
glutamic acid. 8**S (%o VCDT) was analyzed using a Vario Micro Cube elemental analyzer
(Langenselbold, Germany) interfaced via a conflo IV to a Thermo Finnigan Delta XP IRMS

(Bremen, Germany).

3 Results and discussion
3.1 Dating an ancient bat guano deposit

‘Unsupported’ 2!°Pb reached radiogenic background at a depth of 14.5 ¢cm in the HOM core
(see Methods), corresponding to ca. 1900 CE. We used '*’Cs to corroborate the 2'°Pb dating
profile: 37Cs was produced solely from nuclear weapons testing, and most lake sediments show
highest activity in 1963 CE, associated with the peak in such testing. '3’Cs activity peaked at 8.5
cm depth in the guano, corroborating that the depth corresponded to the early-1960s, as
determined by 2!°Pb dating (Fig S4.1). Although '3’Cs dating is widely used in lake and peat
deposits, it has not been attempted previously in bat guano archives. Our study reveals that it is
possible to reconstruct the history of nuclear weapons testing using '*’Cs in bat guano and that it
can be used to validate 2!°Pb dating models.

At 14.5 cm, there was a 580-year difference between the 2!°Pb date (1900 CE) and the
calibrated '*C date (1320 CE). The difference between the 2!°Pb and '*C dates may be attributed
to the dissolution of the limestone cave onto the bat guano deposit, which would contribute dead
carbon (carbon lacking '*C) into the system and/or from the bat diet itself, where bats feeding on
aquatic insects can incorporate any reservoir effect from the environment into their system.
Consequently, we applied a 580-year reservoir effect correction to this bat guano deposit to

account for the different dates given by the 2!°Pb and !“C dating methods. A 2,000-year reservoir
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effect correction was applied to a bat guano deposit from the Philippines, to account for the
deposition of weathered graphite from a marble cave (Bird et al. 2007). After accounting for the
reservoir effect in our guano deposit, the calibrated '“C date on the oldest layer (128.5 cm) was

2307 BCE, indicating the HOM core spans the last ~4,300 years.

3.2 History of metal exposure to bats

The increase in lead concentrations in the HOM core coincided with the onset of the
Industrial Revolution ca. 1760 CE, a period of increased mining, coal combustion, and waste
incineration (Fig 4.1). (Clark 1979) reported lead concentrations (61-65 ug g”' dw) in guano
collected from bats living in proximity to a highway, suggesting that leaded gasoline was the
major contributor of lead to the bat’s diet.

Lead isotope analyses, e.g. the 2°Pb/2?’Pb ratio, were used to “fingerprint” the source of
additional lead (Komarek et al. 2008; Teutsch et al. 2001). The ratio decreased in the bat guano
deposit from 1.512 to 1.142 starting in the 1920s CE (Fig 4.1). Values approached those typical
of leaded gasoline from Australia (~1.04), Europe (1.115), Mexico (1.202-1.204), the United
States (1.04-1.39), and Canada (0.92-1.19) (Weiss et al. 1999; Erel et al. 1997; Safiudo-
Wilhelmy and Flegal 1994; Sturges and Barrie 1987). Similar 2°Pb/2°’Pb values were observed
in the Jamaican lake sediments (Table S4.3, Figs 4.2 and 4.3). Neither lake sediment core was
old enough to capture pre-industrial lead. Nevertheless, lead ratio values in the lake sediments
were more similar to values in 20"-century bat guano than to values in pre-industrial guano (Fig
4.3). 298pb/29Ph can identify the source of Pb used in leaded gasoline because isotope ratios from
North American ores (2.06) were generally lower than values in European ores (2.145) (Teutsch
et al. 2001). Accordingly, industrial-period 2°°Pb/?°’Pb (1.228) and 2°Pb/2°Pb (1.994) values in

the bat guano (Table S4.4) generally reflect leaded gasoline from North America. Despite the
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absence of major roads within several kilometers of the HOM deposit, the lead isotope profile
suggests that the lead was carried into the foraging area of the bats and transferred to them
through their food web. The slight increase in the lead isotopic ratio at the beginning of the 215
century may reflect a lagged response to removal of lead from gasoline in the early-mid 1980s
(Fig 4.1). Notably, the average crustal 2°°Pb/?°’Pb ratio (~1.2) is similar to the ratio in pre-
industrial guano (Weiss et al. 1999; Farmer et al. 2000). The 2°8Pb/?°"Pb vs 2°°Pb/2"’Pb profile
(Fig 4.3) further supported the shift from a natural to anthropogenic lead source, as lower values
of both ratios indicated anthropogenic origin (Emmanuel and Erel 2002). 2°Pb/2%Pb can also
distinguish between natural (18.5-19.5) and anthropogenic (16-18.5) lead sources (Hansmann
and Koppel 2000). Accordingly, 2°Pb/?%Pb decreased in industrial-era guano (Fig 4.1) and was
typically < 18.5 in the lake sediments (Table S4.3).

The range of mercury concentrations in this bat guano deposit (Table S4: 0.09-1.72 ng g!
dw OC) resembled those reported in fresh bat guano samples collected from historically
industrialized areas (0.12-0.26 pg ¢! dw) and from rural environments (0.08-0.11 ug g™' dw)
(O’Shea et al. 2001). Mercury concentrations rose in this deposit at the onset of the Industrial
Revolution and the rise in mercury concentrations we recorded in guano from the 20" century is
consistent with the timing of an increase in Hg concentrations observed in North American lake
sediments (Engstrom et al. 2014). Interestingly, the slow rise in mercury beginning in ~1400
BCE coincided with the earliest record of mercury mining in Peru (Cooke et al. 2009). Mercury
amalgamation was introduced to Jamaica in ~1600 CE and may have contributed to the rise in
mercury observed within the HOM core. Notably, bat guano had higher mercury than other

mammalian faeces, such as that of otters (0.02-0.17 ug g”! dw (Ramos-Rosas et al. 2013)).

Elevated mercury concentrations were also observed in bat livers (14.0-151 pg g*' dw (Nam et al.
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2012)), hair (0.04-145.27 pg g' dw (Becker et al. 2018)), and brains (0.41-18.7 pg g'! dw (Nam
et al. 2012)).

Zinc concentrations in the HOM core (Table S4.4) generally exceeded those observed in
fresh bat guano (64-1,080 pg g*!' dw (Zukal et al. 2015)). Furthermore, zinc bioaccumulates and
is readily transferred from the lithosphere to biota (Brimble et al. 2009), which explains the much
lower zinc concentrations observed in the Jamaican lake sediment cores (Table S4.3: 4.93-15.7
ug g”! dw). Anthropogenic emissions of zinc were reflected within this bat guano deposit. The
concentration of zinc peaked at 6,200 pg g total organic carbon (TOC) during the Industrial
Revolution, during which bauxite mining was introduced to Jamaica (Rainford and Richards
2008). Similarly, Norwegian Arctic lake sediment cores influenced by seabird guano showed an
increase in zinc concentrations as a result of the Industrial Revolution (196 pg g! dw in pre-
industrial deposits to a peak of 434 pg ¢! dw in 1996) (Evenset et al. 2007).

Previously reported cadmium concentrations in bat guano (0.03-8.5 pg g*' dw (Zukal et al.
2015)) and Jamaican lake sediments (Table S3: 0.03-0.28 ug ¢! dw) were much lower than those
in the HOM core (Table S4.4). The concentration of cadmium in the bat guano deposit (median =
92.8 ug g'! dw) also exceeded that found in the hair, livers, and kidneys of bats (0.02-0.10 pg g!
dw) (Hernout et al. 2016). Elevated cadmium concentrations in the HOM core may reflect the
naturally high cadmium concentrations in soils from Jamaica (298-978 ug g'! dw) compared to
soils in other countries (Garrett et al. 2008). About 67% of Jamaica is covered by limestone,
which often contains phosphate-bearing minerals such as phosphorite, with cadmium
concentrations as high as 6,000 pg g*' dw (Garrett et al. 2008; Garrett et al. 2010; Draper 1986).
Moreover, soil collected above white limestone typically has 32 times more cadmium than

average Jamaican soil (Garrett et al. 2008). Consequently, bats at HOM cave are exposed to
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naturally elevated cadmium concentrations in the soil as well as elevated cadmium in the white
limestone cave they inhabit. The cadmium rise in the HOM core was comparable to the 3-fold
increase in cadmium observed in Peruvian lake sediments, which was attributed to industrial

activity (Cooke and Abbott 2008).

3.3 Stable isotopes and dietary trends

The 8'°N, §'3C, and &**S composition in this deposit reflects agricultural practices over the
past ~4,300 years. In this deposit, §'*C averaged -26.5 %o until the 1670s CE, at which point,
8'3C increased, reaching a maximum value of -22.09 %o at 2.5 cm (Fig 4.4). Typical C3 plants
have lower 8'3C values (-24 to -34 %o) than C4 plants (-12 to -23 %o) (Smith and Epsten 1971),
and thus the HOM core appears to have carried a C3 plant signal throughout with a slight C4
component. §'3C in bat guano can fluctuate with the relative abundance of C4 grasses (Wurster et
al. 2007). Thus, although 6'3C values in the most recently deposited bat guano did not reach the
average 8'°C values found in C4 plants, the increase in 8'3C likely indicates a shift toward a
more C4 plant-based diet. The rise coincided with the agricultural history of Jamaica. The Taino
people, who first arrived in Jamaica in ~650 CE, used maize, a C4 plant, which may have
contributed to the first gradual increase in 6'3C (Santos et al. 2013; Mickleburgh and Pagan-
Jimenez 2012). Christopher Columbus subsequently introduced sugarcane, another C4 plant, to
the Caribbean in the early 16" century (Found and Berbés-Blazquez 2012), which would have
contributed further to the rise in §!*C observed in the HOM core. Notably, there is a sugarcane
plantation ~3 km north of HOM cave, thus foraging bats may consume insects supported by a
C4-influenced diet.

The median §'°N value was +12.9 %o (range: +9.8 to +18.5 %o) throughout the guano

deposit (Fig 4.4). 8N increased steadily in ca. 10" century CE, reached a value of +16.3 %o in
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the 1870s CE, and then decreased to the lowest value of +9.8 %o by 2008 CE. Declining 8'°N in
post-industrial deposits may reflect NOx emissions from coal combustion, as coal 3'°N values are
approximately 0 %o (Ding et al. 2018; Peterson and Fry 1987). 8!°N can also decrease with
increasing anthropogenic emissions from fossil fuel combustion and synthetic fertilizers (Freyer
1978). World-wide use of synthetic nitrogen fertilizers incorporate atmospheric nitrogen and thus
have lower 8'°N values (-1.7 to +3.9 %o) (Vitoria et al. 2004). Lower §'°N values observed post-
1870 CE may also be influenced by decomposition (Peterson and Fry 1987). The slow and
gradual rise in 8'°N pre-1870 CE may have resulted from increased N from intensive manure
fertilization, which can increase §'°N values to ~+7 %o (Bogaard et al. 2013). Manure-based
fertilizers were first used by Neolithic farmers (Bogaard et al. 2013), and elevated 6'°N values
have also been observed in manure-influenced soils from the Bronze Age (Simpson et al. 1999).
Consequently, consumption of plants and insects that were in contact with manure fertilizers and
subsequently, synthesized fertilizers, could account for the shifts in the §'°N values in the HOM
core.

Changes in dietary §°*S are reflected in bat guano (Salvarina et al. 2013), so long-term
trends in dietary sulfur accumulation should also be traceable in the HOM core. The median °*S
value was +18.0 %o (ranging from +9.7 to +22.4 %o) (Fig 4.4). °*S was relatively constant pre-
1930 CE, and then decreased post-1930 CE, and reached a minimum of +9.7 %o in ca. 1990 CE.
The 534S values post-1930 CE began to approach sulfate 3**S values associated with coal
combustion, which are typically <+10 %o (Guo et al. 2016). Therefore, the HOM core could be
tracking the increase in industrially sourced sulfur. The decrease in 5**S could also be attributed
to the use of fertilizer. With the exception of superphosphate fertilizers, which display a wide

range of §°*S values, from -4.2 to +17.2 %o (Chalk et al. 2017)), most fertilizers tend to have §**S
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values < +12 %o (Chalk et al. 2017). In particular, the prominent decrease in 6**S in the early
1930s CE coincided with the introduction of a CuSOj4 fungicide, Bordeaux mixture, introduced to
Central America to combat plant pathogenic fungi in the genus Cercospora (Wardlaw 1941).
Bordeaux mixture typically contains 257-276 g kg! of copper (Arena et al. 2018), which may
account for the elevated copper concentrations in the HOM core (Table S4.4). Soil-enriched
copper has been observed in Bordeaux-sprayed areas, in one instance reaching 4,000 pg g*' dw
(Thrupp 1991). Copper is readily bound to organic matter (Couto et al. 2015), which may explain
the greater copper concentrations in the bat guano relative to the soil. In the HOM core, Cu/Ti
peaked in guano deposited in ca. 50 BCE (Fig 4.1), possibly the result of the mobility of copper
in the deposit. Bordeaux mixture has been seen to leach 40 cm down-core in lake sediments,
which can be attributed to the more mobile Cu?" in the presence of dissolved organic matter
(Couto et al. 2015). Cu?" is prevalent in soils (> +43.5 %) when the pH is closer to neutral (4 to
7) (Komarek et al. 2009). Fresh bat guano typically has pH values ranging from 5.1 to 8.0
(Shahack-Gross et al. 2004; Wurster et al. 2015); the pH then becomes more acidic over time,
ranging from 2.7 to 5.3 (Wurster et al. 2015). Consequently, the copper observed in the HOM
core may have leached downwards as Cu?" until the pH increased to the point that it no longer
favoured the mobile Cu?* form. The use of fertilizers and fungicides, as well as the increase in
anthropogenic activity in the 20" century, likely drove the decrease in §3*S values observed in

the HOM core.

4 Conclusions

The HOM core provided a rare glimpse into the past ~4,300 years of tropical bat exposure
to multiple anthropogenic influences, most notably metal contamination and changing

agricultural practices. Bats that used this remote Jamaican cave were exposed to anthropogenic
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metals, highlighting the importance of emission controls to reduce the risk of exposure to these
contaminants. Bat populations around the world are under stress and declining as a consequence
of human activities. Guano archives, although scarce, provide new insights into past diets and
contaminant exposure. As such, these deposits can be used to monitor the spatial and temporal

movement of contaminants that affect bats, humans, and other species.
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Figure 4.1: Lead ratios and metal concentrations in the HOM core. Metal concentrations are normalized to
titanium in order to account for natural weathering. The dashed line separates bat guano deposited before
and after 1760 (the year of the start of the Industrial Revolution). 2°Pb and '“C years are presented on the y-
axis. The shaded area indicates the range of values reported in leaded gasoline for 2°°Pb/2'’Pb (Sturges and
Barrie 1987) and 2°®Pb/2%Pb (Teutsch et al. 2001), and in the case of 2Pb/2*Pb, anthropogenic lead
(Hansmann and Koéppel 2000).
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Figure 4.2: Metal, elemental, and stable isotope profiles in Wakefield Lake (panel A) and Crystal Lake (panel
B) sediment cores. Metal concentrations are normalized to titanium to account for natural weathering. Select

210ph dates are presented on the right y-axis.
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Table S4.1: C dates for lipid-treated and untreated bulk guano samples.

Depth (cm) Lipid treated Untreated
14.5 675+ 30 BP 745 + 30 BP
56.5 2625 + 35 BP 2570 + 35 BP
85.5 3310+ 35 BP 3415+ 25BP
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Table S4.2: Method detection limits (MDLs) for metals, presented in counts per second (CPS), calculated

using 5 blanks.
Analyte Standard deviation Slope of calibration ~ MDL (ug kg™')
of the blanks (CPS)  curve

Cu 117543 14530 24.27

Zn 1918 2350 2.45

Cd 3.2 3381 0.00

Pb 588 26445 0.07

Ti 21 243 0.26
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Table S4.3: Metal concentrations, metal ratios, and Pb isotope ratios in the lake sediments. All values are in
pg ¢! dw. Sample size indicated by ‘n’. min = minimum, max = maximum.

Crystal lake

n=23 Pb Zn Cd Cu

Median 1.31 5.92 0.04 4.13
Min-max 1.00-2.01 4.93-7.73 0.03-0.09 3.21-5.39
Median (metal/T1) 0.12 0.55 0.004 0.38
Min-max (metal/Ti) 0.10-0.17 0.49-0.71 0.002-0.008 0.34-0.53
n=3 206Pb /207pb 208Pb /206pb 208Pb /207pb 206Pb /204pb
Median 1.210 2.069 2.483 18.21
Min-max 1.181-1.210 2.051-2.081 2.457-2.504 18.13-18.60
Wakefield lake

n=22 Pb Zn Cd Cu

Median 2.27 11.60 0.23 2.49
Min-max 1.92-3.18 9.30-15.68 0.17-0.28 1.97-3.58
Median (metal/Ti) 0.42 2.00 0.04 0.41
Min-max (metal/Ti) 0.26-0.78 1.38-3.44 0.03-0.07 0.33-0.75
n=4 206Pb /207pb 208Pb /206pb 208Pb /207pb 206Pb /204pb
Median 1.171 2.098 2.467 18.13
Min-max 1.161-1.184 2.086-2.125 2.445-2.469 17.70-18.46
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Table S4.4: Metal concentrations, metal ratios, and Pb isotope ratios in the bat guano deposit. All values are

in pg g dry unless identified with <*°, indicating mg g'. TOC = total organic carbon, min = minimum, max =
maximum, CE = common era.

Pb Hg Zn Cd Cu
Median (ug g 8.04 0.18 997 92.8 3.92%
Min-max (ug g 2.17-26.2 0.04-0.85 312-3,060 32.1-247 0.58-15.2*
Median (ug g! TOC)  17.9 0.41 2050 213 10.7*
Min-max (ug ¢ TOC) 4.27-81.7 0.09-1.72 627-6,190 65.6-503 1.18-32.7*
Median (metal/Ti) 0.06 0.002 8.37 1.04 45.8
Min-max (metal/T1) 0.04-0.70 0-0.02 3.54-198 0.38-4.18 20.6-138
Pre-1850 CE median 0.06 0.002 5.44 0.92 543
Post-1850 CE median 0.25 0.004 43 1.95 394

206 Pb /207 Pb 208 Pb /206 Pb 208 Pb /207 Pb 206 Pb /204 Pb
Median 1.461 1.678 2.446 20.52
Min-max 1.142-1.512 1.603-2.094 2.367-2.558 16.42-24.77
Pre-1850 CE median 1.469 1.664 2.446 21.45
Post-1850 CE median 1.228 1.994 2.439 18.09
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Table S4.5: Average and standard error of Wakefield Lake (depth of sample = 21.5 ¢m, n = 3) and Crystal
Lake (depth of sample = 13.5 cm, n = 3).

Wakefield Lake Crystal Lake
Analyte Average Standard error Average Standard error
(ng kg (ng kg (ng kg (ng kg

Cu 23.0 0.83 43.2 0.87
Zn 105 2.94 65.1 1.89
Cd 2.31 0.09 0.35 0.02
Pb 22.7 0.62 13.8 0.33
Ti 60.7 1.65 124 5.82
206pp/207Pp 1.172 0.001 1.194 0.007
208pp,/206pp 2.113 0.005 2.086 0.007
208pp/207ph 2.476 0.005 2.489 0.006
206pp/204ph 18.37 0.097 18.05 0.089
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Abstract

We examined feeding strategies in bats based on the composition of sterols, stanols, and
stable isotopes of carbon (8'3C) and nitrogen (8'°N) of bat guano in relation to a bat’s dietary
preferences for fruits, insects, or mammalian blood. In general, the guano of bats with animal-
based diets had lower C/N ratios and higher cholesterol/(cholesterol+sitosterol) ratios than those
with plant-based diets. We then examined the same suite of analytes in a ~4,300-year-old bat
guano deposit from Jamaica to infer long-term changes in feeding strategies for this bat
assemblage. Our multi-proxy analysis, based on a concordance of sterol ratios, 8'*C, and C/N in
the ~4,300-year old deposit, revealed two periods of increased frugivory relative to insectivory.
Periods of increased frugivory relative to insectivory were observed at ca. 1000-500 BCE and ca.
700-1900 CE. These periods were characterized by wetter conditions in Central America, which
we hypothesized favoured vegetation growth, and therefore resulted in greater frugivory relative
to insectivory. This study demonstrated that dietary sources of stable isotopes, sterols, and
stanols were reflective of different feeding habits in bat guano and provided a first glimpse of

foraging habits in bats extending back over the past four millennia.
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1 Introduction

Bats occupy a range of trophic niches reflecting diverse feeding strategies and diets'. Bats
can consume up to 100 % of their body weight per day', such that lipids and stable isotopes of
carbon and nitrogen in bat guano are representative of their recent diet>. In addition, changes in
8!°N values often reflect a bat’s trophic position>®, with higher values in more carnivorous
individuals®. Similarly, 8'3C values fluctuate based on diet. C3 plants have lower §'3C values and
are commonly found in more temperate environments, whereas C4 and Crassulacean acid
metabolism (CAM) plants have greater '>C values and are typically found in more arid
locations”. Previous studies have used stable isotopes to characterize the chemical composition

of bat guano in different bat species based on their dietary preferences'®!!

and therefore long-
term changes in foraging habits may be observed by coring and radiometrically dating bat guano
deposits in caves inhabited by bats.

Whilst stable isotope analyses have been useful in trophic reconstructions, sterols and
stanols offer a more specific means of determining differences in the chemical composition of
bat guano based on dietary trends. Zoosterols (animal-derived) and phytosterols (plant-derived)
play key roles in metabolism, cell signaling pathways, and membrane fluidity'2. The zoosterol,
cholesterol, is found in all mammals and constitutes a large percentage of the sterol profile in all
mammalian faeces'?. Coprostanol, produced by the microbial breakdown of cholesterol in higher
mammals and birds, is detectable in faeces, and can thus be used as a paleolimnological marker

13.14 Faecal

as elevated concentrations are present in sewage-influenced lake sediments
cholesterol concentrations generally increase in higher trophic level mammals'? and, as such,

increased concentrations of cholesterol and its metabolite coprostanol are expected in bats

feeding at higher trophic levels.
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Phytosterols can also be used to differentiate between dietary habits. Desmosterol is used
to synthesize both sitosterol and stigmastanol in insects'> and makes up a large proportion of
total sterols in algae'®!”. Sitosterol is highly concentrated in most plants'®2° and reached
concentrations of ~ 50 ug g”! dw in High Arctic mosses?! and 17 g kg'! dw in plant-based oils??.
Despite variable sitosterol concentrations in plants®?, sitosterol composes a large portion of
mammalian dietary sterols and stanols, and thus sitosterol concentrations in mammalian faeces
can exceed > 200 pg ¢! dw?. In mammals, sitosterol undergoes microbial reduction to
stigmastanol and stigmastanol concentrations tend to be higher in herbivores relative to
omnivores owing to dietary intake; e.g.: 1400 pug ¢! dw in sheep faeces compared to 160 pg g™!
dw in human faeces?’. Therefore, phytosterol profiles in guano should reflect differences in the
dietary consumption of phytosterols by bats.

We hypothesized that these differences in sterol and stanol patterns among plants and
animals would reflect different feeding habits in the guano of bats that feed on a range of plants,
insects, small vertebrates, and mammalian blood. We thus predicted that frugivorous bat guano
would have greater concentrations of phytosterols than insectivorous and sanguinivorous bat
guano and that sanguinivorous bat guano would have greater concentrations of zoosterols than

insectivorous and frugivorous bat guano.

1.1 Objectives

We determined the 8'3C, 8'°N, C/N, sterol, and stanol composition of frugivorous,
insectivorous, and sanguinivorous bat guano. We then used this information to infer long-term
dietary shifts between the two main feeding categories (frugivorous and insectivorous, because
sanguinivorous bats were absent) of a bat colony in Jamaica by analyzing these constituents in a

~4,300-year-old bat guano deposit.
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2 Materials and Methods
2.1 Site description and guano collection

Fresh guano was collected from bats in Orange County, Belize, in May of 2016 and 2017,
with permission from the Forest Department, Ministry of Agriculture, Fisheries, Forestry, the
Environment and Sustainable Development, Belize and exported from Belize under an export
permit issued to LRG from the Forest Department (reference numbers: WL/1/1/16(20) and
WL/2/7/17(24)) and samples were imported to Canada under a permit to LRG issued by The
Canadian Food Inspection Agency (A-2018-00359-4). Bats were captured using mist nets and
identified to species in the field. Individual bats were then placed in cloth bags, genus was
confirmed, and guano samples were collected. Bats were subsequently fed and released at their
place of capture. Guano samples were air-dried in 2 mL microcentrifuge tubes and sealed until
analysis. In total, we collected 37 samples from 18 different species. Chiropterologists assigned a
feeding strategy (frugivorous, insectivorous, or sanguinivorous) to each bat based on previous
studies that observed the feeding strategy and/or examined morphological traits associated with
dietary requirements. In total, 1 sanguinivorous (3 samples), 12 insectivorous (23 samples), and
5 frugivorous (11 samples) species were collected (Table S5.1). Notably, we classified Trachops
cirrhosus as an insectivorous bat, but it is also known to feed on small vertebrates*.

A bat guano core was collected from Home Away from Home (HOM) cave, in the Parish
of Trelawny, Jamaica. The GPS coordinates of the cave are confidential for conservation
purposes, but inquiries from researchers may be sent to the Jamaican Caves Organization. A full
description of the cave and collection methods can be found in Gallant et al.?>. In brief, the cave
is isolated from human activity with no evidence of human disturbance beyond the cave

entrance. The cave is home to five species of bats, totaling ~ 5,000 individuals. The following
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species of bats were identified using a combination of sonar (Song-Meter SM2BAT), mist
netting, and a taxonomic key created by MBF and students: insectivorous Pteronotus parnelli,
Macrotus waterhousii, and Mormoops blainvillii; nectivorous Glossophaga soricina; and
frugivorous Artibeus jamaicensis. Notably, we classified Glossophaga soricina as a frugivorous
bat for data analysis. No sanguinivorous bats were observed in the cave. A 129 cm core,
sectioned into 1 cm intervals (10 cm by 10 cm cross-section), was excavated from the apex of the

bat guano deposit. Samples were stored in Whirl-Pak® bags at -20°C until analysis.

2.221Pb and '*C dating

The bat guano deposit was 2'°Pb and '*C dated at the University of Ottawa and the
Poznan Radiocarbon Laboratory in Poland, respectively. Full methods and results are presented

in Gallant et al.?>.

2.3 Sterols and stanols

Sterols and stanols were analyzed in the bat guano following the protocol outlined in
Gallant et al. (under review)?°. Briefly, sterols and stanols were extracted from 0.1 g of freeze-
dried bat guano. Sterols and stanols were extracted by rinsing the material with dichloromethane
(DCM) and sonicating the sample for ten minutes. Samples were evaporated to 1 mL and eluted
through a 1 g LC-Si SPE columns (Sigma-Aldrich, Oakville, ON, Canada) using 20 mL of
DCM. Samples were evaporated to dryness under nitrogen and a 10-fold dilution in toluene was
created. Samples were derivatized for two hours at 60°C using 100 uL. of 99 % N,O-
bis(trimethylsilyl)trifluoroacetamide) + 1% trimethylchlorosilane. 100 ng of p-terphenyl-di4
(Cambridge Isotope Laboratories, Tewksbury, MA, USA) was added as a recovery standard.

Percent recoveries were determined by adding 100 ng of a ‘3-mix’ solution (5a-

androstan-3-ol, Sa-pregnan-3b-ol, and 5a-pregnan-3-one) to seven replicates of 0.2 g of one
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guano sample prior to sonication. The samples were extracted, and the remaining guano was
evenly divided into two. 100 ng of the 3-mix solution was added to one half of the remaining
guano and 100 ng of a ‘14-mix’ solution (5a-androstan-33-ol, Sa-pregnan-3f3-ol, Sa-pregnan-3-
one, 5B-cholestan-33-ol, 5B-cholestan-3a-ol, 5B-cholestan-3-one, cholest-5-en-33-ol, Sa-
cholestan-3f-ol, Sa-cholestan-3-one, cholest-5,24-dien-33-ol, campest-5-en-33-ol, stigmasta-
5,24-dien-3p-ol, B-sitosterol, Sa-stigmastan-33-ol) was added to the other half of the remaining
guano. Both sets of samples, and an additional sample containing only 100 ng of the 14-mix,
were extracted following the same protocol. Percent recoveries were calculated by subtracting
the concentration of each compound in the 3-mix-spiked guano from the 14-mix-spiked guano
and dividing by the concentration of each compound in the 14-mix. The mean percent recovery
(n="7) of the 3-mix was 89.1 % (5a-androstan-3-ol: 87.6 %, Sa-pregnan-3b-ol: 85.0 %, and Sa-
pregnan-3-one: 94.6 %). The mean and standard deviation (SD) percent recovery of the sterols
and stanols was 92.1 £ 4.3 %, ranging from 87.0 to 103 % (Table S5.2). Owing to high and
consistent percent recoveries, samples were not recovery corrected.

All samples were injected on an Agilent 6890 gas chromatograph — 5973 mass selective
detector in electron impact, selected ion monitoring mode (Agilent 19091J-433 HP-5 5% phenyl
methyl siloxane 29.8 m x 250 um x 0.25 pum column). Analytical conditions include: a pulsed
splitless injection at 250°C at 17.75 psi (17.17 psi for the fresh bat guano samples), DB-5MS
(Agilent, Santa Clara, CA, USA), oven start at 150°C, ramp 1 at 8°C minute™! to 250°C, ramp 2
at 12°C minute™! to 300°C held for 12 minutes. Mass selective conditions as follows: transfer line
300°C, source 230°C, quad 150°C. Sterol concentrations were volume corrected to p-terphenyl-

di4 using MSD ChemStation D.02.00.275.
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We measured the guano samples for eleven sterols and stanols: coprostanol (53-
cholestan-3[3-ol), epicoprostanol (5p-cholestan-3a-ol), coprostanone (5p-cholestan-3-one),
cholesterol (cholest-5-en-33-ol), cholestanol (5a-cholestan-3-ol), cholestanone (5a-cholestan-
3-one), campesterol (campest-5-en-33-ol), desmosterol (3[3-cholesta-5,24-dien-3-ol), fucosterol
(stigmasta-5,24-dien-33-ol), sitosterol ([-sitosterol), and stigmastanol (5a-stigmastano-33-ol).

Analytes were blank corrected and corrected to their respective method detection limits (MDLs)

(Tables S5.3 and S5.4).

2.4 Stable isotopes

Fresh bat guano samples were analyzed for organic carbon and nitrogen stable isotopes
following the protocol in Gallant et al.?>. Guano samples were not acidified for organic 8'3C
because values (mean + SD) in a paired subset of acidified (-24.8 £ 0.5 %o, n = 10) and
unacidified (-25.2 + 0.4 %o, n = 10) bat guano samples were essentially identical. Carbon and

nitrogen isotopes were therefore determined simultaneously on non-acidified samples.

3 Results
3.1 Stable isotopes by diet

Mean + SD carbon to nitrogen ratio (C/N) values were 25 + 13 (n = 9) in frugivorous, 4.7
+ 1.1 (n = 17) in insectivorous, and 5.7 = 1.2 (n = 2) in sanguinivorous bat guano (Fig 5.1). Mean
85N was 4.8 £ 2.8 %o (n = 9) in frugivorous, 4.8 £ 2.2 %o (n = 17) in insectivorous, and 5.9 + 3.4
%o (n = 2) in sanguinivorous bat guano. Mean §'3C was -28 £ 0.2 %o (n = 9) in frugivorous, -27 £

0.8 %o (n = 17) in insectivorous, and -18 = 0.8 %o (n = 2) in sanguinivorous bat guano.
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3.2 Sterol and stanol ratios by diet

We examined two sterol and stanol ratios in bat guano to identify different foraging
habits: a trophic level index: cholesterol/ (cholesterol+sitosterol), and an expanded index:
(cholesterol+cholestanol)/(cholesterol+cholestanol+sitosterol+stigmastanol). These ratios can
provide information on whether their diets are more plant- or animal-based. Frugivorous bat
guano was characterized by low trophic level and expanded index values and high C/N values,
whereas the opposite was true of insectivorous bat guano. Mean trophic level index values
increased with trophic level with values of 0.6 = 0.3 (n = 11) in frugivorous, 0.8 £ 0.3 (n =23) in
insectivorous, and 1 (n = 2) in sanguinivorous bat guano (Fig 5.1). Likewise, mean expanded
index values increased with trophic level with values of 0.6 = 0.3 (n = 11) in frugivorous, 0.8 +

0.3 (n=23) in insectivorous, and 1 (n = 2) in sanguinivorous bat guano (Fig 5.1).

3.3 Historical stable isotope composition

The stable isotope composition of the bat guano deposit was previously reported in
Gallant et al.?>. In summary, §'3C values in the bat guano deposit ranged from -27.1 to -22.1 %o
and 6N values ranged from 9.8 to 18.5 %o (Fig 5.2). The C/N ratio ranged from 4.8 to 27, with
two peaks of 22 (ca. 900 BCE) and 27 (ca. 1200 CE). Trophic level and expanded index values
were generally low in guano deposited between ca. 1700 BCE and ca. 1300 BCE (0.7, 0.5, n =
1), ca. 1000 BCE and ca. 500 BCE (0.7 £ 0.1, 0.6 = 0.1, n =4), and ca. 700 CE and ca. 1900 CE
(0.4+£0.2,0.5+0.1,n=9), respectively (Fig 5.2). Notably, C/N peaks coincided with the

periods of decreased trophic level and expanded index values.

3.4 Sterols and stanols

Mean sterol and stanol concentrations in fresh guano (Fig S5.1) where generally greater

than the maximum sterol and stanol concentrations in the guano deposit (Fig 5.3). Mean
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coprostanol and epicoprostanol concentrations in insectivorous bat guano were > 7.5 and > 27-
fold greater than background concentrations in bat guano deposited prior to 1900. Similarly, the
mean cholesterol concentration in fresh insectivorous bat guano was > 48-fold greater than the
peak cholesterol concentration in the bat guano deposit. Maximum concentrations in the fresh
guano of all three diets always exceeded the maximum concentration in the guano deposit. The
lower sterol and stanol concentrations in sub-surface bat guano, relative to the fresh bat guano,
suggested some degradation of sterols and stanols through time (Fig 5.3). As such, this further
justified the use of the sterol and stanol ratios as fluctuations in the relative proportion of
zoosterols and phytosterols may be detectable, despite the lower concentrations.

In the bat guano deposit, concentrations of coprostanol (0.001 to 0.04 ug g dw) and
epicoprostanol (0.008 to 0.03 ug g! dw) were generally low until the 1900s, when concentrations
peaked at 0.26 and 0.24 g g' dw, respectively (Fig 5.3). Coprostanone was generally
undetected within the bat guano deposit, with the exception of one surface peak, where the
concentration reached 1.8 ug g'! dw. The concentration of cholesterol rose at ca. 1060 BCE (16
ug g -! dw), and the peak cholesterol concentration was observed in the surface sample (57 pg g’!
dw). The concentration of cholestanol also exhibited a small increase at approximately the same
time (ca. 1600 BCE; 4.0 pg g'! dw) and peaked in the most recently deposited guano (7.5 pug g*!
dw).

The concentration of phytosterols fluctuated coeval with changes in the zoosterols (Fig
5.3). Prior to the 20™ century, the concentrations of desmosterol, fucosterol, and sitosterol were
below the MDL; peak concentrations of these sterols occurred in the most recently deposited
guano (4.0 pg g' dw, 3.7 ng g dw, and 12 ug g'! dw, respectively). Campesterol peaked slightly

at ca. 1060 BCE and reached its maximum concentration in the most recently deposited guano
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(8.6 ng g'' dw). The concentration of stigmastanol was elevated between ca. 2040 BCE and ca.
730 CE (peak concentration of 4.1 pug g'' dw at ca. 1600 BCE) and the highest concentration
occurred in the most recently deposited guano (7.2 pg g! dw).

When sterols and stanols were normalized to organic carbon, profiles were nearly
identical to the dry weight normalized concentrations (Fig S5.2), indicating the composition of
organic carbon was not a major influence on the sterol and stanol composition of the bat guano
deposit. Consequently, we examined all sterols and stanols in pg g' dw in order to maintain
consistency between the fresh bat guano (where low sample volume precluded acidification) and

the bat guano deposit.

4 Discussion
4.1 Stable isotopes and C/N by diet

We recorded different mean §'3C values in sanguinivorous bat guano (-18 %o), relative to
frugivorous (-28 %o) and insectivorous (-27 %o) bat guano (Fig 5.1). This is likely because
insectivorous bats consumed aquatic insects while frugivorous bats largely consumed C3 plants,
which would have contributed to more negative 6'3C values?’. Sanguinivorous bats, however,
largely feed on mammals such as domesticated cattle, which feed on C4 grains that have more
positive 8'*C values?®?°, thus resulting in greater §'°C values in their guano. Indeed, the values
recorded in this study approach those in the wing tissue of Desmodus rotundus feeding on
livestock?®. Mean 8'°N values in sanguinivorous bat guano (5.9 %o) were only slightly greater
than those in insectivorous (4.8 %o) and frugivorous (4.8 %o) bat guano (Fig 5.1). We thus
surmised that both the sanguinivorous and insectivorous bats in this study were feeding on

primary consumers, which resulted in similar §'°N values in their guano. Stable isotopes of
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carbon and nitrogen in fresh bat guano thus reflected the foraging habits of bats but did not
reflect trophic level (Fig 5.1).

We found that C/N values best reflected trophic level, as evidenced by greater C/N values
in frugivorous bat guano relative to insectivorous and sanguinivorous bat guano (Fig 5.1).
Insectivorous bats feed on aquatic insects, which was supported by C/N values below 10 in their
fresh guano (Fig 5.1). Conversely, C/N values greater than 10 indicate a greater input of
terrestrial vegetation®’, and indeed, C/N values in fresh guano from frugivorous bats ranged from
19.4 to 30.3 as expected for bats feeding on terrestrial fruits. Furthermore, fruit pulp is generally
low in nitrogen (<1%)!, and as such, we observed greater C/N ratios in bats feeding
predominantly on fruits. These results suggested that while dietary stable isotopes were variable
within a trophic level, the dietary proportion of carbon and nitrogen were more stable within a
trophic level and as such, C/N may better reflect a bat’s trophic level. For example, percent

nitrogen in fruits ranged from 0.07 to 3.2 while §'°N values ranged from -0.85 to 13.5 %o>2.

4.2 Examining historical foraging habits

We observed a remarkable concordance between C/N, §'°C, and trophic level index
values in the 4,300-year-old bat guano deposit consistent with frugivorous and insectivorous
foraging (Fig 5.2). Based on this multi-proxy evidence, we observed two periods of increased
frugivory relative to insectivory in the bat guano deposit: ca. 1000-500 BCE and ca. 700-1900
CE) (Fig 5.2). There is no record of sanguinivorous bats in Jamaica®3, thus we attributed greater
C/N values in the bat guano deposit to an increase in the relative contribution of frugivory to
insectivory-based foraging.

Greater 8'3C values recorded in our bat guano deposit also tracked two periods of

increased frugivory/insectivory-based foraging (Fig 5.2). Fruits are fat-depleted relative to
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insects®*, so frugivorous bats tend to have greater 6'3C values than insectivorous bats.
Conversely, fat is typically enriched in '2C relative to '*C resulting in lower 6'3C values in
animal tissues consuming a fat-rich diet***. Furthermore, 8!*C values of bananas and cane sugar
are approximately -23.7 %o and -10.4 %o, respectively?®, and thus an increase in
frugivory/insectivory could result in greater 3'3C values. We thus concluded that §'3C values in
this guano deposit increased in response to periods of greater frugivory/insectivory-based
foraging habits of the bat colony.

We also employed the use of sterol and stanol ratios in order to examine long-term
changes in the foraging habits of the bat colony (Fig 5.2). The trophic level index can be used to
infer the influence of higher trophic level species because cholesterol concentrations tend to be
greater in higher trophic level mammals®®. Furthermore, cholesterol concentrations were
generally greater in insectivorous bat guano relative to frugivorous bat guano (Fig S5.1). We thus
predicted that a higher trophic level index in the bat guano deposit would indicate greater
insectivory/frugivory. Indeed, the trophic level index values were generally lower in the guano
deposit during periods of higher C/N and §'3C values (Fig 5.2), suggesting a greater influence of
frugivory/insectivory-based foraging.

Sterols are susceptible to in situ degradation under aerobic conditions®’. In order to
account for the degradation of sterols within the bat guano deposit, we also examined an
expanded index that included the stanol degradation products, cholestanol and stigmastanol (Fig
5.2). This index was used in a study, which tracked the presence of bird guano in lake
sediments®®. The expanded index and trophic level index in our bat guano deposit tracked one
another almost exactly. This was expected because the concentrations of cholestanol and

stigmastanol fluctuated coeval with their precursor sterols (Fig 5.3), thus the relative contribution
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of stanols in the guano deposit did not change through time. Indeed, cholestanol and stigmastanol
have been shown to be highly stable in lake sediments over time3® and our results suggested that
these stanols were more stable within the bat guano deposit relative to the other sterols and
stanols. Consequently, elevated C/N and §'3C values, coincident with decreased sterol and stanol
ratios within the bat guano deposit, tracked two periods of increased frugivory over the past
4,300 years, which is precisely what we would predict if sterol and C/N ratios were each

inversely tracking the bat colony’s frugivory/insectivory ratio (Fig 5.2).

4.3 Increased frugivory and climate

These periods of increased frugivory/insectivory occurred during periods of wetter
climactic conditions in the Caribbean, as evidenced by lower 8'%0 values in ostracod shells; drier
conditions were recorded between these wetter periods, as characterized by higher §'%0 values
and higher Sr/Ca values, (as a result of increased evaporation and decreased precipitation)*%4!,
Following a period of increased precipitation in ca. 1250 BCE, there was a dry period, as
determined by increased plants of the genus Cepcropia and Trema, and the establishment of dry
forests*’. The wetter period, beginning in ca. 700 CE, was characterized by lower 3'*0 and §'°C
values in micrite and the establishment of new ostracod species, signifying a flooding event*!.
Sr/Ca values also decreased during this period, indicating decreased evaporation and increased
precipitation*!. Periods of increased precipitation favour increased plant growth*>* and thus we
hypothesize that we observed an increase in frugivory-based foraging owing to increased food
availability. Furthermore, bats are known to modify their foraging habits based on climactic
conditions* and thus we suspect that periods of wetter conditions favoured frugivory over

insectivory owing to increased primary fruit production.
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Increased 8'3C values also coincided with periods of wetter climactic conditions. While
lower 8'3C are usually associated with C3 plants, C4 grasses having a minimum water
requirement such that C4 grasses do not necessarily flourish under dry conditions®. Furthermore,
some C3 plants are able to survive on sub-surface water stores, and thus §'3C values may not
necessarily increase in response to increased precipitation®®. Similar results were observed in a
bat guano deposit from the United States, where §'3C values increased in association with
increased summer precipitation?,

The 8'°N values within the bat guano deposit did not decrease to reflect lower trophic
level foraging (Fig 5.2). Instead, researchers have postulated that greater 3'°N values in bat
guano may reflect the consumption of C4 nectars, which have elevated §'°N values (e.g. 13.5 %o
in cane sugar)*2. Moreover, 8'°N values in the bat guano deposit (9.8 to 18.5 %o0) were greater
than those in the fresh bat guano (e.g. mean of 5.9 %o in sanguinivorous bats), suggesting
influence by other factors. Indeed, we previously related fluctuations in 3'>N in this bat guano

deposit to changes in fertilizer use as early as 1100 CE?4748,

5 Conclusions

We determined the sterol, stanol, and stable isotope composition in fresh bat guano and a
~4,300-year-old bat guano deposit. Increased C/N and 8'3C values coupled with decreased sterol
ratio values in the bat guano deposit marked two periods of greater frugivory/insectivory
foraging habits by the bat colony. We were further able to associate wetter climactic conditions
to these periods of increased frugivory/insectivory as a result of increased fruit availability. We
found that stable isotopes of carbon and nitrogen in fresh guano best reflected bat foraging habits
while C/N values in fresh bat guano most effectively identified trophic level as frugivorous bats

generally consumed less nitrogen, regardless of the stable isotope composition of their diet. The
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concentration of cholesterol in fresh bat guano increased according to trophic level and thus may
be useful in identifying different feeding strategies in bats based on the chemical composition of
their guano. Concentrations of campesterol, sitosterol, and stigmastanol in fresh guano were
generally similar among frugivorous and insectivorous bats but were absent in sanguinivorous
bats. We surmised that sterols, stanols, and stable isotopes in bat guano were reflective of a bat’s
diet and that the chemical analysis of intact bat guano deposits permits inference of long-term

changes in feeding patterns and thus demographic changes in bat community composition.
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Figure 5.1: Boxplot of nitrogen and carbon stable isotopes, the ratio of carbon to nitrogen (C/N), the trophic
level index (cholesterol / (cholesterol + sitosterol)), and the expanded index ((cholesterol + cholestanol) /
(cholesterol + cholestanol + sitosterol + stigmastanol)) in fresh bat guano. Fru = frugivorous, Ins =
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Supplementary information

We examined the sterol and stanol composition of guano from frugivorous, insectivorous,
and sanguinivorous bats to determine whether the chemical composition of bat guano was
characteristic of foraging behaviour. Phytosterol concentrations of campesterol, fucosterol,
sitosterol, and stigmastanol, were greater in frugivorous (27 = 19, 0.68 = 0.95, 82 £ 110, and 3.2
+5.4 ug g'dw,n = 11) and insectivorous guano (91 £ 230, 25 = 60, 120 £+ 300, and 16 + 57 pg
g"! dw, n = 23) than in sanguinivorous guano (0.02, 0.03, 0.31, and 0.40 pug g' dw, n = 3),
respectively (Fig S5.1). Mean zoosterol concentrations of coprostanol (0.35+ 1.2 pg g! dw, n=
23) and epicoprostanol (0.82 + 3.8 pg g”! dw, n = 23) were highest in insectivorous bat guano,
and nearly absent in frugivorous and sanguinivorous guano (<0.013 +0.04 pg g*' dw in all
instances, n = 11). Mean cholestanol and cholesterol in guano increased according to trophic
level: 0.10 = 0.3 and 260 + 620 ug g! dw in frugivorous guano (n=11), 16 £ 29 and 2,800 +
5400 ug g'! dw in insectivorous guano (n = 23), and 46 £ 1.4 and 23,000 + 5700 ug g dw in
sanguinivorous guano (n = 3), respectively. Mean desmosterol was greatest in insectivorous
guano (1.5 £ 4.9 pg g' dw, n=11) and below the MDL in frugivorous and sanguinivorous
guano (0.12 £ 0.0 pg g' dw, n = 23). Notably, only 3 of the 23 insectivorous guano samples had
detectable concentrations of desmosterol.

Insectivorous and sanguinivorous bats occupy a higher trophic level than frugivorous bats
and thus we predicted that their guano would have higher concentrations of zoosterols than
frugivorous bat guano. Accordingly, cholesterol was generally more concentrated in
insectivorous bat guano than in frugivorous bat guano (Fig S5.1). Sanguinivorous bat guano had
the highest cholesterol concentrations, which can be attributed to the consumption of blood of

domesticated animals, where cholesterol concentrations are approximately 27 to 60 pg L™ 4.

177



Cholestanol is found in insects as it can play an important role in maintaining cell
structure'>!'?, but it is also present in mammals at low concentrations (< 0.2 % of cholesterol)™.
In faeces, the proportion of cholestanol is greater (ratio of cholestanol to cholesterol of 1:4 in
cattle faeces and 1:8 in human faeces), with concentrations of 90 pg g*' dw in cattle faeces and
96 nug ¢! dw in human faeces?’. Cholestanol is not commonly found in plants'® and not
surprisingly, cholestanol was more concentrated in insectivorous bat guano than in frugivorous
bat guano (Fig S5.1). We expected sanguinivorous bats to have higher cholestanol concentrations
owing to their higher cholesterol concentrations (because greater cholesterol concentrations
should result in greater cholestanol concentrations if the same proportion of cholesterol is
transformed). However, cholestanol concentrations in sanguinivorous bat guano (45 to 48 ug g’!
dw) fell within the range observed in insectivorous bat guano (20 to 99 ug g dw), suggesting
that the proportion of cholesterol converted to cholestanol is not the same among all bat species.

Coprostanol is formed from the reduction of cholesterol in the gut of higher mammals'4.
Accordingly, coprostanol in frugivorous bat guano reached a maximum of 0.07 pg g*' dw, versus
a minimum of 5.4 pug g' dw in insectivorous bat guano. Given that sanguinivorous bats occupy a
similar trophic level to insectivorous bats>! and that cholesterol was elevated in sanguinivorous
bat guano, it was unexpected that coprostanol in sanguinivorous bat guano was nearly equal to
that in frugivorous bat guano (Fig S5.1). In humans, the proportion of cholesterol converted to
coprostanol is highly variable, ranging from nearly none to nearly all®?, and thus the lower
coprostanol concentrations may also reflect a low conversion rate of cholesterol to coprostanol in
Desmodus rotundus.

Campesterol is elevated in vegetation (e.g., 50 to 660 ug g'! dw in plant oils)?? as well as

in insects, composing anywhere from 0.6 to 95 % of the total sterol composition'?. Given the
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elevated campesterol concentrations in the diets of both frugivorous and insectivorous bats, it
follows that campesterol concentrations were similar between frugivorous and insectivorous bat
guano (Fig S5.1). The variability of campesterol concentrations in insects was also evident
within insectivorous bat guano, where campesterol concentrations ranged from 0.018 ug g! dw
(equal to that in frugivorous bat guano) to 1050 ug g! dw. Conversely, campesterol
concentrations are generally low in mammalian blood (e.g. campesterol composed < 8.5 % of
total sterols in mice blood>?) and as such, campesterol concentrations were below the MDL in
sanguinivorous bat guano.

Sitosterol is commonly the most abundant phytosterol in vegetation'? and can make up a
significant proportion of the total sterol burden in insects®*-. Sitosterol concentrations were
similar among frugivorous (0.3 to 200 mg g' dw) and insectivorous (0.3 to 250 mg g”' dw; with
the exception of one sample with a concentration of 1,500 mg g*! dw) bat guano. The similar
sitosterol concentrations recorded in frugivorous and insectivorous bat guano reflected the
consumption of primary producers by frugivorous bats and insects, respectively (Fig S5.1).
Stigmastanol is produced from the reduction of sitosterol in the mammalian gut®* and
accordingly, stigmastanol concentrations were similar among frugivorous and insectivorous bat
guano as a result of similar sitosterol concentrations (Fig S5.1). Sitosterol was low in
sanguinivorous bat guano, which is reflective of the low blood sitosterol concentrations
previously seen in mice (e.g. sitosterol composed < 22 % of total sterols in mice blood)33.
Furthermore, intestinal absorption of sitosterol is < 5 % in humans®’ thus suggesting little
opportunity for dietary transfer of sitosterol to sanguinivorous bats. It thus follows that
stigmastanol concentrations were also low in sanguinivorous bat guano as a result of limited

sitosterol.
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In the process of synthesizing cholesterol, sitosterol is converted to fucosterol and
subsequently desmosterol in the gut of insects®*3%>°, Freshwater diatoms have measurable
concentrations of fucosterol®®®! and other algae are largely composed of fucosterol and
desmosterol®>%3, Fucosterol and desmosterol were present in similar proportions within Daphnia
magna*® and fucosterol concentrations in algae were reported at 48 pug ¢! dw®. As such,
fucosterol and desmosterol concentrations were greater in insectivorous bat guano relative to
frugivorous bat guano as expected if fucosterol and desmosterol were transferred from aquatic

insects to insectivorous bats (Fig S5.1).
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Figure S5.1: Boxplot of sterols and stanols (ug g dw) in fresh bat guano samples collected in Belize.
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Table S5.1: List of bat species and their diet for guano samples collected from Belize. Each guano sample was

collected from a different bat.

Bat species Diet Number of guano samples

Desmodus rotundus sanguinivorous 3
Trachops cirrhosus insectivorous 1
Pteronotus mesoamericanus insectivorous 3
Pteronotus davyi insectivorous 3
Mimon cozumelae insectivorous 2
Micronycteris schmidtorum insectivorous 1
Saccopteryx bilineata insectivorous 1
Gardnerycteris crenulatum insectivorous 1
Rhogeesa anaeus insectivorous 3
Myotis keaysi insectivorous 3
Eptesicus farinalis insectivorous 3
Lophastoma evotis insectivorous 1
Pteronotus personatus insectivorous 1
Carollia perspicillata frugivorous 3
Artibeus jamaicensis frugivorous 1
Glossophaga soricina frugivorous 1
Sturnira lilium frugivorous 3
Carollia sowelli frugivorous 3
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Table S5.2: Average percent recovery of sterols and stanols in one interval of bat guano from the deposit,
extracted seven times.

Compound Recovery (%)

coprostanol 90.8
epicoprostanol 90.1
coprostanone 91.6
cholesterol 88.1
cholestanol 91.8
cholestanone 90.1
desmosterol 87.0
campesterol 93.1
fucosterol 90.7
sitosterol 103.2
stigmastanol 97.0
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Table S5.3: Method detection limit (MDL) (ng g dw) of sterols and stanols in the bat guano deposit.

Compound MDL MDL/\2
coprostanol 1.51 1.07
epicoprostanol 1.13 0.80
coprostanone 237.83 168.17
cholesterol 73.55 51.87
cholestanol 30.75 21.74
cholestanone 23.71 16.77
desmosterol 173.07 122.38
campesterol 27.17 19.21
fucosterol 50.39 35.63
sitosterol 482.71 341.32
stigmastanol 619.85 43830
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Table S5.4: Method detection limit (MDL) (ng g dw) of sterols and stanols in the fresh bat guano.

Compound MDL MDL/\2
coprostanol 1.40 0.99
epicoprostanol 1.05 0.74
coprostanone 219.11 154.94
cholesterol 67.58 47.79
cholestanol 28.33 20.03
cholestanone 21.84 15.45
desmosterol 159.44 112.74
campesterol 25.03 17.70
fucosterol 46.42 32.83
sitosterol 445.72 314.46
stigmastanol 571.07 403.81
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General conclusions

Study outcomes
Chapter 2

The objective of Chapter 2 was to reconstruct the history of wastewater input in three
High Arctic waterbodies. We used a multi-proxy approach to study sediments from three
waterbodies, R-12, R-13, and Meretta Lake, in which wastewater from an airport was released
over the span of several decades. We examined sterol, stanol, metal ratios (metals normalized to
titanium), 8'°N, and 8'*C in sediment cores influenced by wastewater input and compared the
results to those in a reference pond (Little Char). Increased 8'°N, coprostanol, cholesterol, and
cholestanol tracked wastewater deposition over the last eighty years. Campesterol and sitosterol
(phytosterols), increased at the time of wastewater input as a result of increased plant growth in
response to the addition of wastewater nutrients. Sterol concentrations in sediments from Little
Char were always lower than the concentrations recorded in the wastewater-influenced
waterbodies. Sterol concentrations in R-12 and R-13 sediments returned to pre-wastewater
concentrations following the cessation of wastewater input, whereas elevated sterol
concentrations persisted in Meretta Lake, possibly owing to the longer period of wastewater
input than that in R-12 and R-13. Sterols and stanols thus not only tracked the historical
influence of wastewater discharge on these waterbodies, but also provided insight into recovery.
In R-12, copper and lead ratios increased coeval with wastewater, while arsenic, cadmium,
chromium, nickel, and zinc increased more than 15 years after the onset of wastewater input.
This study highlighted the importance of using multiple proxies when studying paleo-archives.

Our results provided compelling evidence that these paleolimnological approaches may be used
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to track human occupation in an Arctic environment, which raises the possibility that they may

be applied to other prehistoric archeological investigations in Arctic environments.

Chapter 3

The objective of chapter 3 was to reconstruct the presence of past human habitation in
Canada’s High Arctic by examining the chemical composition of pond sediments. Specifically,
we looked to see if we track changes in sterols, stanols, stable isotopes (8'°N, §'3C), metal ratios
(metals normalized to titanium), and chlorophyll @ (chl @) in sediment influenced by the Dorset
people (as early as ca. 550 BCE until ca. 1250 CE) and the Thule people (from ca. 1000 to ca.
1600 CE). We examined two known influenced ponds, PaJs 13 and PalJs 3N, (identified based on
the presence of whalebone structures around the ponds), and two reference ponds, Sav R4 and
Sav R5. The zoosterols, coprostanol and epicoprostanol, and §'°N values increased in pre-Thule
influenced sediments, marking the earlier arrival of the Dorset people as early as ca. 860 CE.
These same proxies then peaked in Thule-influenced sediments at ca. 1000 CE, coeval with the
timing of previously suggested Thule occupation [1,2], as opposed to the more recently
suggested date of ca. 1200 CE [3]. Cadmium, copper, and zinc ratios increased in Thule-
influenced sediments from Pals 13, whereas metal ratios were low and stable in Dorset-era
sediments and reference pond sediments. These proxies thus tracked not only the presence of
human settlements in High Arctic ponds, but also their level of influence on the environment.
The Thule people flensed whales whereas the Dorset did not, and consequently we see greater
changes in sterols, stanols, and metals in association with Thule occupation relative to Dorset
occupation. This chapter demonstrated that the same proxies used in Chapter 2 to reconstruct
wastewater discharge in the last century, can also be used to infer the presence of human

settlements in the High Arctic over the past 2000 years. This study provided the first look at
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changes in the sterol, stanol, and metal composition of lake sediments as a result of Thule and
Dorset occupation in High Arctic ponds. We surmised that the combined analysis of sterols,
stanols, stable isotopes, and metal ratios in pond sediments could be used to identify other
historically occupied sites to inform archeological and anthropological investigations, and infer

the long-term effects of human activity on sediment chemistry.

Chapter 4

Intact bat guano deposits serve as natural archives allowing for the reconstruction of
historical environmental conditions through time. The objective of this chapter was to infer
historical metal exposure and dietary changes based on the chemical composition of a bat guano
deposit. We collected a 4,300-year-old bat guano deposit from the Home Away from Home cave
in Jamaica and inferred past agricultural practices (using 8'°N, §'3C, and **S) and industrial
activity (using the ratios of cadmium, lead, mercury, and zinc to titanium). §'°N, §'3C, and §**S
values tracked the introduction of nitrogen fertilizers, sugarcane, and fungicides, respectively.
Cadmium, mercury, lead, and zinc ratios increased in guano, coincident with the onset of the
Industrial Revolution in ca. 1760. 2°Pb/?°’Pb isotopes tracked the introduction of leaded gasoline
in the 1930s and its subsequent removal from the market in the 1970s. Bat populations are under
stress globally and this chapter highlighted the importance of emission controls to reduce the risk
of exposure to metals. To our knowledge, this was the first study to document ~4,300 years of
anthropogenic metal exposure to bats and provide information on historical metal exposure,
which could serve useful in highlighting the effects of industrial emissions on wildlife exposures

to contaminants, and the importance of emission controls.
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Chapter 5

The objective of this chapter was to determine whether differences in the chemical
composition of bat guano were affected by their diet. We first characterized the sterol, stanol,
and stable isotope profiles in guano from species-identified bats. In doing so, we were the first to
characterize these chemical profiles of bat guano for frugivorous, insectivorous, and
sanguinivorous bats. We then determined the sterol, stanol, and stable isotope composition in a
~4,300-year-old bat guano deposit. We identified two periods of frugivory-dominated foraging
based on coincident decreases in cholesterol/(cholesterol+sitosterol) ratios, decreased §'3C
values, and increased C/N values. We surmised that these two periods, which were characterized
by wetter climactic conditions, may have promoted fruit growth, as well as suppressed insect
activity and/or decreased a bat’s ability to echolocate, resulting in increased
frugivory/insectivory-based foraging.

In the fresh bat guano, phytosterols (campesterol, sitosterol, and stigmastanol), §'°C, and
8'°N were similar in frugivorous and insectivorous bat guano owing to the dietary intake of
vegetation by the bats themselves or the insects consumed by bats, respectively. As predicted,
phytosterols were not detected in sanguinivorous bat guano owing to low phytosterol
concentrations in mammalian blood. Cholesterol and cholestanol concentrations were greatest in
sanguinivorous bat guano (owing to elevated dietary blood concentrations), followed by
insectivorous bat guano, and lastly, frugivorous bat guano (reflecting low cholesterol and
cholestanol concentrations in fruits). To our knowledge, this thesis was the first to identify
differences in the sterol and stanol profiles in bat guano based on foraging habits. Furthermore,
this thesis was the first to infer long-term changes in dietary habits based on the sterol and stanol
profiles in a bat deposit. This chapter demonstrated that sterols, stanols, (and their ratios), and

stable isotopes were reflective of a bat’s diet in species-identified bat guano. Consequently, we
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determined that long-term trends in diet could be tracked within a bat guano deposit using the

same chemical constituents.

General conclusions
Metal ratios tracked the history of anthropogenic activity

Metal ratios (metals normalized to titanium) in High Arctic lake sediments and a bat
guano deposit from Jamaica were greatly influenced by human activity over the past 1000 years,
highlighting metal exposure in two very different environments. Metal ratios of cadmium,
chromium, copper, lead, nickel, and zinc tracked the influence of wastewater discharge on the
metal composition of waterbody sediments as well as recovery in post-wastewater influenced
sediments. Differences in sediment metal ratios in wastewater-influenced waterbodies suggested
differences in wastewater discharge and/or a dilution effect owing to waterbody size. We also
used metal ratios to track the presence of the Thule people in High Arctic ponds owing to
increased metal loadings that we suspect were derived mainly from hunted animals, which
largely comprised of bowhead whales. Low (or absent) metal ratios in reference pond sediments
highlighted the low backgrounds for these metals in the Arctic environment, which likely helped
to amplify the Thule/Dorset signal in the sites that were occupied by these peoples. Metal ratios
in the bat guano deposit increased coeval with anthropogenic activity during the Industrial
Revolution and demonstrated the extent to which bats were exposed to anthropogenic metals.
Furthermore, we used lead isotope ratios to track the introduction and subsequent banning of
leaded gasoline in the bat guano deposit. This thesis found that metals were consistently a useful
proxy for tracking human influence as demonstrated by changes in metals in response to
wastewater discharge, human settlements, and mining activity. To our knowledge, we conducted

the first analysis documenting increased metals in High Arctic sediments as a result of Thule
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occupation. This thesis was also the first to reconstruct historical changes in metal exposure to

bats based on the chemical composition of their guano over the past 4,300 years.

Sterols and stanols reflected human activity in lake sediments and bat dietary habits in bat
guano

There is a growing interest in the use of sterols and stanols for paleolimnological studies
as they may be a source-specific proxy in some circumstances [4—6]; we thus used sterols and
stanols to track both human activity in lake sediments and dietary changes in bat guano. Sterols
and stanols can function as biomarkers of human presence as the specificity of the sterol
composition in vegetation and animals can be used to reconstruct long-term trends in waterbody
sediments. Coprostanol has been used for sewage identification in environmental samples as far
back as the 1980s [7]. Indeed, we observed increased sediment coprostanol concentrations
coincident with wastewater input into High Arctic waterbodies. Other zoosterols (cholesterol,
cholestanol, and epicoprostanol) and phytosterols (sitosterol and stigmastanol) also increased in
wastewater-influenced sediments. Sterols and stanols also proved useful in tracking the recovery
of sediments to pre-wastewater conditions following the cessation of wastewater input.
Similarly, sterol and stanol concentrations tracked human occupation in High Arctic waterbodies
approximately 2000-years-ago. This thesis found that sterols and stanols were well-preserved in
High Arctic waterbody sediments and can be powerful tools for tracking human activities on
millennia time scales.

The sterol and stanol composition of excrement is reflective of dietary intake [8—10].
Sterols and stanols offer a more specific means to determine the differences in the chemical
composition of bat guano based on dietary trends. Cholesterol and its reduction product,
cholestanol, increased in bat guano according to trophic level as predicted given that cholesterol

is synthesized de novo in mammals and only found in small concentrations in fruits.
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Sanguinivorous bats do not consume fruits and consequently, they had the lowest phytosterol
concentrations in their guano. Mean phytosterol concentrations were similar among frugivorous
and insectivorous bats, reflecting their consumption of fruits and insects that feed on vegetation,
respectively. We found that sterol and stanol ratios (the trophic level index and the expanded
index) and the C/N ratio distinguished frugivorous from insectivorous bats: these ratios
represented the proportion of fruits and insects within a bats’ diet, which was reflective of their
trophic level. We then examined the composition of sterols and stanols in a 4,300-year-old bat
guano deposit in order to characterize historical bat foraging habits. Given the ability of the
sterol and stanol ratios to differentiate between frugivory and insectivory-based foraging in fresh
bat guano, we employed the use of sterol and stanol ratios to examine long-term dietary changes
in the deposit. Both the trophic level and expanded index, coupled with the C/N profile, tracked
two periods of increased frugivory relative to insectivory in the bat guano deposit. This thesis
demonstrated the use of sterols and stanols as a powerful proxy for a broad range of applications
including examining historical anthropogenic activity, monitoring waterbody recovery, and

identifying differences in foraging habits.

Future directions

This thesis demonstrated the versatility of sterols and stanols to infer both human activity
in waterbody sediments and dietary trends in bat guano. While we used sterols and stanols to
track human activity in High Arctic lake sediments ~2000-years-ago, the stability of these
compounds suggests that archeological investigations of pre-historic Arctic peoples before this
time period are also possible. Furthermore, we used sterols and stanols to record the history of
human settlement at ponds known previously to have been occupied by the Thule people, as

evidenced by the presence of whalebones in, and adjacent to, these ponds. We thus suggest that
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sterols and stanols could also be used to infer the presence of humans (or other biota) in pond
sediments, in the absence of physical evidence.

While cholestanol and cholesterol concentrations in guano were distinguishable between
bat foraging strategies, differences in other sterols and stanols, (particularly the phytosterols:
campesterol, fucosterol, sitosterol, and stigmastanol) were less obvious. In order to better
differentiate between foraging habits, we recommend the use of bile acids, which can offer more
source specific information [10]. Bile acids were found in greater concentrations in human faeces
(relative to sterols and stanols) and thus better tracked historical wastewater discharge [11].
Similarly, bile acids were well-preserved in archaeological soils and were better able to identify
the presence of faecal matter [12]. As such, we suggest the combined use of sterols, stanols, and
bile acids to reconstruct the effects of human activity and track dietary trends in order to improve
the clarity of the results.

Sterols and stanols (with the exception of cholestanol and stigmastanol) were generally
low in the bat guano deposit making it difficult to observe long-term trends. We thus employed
the use of two sterol and stanol ratios, the trophic level index and the expanded index, in order to
examine historical differences in the sterol and stanol composition of the bat guano deposit. It
was through the use these ratios that we were able to track periods of frugivory within the 4,300-
year-old bat guano deposit. Sterol and stanol ratios are thus powerful tools that can be employed

in natural archives to better observe historical changes in diet or human influence.

Closing statement

This thesis aimed to examine changes in the chemical composition of two different
natural archives, lake sediments cores and bat guano deposits, for the purpose of reconstructing

historical environmental conditions. We demonstrated that our multi-proxy approach was a
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powerful tool allowing one to conduct a broad range of analysis in various natural archives. This
thesis served to improve our understanding of how human activity has affected the environment

and provide future researchers with new tools and methods to continue to monitor and improve

the health of the environment.
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