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Cave guano deposits represent a relatively untapped paleoecological archive
that can provide information about past vegetation, climate, and bat diet over
several millennia. Recent research suggests that carbon isotope values (613¢)
measured in guano accumulations from insectivorous bats reflect the relative
abundance of Cz and C4 plants on the landscape while nitrogen isotope values
(615N) may reflect precipitation amount. Together, these proxies can provide
useful information for restoration practitioners seeking to understand how
plant species composition has changed over time in relation to climate and
land use. To better calibrate these proxies for use in restoration, we compared
instrumental records of precipitation and satellite imagery of vegetation with
isotope values measured in modern bat guano from Mary Lawson Cave, a
large limestone cavern located in central Missouri. Mary Lawson Cave hosts
a maternity colony of insectivorous gray bats (Myotis grisescens), and as such,
contains significant guano accumulations. In the fall of 2018, we collected
a 60cm long guano core that dates to 1999 cal AD at its base. Guano core
$13C values decrease from the base toward the surface (from ~-26 to -27%o)
whereas 81°N values increase toward the surface even after accounting for
ammonia volatilization (from ~3 to 5%o). Presently, the landscape around Mary
Lawson Cave is dominated by a deciduous forest and pasture. Given that
the land cover has changed very little over this period, the decline in si3¢c
values toward the present likely reflects a shift in land management on farms
and/or increases in invasive Cz species. Rainfall amounts from nearby Lebanon,
Missouri, are significantly positively correlated with guano 515N values, a
relationship that is notably opposite that observed previously in soil and plants.
We argue that heavy fertilizer application and significant grazing intensity
could lead to the accumulation of large pools of excess labile nitrogen which
would be vulnerable to leaching during precipitation events. The relationship
between guano 815N values and precipitation may differ for materials from less
agriculturally impacted locations or periods and should be extended into the
past with caution.
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Introduction

It is becoming increasingly recognized that knowledge of
the past can be used to help support present-day biodiversity
conservation and restoration as well as both social and ecological
resilience in the future (e.g., Dietl and Flessa, 2011; Dietl
et al., 2015; Rick and Sandweiss, 2020; Boivin and Crowther,
2021, and references therein). Particularly in the face of rapid
environmental change, awareness of the long-term trends and
cycles acting within and upon an ecosystem will be invaluable
for setting ecological restoration goals and creating management
plans (e.g., Wingard et al., 2017). While recent historical data
are often readily available from satellite imagery and weather
stations, longer-term proxy data can be challenging to acquire,
especially for sites where traditional proxy records are lacking or
that may have a long land-use history predating the advent of
modern instrumentation.

Protected from surface weathering conditions, cave guano
deposits can accumulate undisturbed over thousands of years,
potentially providing a high-resolution archive of past climate
and environment, particularly for low- and mid-latitudes.
Accumulating from the detritus of bats and birds that roost
in large numbers, these deposits are primarily composed
of unconsolidated organic material, such as insect remains
(Mizutani et al., 1992a; Bird et al., 2007; Onac et al., 2014).
Des Marais et al. (1980) were the first to propose that there
could be a connection between guano carbon isotope values
and local climate and environment; insectivorous bats feed on
insects whose dietary preferences reflect the local vegetation,
the distribution of which is ultimately driven by factors such as
regional substrates, nutrient availability, climate, and/or human
activity. Because carbon isotope (3'3C) values are primarily
driven by the photosynthetic pathways of plants, with C4 plants
exhibiting higher 5!3C values than Cj plants (—12.5 4 1.1
and —26.7 £ 2.3%o, respectively; Cerling et al., 1997), shifts
in guano carbon isotope values may therefore be indicative of
landscape-level changes in vegetation between grassland (which
contain more Cy4 species) and forest (which are dominated
by Cs plants). This relationship has been used to investigate
the paleoenvironment in tropical (Bird et al., 2007; Wurster
et al., 2010b, 2017), semi-arid (Wurster et al., 2008, 2010a),
and temperate locations (Onac et al., 2014; Forray et al., 2015;
Widga and Colburn, 2015). Assuming that bats consume a
sufficiently heterogenous sample of local insects, it may also be
possible to estimate the relative proportion of C4 biomass on
the landscape using an empirical (Wurster et al., 2007) or mass
balance (Wurster et al., 2017) approach.

Guano 5!°N values, which have not only been linked to bat
diet (Mizutani et al., 1992a; Lam et al., 2013; Salvarina et al.,
2013) but also to landscape scale N-cycling and/or precipitation
(Cleary et al, 2016), can also provide meaningful climatic
and environmental information. Cleary et al. (2016) argued
that guano 8!°N values can be considered system integrators
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(Robinson, 2001), reflecting the extent to which N is retained
in the ecosystem in the vicinity of the cave. An ecosystem with
an “open” N-cycle experiences greater N loss relative to internal
nitrogen cycling; losses through leaching and N-transformations
both favor the loss of 4N, leaving the remaining nitrogen
I5N_enriched (Austin and Vitousek, 1998; Robinson, 2001).
Precipitation amount (Austin and Vitousek, 1998; Handley
et al,, 1999; Amundson et al., 2003) and agricultural activities,
such as fertilizer application, controlled burning, and grazing
intensity (Szpak, 2014), can further modulate the state of the
N-cycle. In a core collected in Romania, Cleary et al. (2016)
observed lower guano 3'°N values during periods of increased
fire activity and pasture expansion and a positive correlation
between guano 8!1°N values and precipitation. This relationship
with precipitation is notably opposite to the trend observed
for soil and plant 31N values (Austin and Vitousek, 1998;
Handley et al., 1999; Amundson et al, 2003) and merits
further investigation.

In this study, we seize the opportunity to further investigate
the relationships between guano 5'3C and 8!°N values and
environmental variables, including vegetation and precipitation,
in a temperate climate. We collected a 60cm long guano
core from Mary Lawson Cave, a large limestone cavern in
central Missouri, which is home to a maternity colony of
federally endangered, insectivorous gray bats (Myotis grisescens).
We sectioned the guano core, used multiple approaches to
determine the age of the core, measured guano 3'3C and
819N values, and analyzed their change through time. Because
dating estimates showed that the Mary Lawson guano core is
very young, the entire period of accumulation corresponded
with instrumental records (e.g., weather station precipitation
measurements, satellite imagery). By comparing these young
guano isotopic records with instrumental records, we aim
to both quantify and contextualize the relationships between
guano isotope values and environmental variables, such as plant
community composition, land management practices, and/or
climate. Our goal is to enable future researchers and restoration
practitioners to use guano proxy records to help understand
how the environment has changed over time and set historically
informed restoration goals.

Materials and methods

Study site and subjects

Mary Lawson Cave, a large limestone cavern located in
central Missouri, is home to a maternity colony of federally
endangered gray bats (M. grisescens) and serves as a minor
hibernaculum for Indiana bats (Myotis sodalis). Gray bats are
insectivorous and found throughout much of the midwestern
and southeastern United States (Tuttle, 1979). Gray bat diet
varies considerably by age, sex, and reproductive condition
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(Brack and LaVal, 2006). At a local scale, gray bats appear
to be opportunistic foragers, but on a broader scale, they are
more selective, preferring to forage over streams and along
woody riparian areas (Brack and LaVal, 2006). Gray bat dietary
components are nonetheless correlated with prey abundance
(Clawson, 1984; Barclay and Brigham, 1994). Common dietary
items include, but are not limited to, mayflies, caddisflies,
beetles, flies, and moths/butterflies (Best et al., 1997; Brack
and LaVal, 2006). Caves are important to gray bats both
in the winter for hibernation and in the spring/summer
for raising their young (Martin, 2007). From March/April
until early to mid-September, adult females congregate by
the thousands to tens of thousands in maternity roosts, such
as Mary Lawson Cave, to bear and rear the young (Tuttle,
1976).

To protect the bats in Mary Lawson Cave, the Missouri
Department of Conservation installed a gate at the cave entrance
in 2004. The gate was further reinforced in 2008. In the early
1970s, a previous cave owner enlarged the cave entrance and
installed wiring in preparation for developing Mary Lawson
as a show cave (Toole, 1995), but those plans never came to
fruition. Based on guano area measurements and roost counts,
bat populations in the cave initially increased following the
installation of the gate; the gray bat colony grew from an average
size of 35,850 between 1990 and 2000 to 71,000 in 2005 (Elliott,
2007). New counting methods using thermal infrared video
monitoring suggest that the gray bat population at Mary Lawson
consisted of >100,000 individuals in the spring of 2010 (Elliott
et al., 2011). But, with the arrival of Geomyces destructans, the
fungus that causes white-nose syndrome in bats in Missouri
in 2010, the bat population in Mary Lawson Cave has most
certainly declined.

Sample collection

In September 2018, we sampled a 60 cm long guano core
in the main passage of Mary Lawson Cave. The core was
collected from a relatively small guano pile located ~15 m inside
the cave entrance. We used a 50-cm-long Russian peat borer
(5 cm diameter; Maher, 2006; Forray et al., 2015) and collected
material from two adjacent holes (A: 0-50 cm, B: 10-60 cm).
The collected cores were labeled and encased in a PVC pipe
for transport out of the cave and subsequently stored in a 4°C
refrigerator before subsampling.

To provide context for guano core isotope data, we
additionally sampled fresh, modern bat guano in June 2019. We
laid out plastic sheeting on the ground outside the cave entrance
in the evening and returned the following morning to collect
fecal pellets that had accumulated on the plastic overnight. The
samples were stored in microcentrifuge tubes with silica beads
before analysis.
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Radiocarbon dating and age model

We sent two untreated, bulk guano samples, one from
the bottom (59-60cm) and one from the middle (32-33 cm)
of the core, to the National Ocean Sciences Accelerator
Mass Spectrometry (NOSAMS) facility at the Woods Hole
Oceanographic Institution for radiocarbon analysis. Given their
modern age (see Results), we used the Bomb21NH2 bomb
series calibration curve (Hua et al, 2022) in OxCal 4.4
(Bronk Ramsey, 2009) to calibrate the fraction of modern
material in the samples to calendar years. We constructed an
age model for our core using a weighted linear regression
across these two calibrated dates and the date of sampling at
the surface.

210pp and 137Cs age-depth modeling

Given the young radiocarbon dates (see Results), we also
employed 137Cs and 21Pb to model the age-depth relationship
in the Mary Lawson guano cores. The evidence of 137 Cs activity
in the bat guano samples (n = 22) was determined by y-emission
(661.7 keV) using a Canberra gamma spectroscopy system with
an HPGe well detector (model GCW 4023).

Measurements of 21%Bi (n = 3) or 21%P0 (n = 19)
in secular equilibrium with 219Pb were made following the
methodology outlined in Waples (2020). Briefly, 207 Bi or 2°Po
yield monitors (Eckert and Ziegler Isotope Products) were
added to the weighed samples of bat guano before digestion
in concentrated nitric acid. Bismuth was completely separated
from lead on an Empore™ anion solid phase extraction (SPE)
disk (3 M, 47 mm, product number 2,252, now manufactured by
CDS Analytical). The Anion SPE disks were then immediately
counted—first for 2!%Bi via B-decay on a low background
gas-flow proportional detector with anticoincidence circuitry
(G542 System, Gamma Products), and then for 207Bi via v-
emission to determine the yield. Polonium was plated to copper
and a-counted for 219Po and the yield monitor 2°°Po. The
reported activities (1 SD) include propagated uncertainties
in the decay rate, detector efficiencies, and yield. The activity
calculations and corrections are fully described by Waples
(2020).

The mass accumulation rate (MAR) of bat guano (g

2 yr=!) was calculated using the constant flux-constant

cm—
sedimentation (CF-CS) model (Krishnaswamy et al, 1971;

Robbins and Edgington, 1975):

—A

MAR = 1e.7c0
m

(1)

where A is the decay constant for 21°Pb (0.03108 yr—1), Co
is the specific activity of 2!0Pb at the surface (dpm g~!), and
Cn is the specific activity of 210py, (dpm g_l) at some depth
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with cumulative mass m (g cmfz; Arias-Ortiz et al., 2018).
The density profiles of guano were determined by dividing the
total dry weight of each core segment by the volume of each
core segment.

Elemental and isotopic analysis

Because of the potential for ammonia volatilization to
impact the 3'°N values of guano deposits (e.g, Mizutani
et al.,, 1986; McFarlane et al,, 1995), we isolated the chitinous
component of the guano via solvent extraction for 8°N
analyses. Briefly, following Wurster et al. (2017), we ground
the samples using a mortar and pestle and removed lipids
with 2:1 (v/v) dichloromethane/methanol. We then soaked the
samples in 1 M NaOH for 30 min, rinsed them 3x with MilliQ
water, and finally soaked the samples for 3h in 2M HCI before
rinsing 3x with MilliQ water and drying them overnight in a
50°C oven.

We conducted elemental and isotopic analyses on bulk (C
and N) and solvent-extracted guano (N) at two institutions:
Washington University in St. Louis (WUSTL) and Virginia
Tech (VT). We analyzed eight samples at both institutions
to ensure comparability and we noted the location of
analysis for each sample in our comprehensive results table
(Supplementary Table 1). At WUSTL, we weighed ~1mg of
dried, homogenized sample into 9 x 5mm tin capsules for
combustion on a Flash 2000 elemental analyzer coupled to
a Thermo Delta V Plus continuous-flow isotope ratio mass
spectrometer. We used a two-point linear normalization (with
USGS 40 and USGS 41) to calibrate isotopic measurements
to their respective internationally accepted scales (AIR and
VPDB). The analytical precision (10) calculated on the repeated
measure of an internal standard (n = 3; acetanilide; $1°C =
—29.55%0, 319N = 1.15%0) was <0.1%o for both §!3C and
SI°N. At VT, the samples were also weighed to ~ 1mg,
encased in 9 x 5mm tin capsules, and analyzed on an
Isoprime 100 isotope ratio mass spectrometer coupled with a
Vario ISOTOPE Cube elemental analyzer in the Department of
Geosciences. The analytical precision (1) based on the repeated
analyses of a commercial standard (elemental microanalysis
urea: §13C = —48.63%o, 8!°N = 57.37) was <0.3%o for $13C
10) and <0.2%o for 8!°N (n = 16). We calibrated
stable nitrogen isotope compositions to the AIR scale with

(n =

USGS 25 and USGS 26 via a two-point linear normalization
(8'°N = —30.41 and 53.75%o, respectively). Carbon isotope
compositions were calibrated to the VPDB scale with IAEA
CH 6 and CH 7 also via a two-point linear normalization
(813C = —10.45 and —32.15%o, respectively). The average
sample differences for the eight samples analyzed in both
labs were within measurement error (0.3%o for both §1°N
and $13C).
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Precipitation and land use

We downloaded the precipitation data from the Midwestern
Regional Climate Center (cli-MATE; https://mrcc.purdue.edu/
CLIMATE/). We sourced data from the Lebanon 2W station
(37.685, —92.6939, elevation 1,246 ft.), which is located ~20 km
away from Mary Lawson Cave in Laclede County, Missouri, as
this is the closest station to Mary Lawson Cave with a relatively
complete record between 1998 and 2018.

To assess land use trends at a relatively coarse scale, we
compiled county-level statistics from the United States Census
of Agriculture for the three Missouri counties surrounding Mary
Lawson Cave: Camden, Dallas, and Laclede. We looked at the
proportion of land on farms together with the proportion of
cropland, proportion of woodland, and proportion of land in
corn to assess potential changes in the types of vegetation
on the broader landscape. Many crops in Missouri have Cs3
photosynthetic pathways (e.g., soybeans, hay), but corn and
sorghum (which is not grown to a significant degree in the
counties of interest) are C4 photosynthesizers, and therefore,
have higher 8'3C values.

We additionally used National Land Cover Database
(NLCD) GeoTIFFs provided by the USGS to examine
interannual changes in land cover proximate to the cave system
where the guano core was collected. The NLCD data provide 30-
m spatial resolution classifications of Continental United States
(CONUS) land cover updated at 2-3-year intervals. The NLCD
land cover datasets are created using optical (e.g., Landsat)
satellite imagery to produce a 16-class legend based on a
revised version of the Anderson classification system (Anderson
et al,, 1976). We used all available CONUS GeoTIFF data
corresponding to the period covered by the guano core (see
Results), covering the years 2001, 2004, 2006, 2008, 2011, 2013,
2016, and 2019. The GeoTIFFs were masked within a 20 and
40 km buffer around the cave system coordinates to isolate land
cover within the bats’ foraging range. The GeoTIFFs were also
masked within the combined boundaries of Camden, Dallas,
and Laclede Counties. We then statistically aggregated the
various land classes contained within the masked GeoTIFFs
to quantify the land cover values and their interannual trends
from 2001 to 2019. The GeoTIFF processing and masking were
accomplished with QGIS Version 3.10, and statistical analysis
on masked GeoTIFFs was accomplished with RStudio Version
1.4, using the raster package for data analysis and ggplot2
for plotting.

Results

Radiocarbon dating and age model

As alluded to above, both samples from the core were
modern (Table 1), with the material from the bottom of the core
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TABLE 1 Radiocarbon results for the Mary Lawson cores.

10.3389/fevo.2022.929220

Sample ID Lab ID Fraction modern Fraction modern error Calibrated age (cal AD) Error (years)
ML:B 32-33 0$-163981 1.0544 0.0020 2008 1
ML:B 59-60 0S$-153068 1.0956 0.0021 1999 1

dating to 1999 %1 cal AD, and the middle to 2008 £1 cal AD.
Guano deposition appears to have been continuous and at a rate
of ~3.3 cm/year.

137Cs and 219pp data

Gamma emission analysis of 22 bat guano samples from the
surface (0-1 cm) to the bottom (59-60 cm) of the collected cores
found no evidence of '3’Cs activity, lending credence to the
relatively young (>1,963) 14C-derived age of the core.

210pp activities in the bat guano profile ranged from 3.3 &
0.2 to 1.2 & 0.1 dpm g~ ! and tended to decrease with depth
(Figure 1, Supplementary Table 1). Sampling overlap between
the MLA core (filled circles) and the MLB core (open circles)
showed good agreement as did the 210Pb activities derived by
210B; analysis (triangles) and 2!9Po analysis (circles).

There have been several attempts to date guano cores in
caves using 210Pb chronometry—not without controversy (e.g.,
Gallant et al., 2020; McFarlane and Lundberg, 2021). To use
210p} as a chronometer of guano accumulation, several system
parameters need to be defined. For instance, are inputs of 219Pb
to the surface of accumulating guano constant? Is the 219Pb
sourced primarily from the food bats consume and feces they
produce, or is it through *22Rn decay in the cave chamber? If
it is the former, have bat populations remained constant over
time? If the latter, has ventilation between the interior and
exterior of the cave remained constant? How much of the 210Pb
profile is supported by local 22Ra decay? And is the supported
210pp activity in equilibrium with the 22°Ra activity or does a
significant fraction of locally produced 2*2Rn diffuse out of the
relatively porous guano pile? Finally, is the only mechanism for
210pp Joss through radioactive decay? Or, is the 219Pb mobile
after the deposition? Unfortunately, for this study, most of these
parameters are unknown. If we assume that the *C dating is
correct, the 219Pb profile record can be used to constrain the
system parameters controlling the deposition and decay of 21Pb
in this cave system.

Because the density of the bat guano core was essentially
uniform with depth (Figure 2A) and the #C-derived age
of guano decreased linearly with depth (Figure 2B), we can
calculate a constant #C-derived guano accumulation rate
of 0.50 + 0.03g cm™2 y~! (Figure 2C). This *C-derived
accumulation rate can be translated to a linear 21°Pb decay slope,
where the dashed line in Figure 3 corresponds to the expected
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decay of 219Pb as a function of accumulated mass and a constant

2 y_l. A linear

guano accumulation rate of 0.50 & 0.03g cm™
regression of the observed decay of 210Pb (Figure 3, solid line)
results in nearly the same slope, with a corresponding guano
accumulation rate of 0.461'8:(1); g cm™2 y~ L. This dates the
bottom of the guano core to the year 1998 (+£5 years), which is

essentially identical to the 14C age.

Elemental and isotopic data

Fresh gray bat guano collected overnight in June 2019 had
a mean 5!°N value of 4.7 & 1.7%0 and a mean 3'3C value
of —26.7 £+ 2.0%0 (n = 35; Supplementary Table 2). Solvent-
extracted guano core samples had substantially lower 5!°N and
marginally lower %N values than bulk guano, suggesting that
ammonia volatilization significantly impacted the nitrogen data
in this relatively young material (Supplementary Figure 1). All
guano core nitrogen results presented henceforth are reported
from the solvent-extracted samples. The %C and %N values
remain relatively constant throughout the length of the core
(mean and standard deviations of 33.4 & 2.8 and 9.8 & 1.0%,
respectively (Figure 4, Supplementary Table 1). The atomic C:N
ratios in the core fluctuate from 3.0 to 5.5; 3.1 & 0.5). The guano
core 813C values decrease significantly from the base toward
the surface (from ~—26 to —27%o; 2 = 0.192, p = 0.00031;
Figure 5) whereas the 81°N values increase significantly toward
the surface (from ~3 to 5%o; r> = 0.161, p = 0.00095). There
is greater variability in the 3!°N values (mean and standard
deviation: 4.2 + 1.2%o) than in the $!3C values (mean and
standard deviation: —26.3 % 0.5%o). The guano core 3'3C and
815N values are not correlated (r* = 0.0138, p =0.18).

Environmental and land use data

There is no significant trend visible in the Lebanon
precipitation data from 1998 to the present. Complete records
of monthly and annual precipitation are available from the
Lebanon 2W station for all but 2 years between 1998 and 2018.
Yearly precipitation averages 109 cm/yr but varies from a high of
214 cm in 2008 to a low of 55.1 cm in 2014. Missouri experienced
its wettest year on record in 2008 due in part to a moderate
La Nifia event (NOAA National Centers for Environmental
Information, 2019), while 2014 was a drought year in much
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FIGURE 1
210pp activity in bat guano as a function of depth, where the
bottom of the core reached the cave floor at 60 cm depth. Error
bars show +1 SD. The MLA core (filled circles) and the MLB core
(open circles) show good agreement as do 21°Pb activities
derived by ?1°Bi analysis (triangles) and ?'°Po analysis (circles)

of Missouri. Both of these years can be considered outliers
based on Cook’s distance (Altman and Krzywinski, 2016) and
we chose to analyze the data both with and without removing
them. Without the two outlier years removed, the precipitation
amounts increase slightly toward the present (4+1.8 cm/yr;
r2 = 0.0593, p = 0.16, Supplementary Figure 2A). With the
two outlier years removed, the precipitation amounts increase
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more strongly toward the present (4+2.4 cm/yr; r> = 0.458,
p = 0.0017; Supplementary Figure 2B). We also considered
precipitation from the previous year’s winter months through
the growing season (previous October to present August),
which likely contributes more significantly to N availability
during the present year growing season (Cleary et al., 2016);
the amount of precipitation from October to August increases
weakly toward the present with outliers included (41.4 cm/yr;
2 = 0.0192, p = 0.27, Supplementary Figure 2C) and more
strongly with outliers removed (4+1.9 cm/yr; > = 047, p =
0.0029, Supplementary Figure 2D).

The proportion of land on farms from 1997 to 2017 in
Camden, Dallas, and Laclede Counties has remained relatively
constant (Figure 6A), though farm composition has changed.
The proportion of land in crops has declined significantly
since 1997 (Figure 6B, rr = 0872, p = 0.013) while the
proportion of land in pasture and rangeland has increased
significantly (Figure 6C, 2 = 0.879, p = 0.012). The proportion
of woodland has declined slightly, but not significantly (r?
= 0.627, p = 0.069). Corn is not a major crop in Camden,
Dallas, and Laclede Counties, though the proportion of land
planted in corn has increased slightly from 0.17% in 1997 to
0.52% in 2017 (Figure 6D). These trends also hold true when
Laclede County is considered alone (Supplementary Figure 3).
We also found that fertilizer use in Camden, Dallas, and
Laclede Counties did not change between 2002 and 2017
(Supplementary Figure 4) nor did the number of common
livestock animals in the tri-county area (cattle, horses, sheep,
and goats from 1997 to 2017, Supplementary Figure 5A), though
the number of livestock in Laclede County alone increased
marginally (Supplementary Figure 5B).

A 2001 to 2019 time series analysis of NLCD GeoTIFFs
revealed little change in land cover masked within a 20 and
40 km radius around the cave system entrance as well as within
the combined boundaries of Camden, Dallas, and Laclede
Counties (Figure 7). In all three masks, most of the land cover
throughout the time series was primarily deciduous forest
and pasture/hay land classes. Deciduous forest exceeded the
combined surface area of all the remaining land over classes.
The distribution does not change in closer proximity to the
cave system, as evidenced by similar land cover surface area
distributions within the 20 and 40 km buffers. None of the land
classes exhibited notable increases or decreases in surface area
between 2001 and 2019.

Comparison between guano isotope data
and environmental variables

Considering previous research on the relationship between

guano isotope values and environmental parameters, we
evaluated the relationships between guano isotope values and
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Relationship between guano (A) §:3C (bulk) and (B) §!°N (solvent-extracted) values with depth below surface. Linear regression line (blue)
plotted with standard error (gray).

several environmental variables, including precipitation and previous year (previous year October to present year August)
vegetation type. With the two precipitation outliers removed, precipitation amount (> = 0.0129, p = 0.3, Figure 8A), but
neither guano 3'3C nor 8'°N values are strongly related to the guano 3'°N values are significantly positively correlated with
same-year precipitation amount (> = 0.108, p = 0.12; 1> = precipitation amount from the previous year winter through

0.0874, p = 0.14). Guano 8'3C values are similarly unrelated to the growing season (r*> = 0.286, p = 0.023, Figure 8B). These
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patterns are weakly evident when the precipitation outliers are in this cave system. First, it was assumed that the 22°Ra and
included (Supplementary Figure 6). supported 210Pb activities in the guano core were negligible. Any
significant supported 219Pb activity would have dramatically
increased the apparent decay of unsupported 210Pb, resulting in
Discussion a decrease in the apparent guano deposition rate and an increase
in the overall age of the core—a result incongruent with the '4C

Guano age dati ng and '37Cs chronometers.
Second, 210Pb in the guano core most likely originated from
The similarity between the 1*C- and 2!0Pb-derived ages the influx and subsequent decay of 2>Rn sourced from outside
implies several things about 2!Pb accumulation and decay of the cave (Waring et al., 2021). The annual rate of atmospheric
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210pp, deposition at the latitude of Mary Lawson Cave (~37° N)
is roughly 1.0 + 0.6 dpm cm =2 y~! (Baskaran, 2011). After 19
years of accumulation (i.e., the accumulated age of the core) and
concomitant decay, the expected inventory of 21Pb in an area
above the cave and exposed to the atmosphere would be 8.2—
21.8 dpm cm™2. The measured inventory of 219Pb in the bat
guano core was 20.2 dpm cm™2 and within the expected range
of atmospheric deposition. Moreover, the more than doubling of
the gray bat population between 2000 and 2010 showed no signs
of increasing either the guano or 21°Pb deposition rate at the site
the cores were collected.

Lastly, although 2!9Pb activities dropped significantly at
several time points (e.g., 2001, 2006, and 2011 in Figure 3), there
is no evidence of sustained 2'°Pb mobility in the profile at this
site. Additional measurements are needed to determine if the
observed decrease in 219Pb at certain strata is repeatable or
merely sampling artifacts.

Guano integrity

Although the Mary Lawson guano core is young, it is
still important to consider the possibility of post-depositional
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modification. Guano 8'°N values could be altered through
ammonia volatilization, whereby the volatile loss of 14N
would leave the residual guano enriched in >N (Mizutani
et al., 1986, 1992b; McFarlane et al., 1995). Previous research
suggests that this process is driven by the relatively rapid
loss of urea (McFarlane et al, 1995), which has a half-life
of ~40 years at 25°C (Sigurdarson et al., 2018). Nonetheless,
subfossil and fossil guano deposits have been shown to be
faithful recorders of the primary 8!°N signal, as insect chitin,
which makes up ~25-40% of insectivorous bat guano, is
very resistant to alteration (McFarlane et al, 2002). We,
therefore, chose to solvent extract our guano samples to
isolate the chitinous component for nitrogen isotope analysis,
thereby removing any overprinting by ammonia volatilization
(Supplementary Figure 1). If the solvent-extracted guano were
still impacted by post-depositional processes, we would expect
to see %N decrease along with an increase in the 8!°N values
(Bird et al., 2007). We however see no trend in the guano %N
values with depth and the average %N values are similar to
previously studied unaltered guano deposits (e.g., ~10%, Bird
et al., 2007; Cleary et al., 2016). After accounting for ammonia
volatilization, any remaining variability within the record can be
attributed to primary changes in bat guano isotopic values rather
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than to post-depositional processes. Additionally, there has mixture alongside legume species, such as clovers (Trifolium
been considerable momentum in understanding guano/manure spp.) to increase feed quality (Glenn et al., 1981; Phelan
applications as seasonal activities in ancient agricultures using et al,, 2015). Fescue is a perennial, cool-season grass that uses
plant nitrogen isotope compositions (e.g., Bogaard et al, the C3 photosynthetic pathway, whereas the dominant native
2007; Szpak, 2014). Our results, which illustrate the strong savanna plants in Missouri are C4 photosynthesizers (e.g., little
influence ammonia volatilization can have on 81°N values bluestem, Schizachyrium scoparium; Baskin and Baskin, 2000).
(Supplementary Figure 1), raise awareness of the slowness (over The conversion from native savanna or prairie to pasture would
decades, though see Sigurdarson et al., 2018) of ammonia not necessarily be accurately discernable in the satellite data
volatilization calling for caution in archaeological interpretation. (e.g., Wickham et al., 2017), but such a change could still be

accompanied by a shift in carbon isotope values if C4 species are
replaced with C3 species like fescue. Native grasses may also be

Drivers of isotopic change replaced by rapidly spreading invasive grasses, such as Bromus
inermis (Stotz et al., 2019) or shrubs such as multiflora rose (Rosa

Guano $13C values multiflora; Moser et al., 2008). Finally, another explanation for
The guano core 8'3C values consistently fall within the the proportional increase in C3 species over time is that the
range expected for C3 plants, but the small decrease toward very open, forb-dominated forest understories historically found
the present suggests a possible increase in C3 plants relative in the region have increasingly been invaded by Japanese and
to C4 plants that can likely be attributed to changes in the Bush honeysuckle (Lonicera japonica and L. maackii) over the
composition of farm and pastureland. Although the satellite last 20 years and they now form dense understories in woodland
data suggest that there were no major changes in land cover areas in the region (Moser et al., 2008). Such a change would
during the time represented by the guano core, the data from also be unlikely to be detected by satellite data. Though the
the Census of Agriculture indicate a shift in farmland allocation; proportion of corn being planted on farms over this same period
the land area in active cropping declined while the land area in increases rather than decreases, the acreage planted in corn is
pasture increased (Figure 6). The satellite data do not capture likely too small relative to pasture (1,000s of acres vs. 10,000s)
this change, but previous research suggests that the potential to influence the guano §'3C values. The very low proportion
for misclassification in the NLCD is particularly high in areas of land planted in corn (<0.01%) is, however, consistent with
dominated by forest, as is the case in this area of Missouri the estimates of the relative abundance of C3 vs. C4 plants
(Maxwell et al., 2008). Fescue (Festuca spp.) is the primary on a landscape using the empirical equations developed by
forage species found in Missouri pastures, often planted in a Wurster et al. (2007), which are all <0.1%. The presence of
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additional native Cy4 prairie and savanna plants likely make up
the difference.

Changes in bat guano 8'3C values could also be attributable
to ecosystem-scale plant water availability within a temperate,
C3-dominated landscape because carbon isotope values of C3
plants are associated with water use efficiency (Forray et al,
2015). Several local (Stewart et al., 1995) and global (Diefendorf
et al., 2010; Kohn, 2010) compilations of C3 plant 813C values
show a distinct, non-linear negative relationship between plant
813C values and mean annual precipitation (MAP), such that
813C values decrease with increasing MAP. Based on the
equation for MAP as a function of 8!3C presented by Kohn
(2010), the small increase in precipitation amounts we see near
Mary Lawson Cave between 1999 and 2018 (4-40 cm/yr) could
account for a ~0.6%o decrease in carbon isotope values. This
suggests that the ~1%o decrease in 8!3C values in the Mary
Lawson guano core could largely be attributed to an increase
in precipitation. Nonetheless, we saw no correlation between
bat guano 3'3C values and precipitation amount at this location
(Figure 8A) and the lack of a correlation between guano 3'3C
and 3'°N values in the Mary Lawson core might suggest that
changes in these two proxies are attributable to different drivers.

Guano 8'°N values

The increase in bat guano §'°N values from the base of
the Mary Lawson core toward the surface is slight but it still
requires explanation. The changes in bat guano 8!°N values are
likely attributable to three potential drivers: (1) changes in bat
diet, (2) changes in land use or management, and/or (3) changes
in precipitation. It is important to try to evaluate the relative
influence of these different drivers on bat guano 8!°N values
so that restoration practitioners and land managers can both
appreciate the complexity of this proxy and maximize its utility
for achieving restoration goals. Below we explore each of these
three potential drivers in detail.

Given that the average increase in 3'°N values with each
trophic step is around 3-5%o, a shift of ~2%o could simply be
attributable to a trophic shift. Nonetheless, it seems unlikely
that bat dietary preferences would change drastically over just
19 years. As stated above, gray bats are insectivorous and
they are opportunistic foragers at a local scale, consuming
insects roughly in proportion to their abundance (Clawson,
1984; Barclay and Brigham, 1994). Their diets largely consist
of mayflies, caddisflies, beetles, flies, and moths/butterflies (Best
etal., 1997; Brack and LaVal, 2006). The nitrogen isotope values
measured in individual modern gray bat scats range from 0.0
to 6.8%o, suggesting that presently, these bats are consuming a
wide range of insects. It is certainly possible that, in the context
of declining insects in the Anthropocene (Wagner, 2020), gray
bats have had to change their diet as the relative abundance of
insects change, though much of the research on insect declines
has been conducted in Europe and few studies have focused on
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the midwestern United States (but see Wepprich et al., 2019).
It is also possible that bats have had to adjust the area over
which they forage in response to fluctuating population sizes;
larger bat populations may have had to travel further afield to
find sufficient food. The gray bat population at Mary Lawson
Cave increased following the installation of the gate, but it also
likely decreased again after the arrival of the fungus that causes
white-nose syndrome in bats in 2010. If a change in foraging
area contributed to the shift in guano 8'°N values in the Mary
Lawson core, then we might expect those values to first rise and
then fall again as populations declined; instead, we see a roughly
linear, though certainly variable, increase in 815N values toward
the present. Future research using compound-specific nitrogen
isotope analyses of individual amino acids could provide an
opportunity to decipher whether the increase in 8!°N values
observed here is attributable to a change in bat diet or a change
at the base of the food chain (e.g., Whiteman et al., 2019). At
present, we suggest that a change in bat diet could contribute to
the increasing guano core 5!°N values but does not account for
the entire signal.

Nitrogen in a given food chain is ultimately derived from the
soil N-cycle at the base of the food web, where a complex array
of biogeochemical processes lead to N-transformations (e.g.,
nitrification, denitrification, ammonia volatilization; Hogberg,
1997) that impact soil and plant nitrogen isotope values.
Agricultural activities, including fertilizer application, fire, and
grazing intensity, can also have significant impacts on the
nitrogen cycle and soil and plant nitrogen isotope values (Szpak,
2014). The nitrogen isotope values of synthetic fertilizers vary
considerably (—5.9 to 6.6%o; Bateman and Kelly, 2007), however,
manure often has relatively high 3'°N values (mean of 8.1%;
Bateman and Kelly, 2007). Numerous studies now show that
the elevated 5!°N values characteristic of manure are reflected
in plants grown with manure (e.g., Bogaard et al., 2007) such
that an increase in the use of manure as fertilizer could
explain the increase in the guano core 8!°N values. While the
Census of Agriculture data from Camden, Laclede, and Dallas
counties show a slight increase in the number of acres over
which manure is spread (Supplementary Figure 4A), it is likely
too small to significantly impact soil and plant 8'°N values.
Synthetic fertilizer remains much more widely applied in these
counties, covering an area of ~150,000 acres vs. just ~25,000
acres (Supplementary Figure 4).

Fire can also affect 31N values, though studies are mixed
on the magnitude and direction of the impact; most commonly,
higher foliar 3'°N values are initially evident in post-fire
vegetation followed by a return to pre-fire values over several
years (summarized in Szpak, 2014). For example, vegetation
from burned pine forests in California ranged from 4.7 to
8.8%o higher than that sampled from mature, unburned forest
stands (Grogan et al., 2000), suggesting that the magnitude of
the difference in 3'°N values is comparable to the difference
between plants fertilized with manure and plants that are

frontiersin.org


https://doi.org/10.3389/fevo.2022.929220
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Reid et al.

unfertilized. Data on fire location and extent (in acres) are kept
and compiled by the Missouri Department of Conservation.
These records show that between 2000 and 2018, a total of
39,865 acres burned in Camden, Dallas, and Laclede Counties,
but there is no relationship between the acres burned and year
either within Laclede County alone or across all three counties
(Supplementary Figure 7). Wildfire is, therefore, unlikely to
explain the slight increase in bat guano 3'°N values at Mary
Lawson Cave. It is still possible that some farmers or land
managers practiced controlled burning on their properties,
which may have impacted guano 5!°N values at Mary Lawson
Cave, but we do not have the data to support or refute this.

Grazing intensity can additionally increase soil and
vegetation 31N values (Szpak, 2014). Grazing animals add
nutrients to plant-soil systems by depositing urine and feces and
can further alter nutrient cycling through physical disturbances,
such as trampling (Bardgett and Wardle, 2003; Singer and
Schoenecker, 2003). Szpak (2014) summarized the studies of
plant and soil 8!°N values under different grazing intensities,
and while the results vary, areas experiencing higher grazing
pressure generally show higher soil and plant 3'°N values. This
increase could potentially be attributable to an increase in the
“openness” of the nitrogen cycle, which reflects the relative
importance of within-system cycling vs. inputs and outputs;
when outputs are large in comparison to internal cycling, soil
and plant 8'°N values will be higher and nitrogen cycling more
open (Austin and Vitousek, 1998). Intensively grazed areas are
characterized by both elevated inputs and outputs of nitrogen;
they receive direct additions of mineralized or highly labile
forms of N, but they also frequently exhibit elevated rates of
nitrogen transformation (e.g., ammonification, denitrification,
ammonia volatilization, and leaching of NO3'; Hogberg, 1997).
Still, there is evidence that ecosystem 3'°N values increase
when inputs, cycling, and outputs are all higher (Hogberg
et al, 2011, 2014). Given that a large portion of land has been
converted from active agriculture to pasture within Camden,
Dallas, and Laclede Counties (see Figure 6), if that conversion
was accompanied by an increase in livestock, it is possible that
greater animal density could be contributing to increasing the
baseline 81°N values in the area, as has been observed elsewhere
(e.g., Marshall et al., 2018). While the number of livestock
animals (cattle, sheep, goats, and horses) did not increase over
the tri-county area for this period, it did indeed increase in
Laclede County (Supplementary Figure 5).

There is a well-documented negative relationship between
soil and plant 31°N values and mean annual precipitation across
local, regional, and global scales, such that higher 815N values
commonly correspond with lower amounts of precipitation
(Austin and Vitousek, 1998; Handley et al., 1999; Amundson
et al., 2003; Swap et al,, 2004). Austin and Vitousek (1998)
argued that the loss of nitrogen relative to nitrogen cycled
between plants and soil would be large in drier sites, as
reduced plant demand would leave large pools of relatively
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labile nitrogen vulnerable to leaching or ammonia volatilization.
Because these nitrogen transformations preferentially remove
4N, the remaining soil and plants will have higher §'°N
values. Alternatively, in a wet ecosystem, increased production
would reduce the size of the standing nitrogen pool and shift
the balance such that internal nitrogen cycling would outpace
nitrogen loss, resulting in a “closed” nitrogen cycle and lower
plant and soil 815N values (Austin and Vitousek, 1998).

At Mary Lawson Cave, we instead observe a positive
correlation between bat guano §!°N values and precipitation
from the previous winter suggesting that the nitrogen cycle
in this temperate, agriculturally influenced ecosystem opens
when precipitation is high. This is consistent with observations
at Zidita Cave in Romania, where Cleary et al. (2016) found
that drier intervals corresponded with lower §!°N values.
The resolution of the Zidita core was not fine enough to
quantitatively compare guano 8!°N values with precipitation
amount, but our data from Mary Lawson Cave show that for
every 1%o increase in bat guano 815N, winter precipitation
amount increases by about 13cm per year. Still, while the
relationship is significant, it does not explain all the variation
in guano 315N values (r* = 0.286 when outliers are excluded),
suggesting that climate plays a role in shaping guano 8!°N
values, but not to the exclusion of other factors, such as
agricultural activities. Cleary et al. (2016) posited that the
observed positive relationship between guano §!°N values and
precipitation amount at Zidita Cave may be specific to the
temperate region, rather than arid environments or the tropics,
where much of the previous bat guano nitrogen isotope research
was conducted (e.g., Mizutani et al., 1992a,b; Wurster et al,
2007). Indeed, historical bat guano 315N data from more
arid Eagle Creek Cave, Arizona, did not correlate with any
climatic data (Wurster et al., 2007). We additionally suggest
that ecosystems highly impacted by agriculture, like the areas
around both Mary Lawson and Zidita Caves, could accumulate
relatively large pools of excess labile nitrogen derived from
fertilizer application and/or livestock. These nitrogen pools
would then be vulnerable to leaching during precipitation
events, thereby, flipping the N-cycle open when precipitation
amounts increase. This idea is supported by research that
suggests that both heavy fertilizer use and significant grazing
intensity increase nitrogen leaching (Wachendorf et al., 2005;
Hussain et al., 2020). A further possibility is that the pooling of
excess, agriculturally derived nitrogen may be more prevalent
in temperate regions lending support to the observation
made by Cleary et al. (2016). However, the relationship
between guano 8!°N values and precipitation may differ
for materials from less agriculturally impacted locations or
periods; we, therefore, encourage caution when extending these
records into the past. Future comparison between speleothem
oxygen isotope and guano nitrogen isotope data collected in
the same cave would help to clarify the guano 3'°N and
precipitation relationship.
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Our results suggest that guano 8!°N values provide
information about both climate and agricultural practices but
will be best interpreted in conjunction with additional proxy
records. Guano can additionally trap a variety of pollen grains
and charred particles, providing further information about the
vegetative landscape and land use surrounding caves. Airborne
dust and pollen grains adhere to both insects and bats as
they fly (Maher, 2006), ultimately becoming part of the guano
record. Using similar methods as for lake and peat cores, the
relative abundance of pollen types can be tracked with depth to
reconstruct past changes in the composition of local vegetation
(Carrion et al.,, 2006; Maher, 2006; Batina and Reese, 2011;
Forray et al., 2015). Microcharcoal serves as a proxy for fire and
together with pollen provides information about the interplay
between biomass burning (often anthropogenic) and vegetation
change (Forray et al, 2015). Should there be paleontological
remains associated with guano deposits, they too can provide
a record of the local landscape change (Widga and Colburn,
2015). Given the range of possible proxy records obtainable,
cave guano deposits offer a unique opportunity to investigate
past climate and environment from multiple angles using the
same material.

Conclusions and implications for
restoration

Both bat guano carbon and nitrogen isotope values provide
important information about climate and environment. By
comparing isotopic values from a relatively young, high-
resolution guano core, we have reaffirmed that guano 813C
values reflect both water availability and the extent of C3 vs.
C4 vegetation in the surrounding landscape while guano 81°N
values are strongly influenced by climate, agricultural practices,
and the interaction between these two factors. Importantly,
bat guano records can provide information about past climate
and environment in places where paleoecological records were
previously unobtainable. The humid tropics, for example, host
much of the Earth’s biodiversity and play an important role
in global climate, but tropical paleoenvironmental records
are limited, in large part, due to preservation issues. Bat
guano, which can accumulate over millennia, is already
providing crucial information about climate and environment in
equatorial Southeast Asia as far back as the last glacial maximum
(e.g., Wurster et al., 2010b).

Combined with additional proxy records from the same
material (e.g., pollen, microcharcoal), bat guano isotopic records
can help to clarify the characteristics of ecosystems that occurred
in a site before human disturbance, identify the range of
ecosystem types that have previously been supported in a
particular area, and uncover the long-term ecosystem trajectory.
We advocate for paleoecologists and restoration practitioners
to collaborate to set goals and maximize the utility of the
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information these types of records can provide. By analyzing
guano core 5'3C values, researchers will be able to place
quantitative estimates on the relative abundance of C3 and C4
vegetation on the landscape. The inclusion of pollen analyses
will help to contextualize these results by providing information
about the types of plants present; if changes in guano carbon
isotope values are not accompanied by changes in pollen
composition, it would suggest that changes in precipitation,
rather than plant composition, are driving the isotopic shift.
In relatively young accumulations from areas likely to have
been impacted heavily by agriculture, guano core 3'°N values
can provide further information about past precipitation.
Future work is, however, necessary to further clarify the
relationship between the guano 8!°N values, precipitation, and
land use.

Particularly now, during the UN Decade on Ecosystem
Restoration, restoration plans must incorporate information
about the past ecosystems supported by a site as well as the range
of climates in which those ecosystems existed. For example,
in the eastern and midwestern United States, and in some
tropical ecosystems, there is increasing evidence that natural
grasslands have been mesified and forested (e.g., Paulson et al.,
2016; Arasumani et al., 2019; Bonanomi et al., 2019); restoration
efforts that do not take this information into account could
erroneously establish forest in a place where grassland would be
more appropriate. Bat guano accumulations in the southeastern
United States, for example, are presently untapped archives
that could provide information about the extent of forest vs.
grasslands before European colonization and potentially even
before human presence.
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