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Recent research on environmental DNA (eDNA), genetic material shed by organisms into
their environment that can be used for sensitive and species-specific detection, has
focused on the ability to collect airborne eDNA released by plants and carried by the wind
for use in terrestrial plant populations, including detection of invasive and endangered
species. Another possible application of airborne eDNA is to detect changes in plant
communities in response to activity or changes on a landscape-scale. Therefore, the goal
of this study was to demonstrate how honey mesquite, blue grama, and general plant
airborne eDNA changes in response to human activity on a landscape-scale. We
monitored airborne eDNA before, during, and after a rangeland restoration effort that
included honey mesquite removal. As expected, restoration activity resulted in a massive
increase in airborne honey mesquite eDNA. However, we also observed changes in
abundance of airborne eDNA from the grass genus Bouteloua, which was not directly
associated with the restoration project, and we attribute these changes to both human
activity and seasonal trends. Overall, we demonstrate for the first time that activity and
changes on a landscape-scale can be tracked using airborne eDNA collection, and we
suggest that airborne eDNA has the potential to help monitor and assess ecological
restoration projects, track changes due to global warming, or investigate community
changes in response to encroachment by invasive species or extirpation of threatened and
endangered species.
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INTRODUCTION

Monitoring is a critical component of successful restoration before, during, and after management
actions (Walters 1986; Lake 2001; Galatowitsch 2012). For example, conventional field-based plant
community monitoring is generally accomplished via methods such as the line-point intercept, belt
transect, and gap intercept, using quadrats, transects, or points (Herrick et al., 2005a; Elzinga et al.,
1998). Monitoring methods can provide detailed information about a study site, but they can also be
time consuming and withdraw logistical and financial resources from low budget projects. In
addition, conventional monitoring activity typically incites elevated disturbance to target areas,
which may be counterproductive to restoration, and the results can vary based on the intensity of the
sampling (Herrick et al., 2005a; Herrick et al., 2005b; Garrard et al., 2008).
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A novel method that could address the limitations of
conventional monitoring relies upon collection and analysis of
environment DNA (eDNA), the genetic material shed by an
organism into its environment and collected by researchers from
environmental samples such as soil, water, or air (Thomsen et al.,
2012; Barnes and Turner 2016). A primary benefit of eDNA
monitoring is the ability to detect organisms without the need of a
captured target species or direct tissue sample. Indeed, recent
reviews by Ruppert et al. (2019) and Makiola et al. (2020) have
predicted an increasingly large role for eDNA analysis and
metabarcoding in community surveillance and monitoring
landscape changes in response to activities such as ecological
restoration.

Research into eDNA has focused primarily on aquatic and
sediment samples, including assessments on invasive species
detection, endangered species monitoring, and the ecology of
eDNA (Willerslev et al., 2007; Goldberg et al., 2011; Lodge et al.,
2012; Taberlet et al., 2012; Barnes et al., 2014; Barnes and Turner
2016). Recently, Johnson et al. (2019a) demonstrated that
airborne eDNA samples, genetic material collected from air,
could detect both anemophilous and non-anemophilous plant
species. These findings portend the utility of airborne eDNA
analysis for broad conservation, management, and research
applications such as whole plant community monitoring.
However, the ecology of airborne eDNA, including spatial and
temporal dynamics of airborne eDNA abundance relative to
seasonal changes and other activity on the landscape, remain
unexplored but represent critical gaps in current understanding
that should be addressed before the potential management and
conservation impact of airborne eDNA monitoring can be
maximized.

Like eDNA research in general, the existing research
addressing how eDNA responds to biotic and abiotic
landscape changes primarily comes from aquatic systems. For
example, Bista et al. (2017) found that macroinvertebrate eDNA
levels displayed community level shifts in diversity throughout
the year due to changes in species ecology, biotic, and abiotic
factors. Additionally, Buxton et al. (2018) found, when examining
eDNA of the great crested newt (Triturus cristatus) in aquatic and
sediment samples, that detection varied throughout the year
based on habitat suitability and species ecology. Work has also
been done in ocean systems with studies ranging from examining
shark diversity response to anthropogenic disturbance to
understanding how anthropogenic activities such as oil spills
and development impact micro and macro coastal communities
(Bakker et al., 2017; Xie et al., 2018; DiBattista et al., 2020). Sun
et al. (2019) used eDNA metabarcoding to understand Dipteria
and other organism populations in human caused roadside
stormwater ponds. Additionally, Klymus et al. (2017)
examined how anthropogenic uranium containment ponds
impacted the biodiversity of vertebrate species. Early
applications also include monitoring of the re-introduction of
Rhine sculpin (Cottus rhenanus) into its native range (Hempel
et al., 2020) and at-risk, pre-restoration coral community
monitoring (Nichols and Marko 2019).

Despite the apparent focus on aquatic systems to date, similar
eDNA applications will likely also benefit conservation and

management in terrestrial habitats. For example, airborne
eDNA analysis could be used to track the changes in plant
community composition throughout a restoration project and
afterward to provide information for robust adaptive restoration.
Airborne eDNA analysis could also assess the impacts of climate
change, assist in identifying the spread and location of rangeland
invasive species, track endangered species, and detect disease
within a restored site or before a restoration (Dejean et al., 2012;
Huver et al., 2015; Scriver et al., 2015; Barnes and Turner 2016).
With the use of airborne eDNA, tedious surveys that require large
amounts of time could be replaced by a network of airborne
eDNA traps. However, a critical first step in the evaluation of such
methods is to examine the extent to which airborne eDNA reflects
landscape changes. Human activity on a landscape-scale
encompasses a large variety of activities that could influence
airborne eDNA dynamics, from building roads, farming,
construction, habitat fragmentation, and invasive species
introduction to name a few. We believe that airborne eDNA
(both species specific and global) can be used reflect landscape-
scale changes from human activity.

In our study, we used ecological restoration as one example of
human activity on the landscape. Our goal was to demonstrate
the use of airborne eDNA as a surveillance tool during removal of
honey mesquite (Prosopis glandulosa) on the Texas Tech
University native short-grass prairie. Specifically, we examined
whether airborne eDNA changed in response to activity on the
landscape by: 1) tracking the removal of honey mesquite during a
rangeland restoration project; and 2) monitoring changes within
the plant community using the Bouteloua genus and global plant
eDNA as surrogates. The results of this work will help quantify
the feasibility of using airborne eDNA to monitor human
activities such as restoration and other landscape management.

METHODS

Study Site
The 130-acre Texas Tech University Native Rangeland (33.60327
N, −101.9003 W) acts as a natural area for teaching and research
within the Department of Natural Resources Management
(Figure 1). The site consists of short-grass prairie, with a large
variety of bunchgrasses, forbs, and cacti, and a large population of
honeymesquite due to the suppression of fire and grazing (Ansley
et al., 2001). This site, despite being fragmented and isolated
within an urban matrix, represents a native short-grass prairie in
post-climax seral stage, and has not been disked, plowed, or
reseeded.

Restoration Project
A rangeland restoration project was performed by the Texas Tech
Student Chapter of the Wildlife Society, students from the NRM
4309: Range Wildlife Habitat course, and Texas A&M Forest
Service in November and December 2017. During the restoration,
honey mesquite, a thorny shrub/tree that can re-sprout and form
multi-stem thickets (Ansley et al., 1997), was targeted for removal
due to its negative impact on forage production, grazing, and local
grass biodiversity (Mohamed et al., 2011). The project was
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completed in two treatments, each lasting 3 days. The first, 1.2-
hectare treatment began on November 18, 2017. This treatment
consisted of cutting off the entirety of the honey mesquite
aboveground biomass (i.e., main stem and adjacent minor
stems), and then chipping the cut material on site and treating
the stump with 25% Triclopyr and 75% diesel with a 1% blue
marker dye. This first effort was completed on the eastern side of
our study site (Figure 1). The second, 1.4-hectare treatment
began on December 2, 2017 and was changed to a reduced
treatment due to logistical constraints, where only the larger
mesquite trees (i.e., main and adjacent minor stems) were
targeted and removed. As with the previous treatment, the cut
material was chipped, and the stump was treated with the same
herbicide mix. This reduced treatment occurred directly west and

adjacent to the first total treatment (Figure 1). Both treatments
attempted to kill the sprout buds of the underground main stem
with both cutting and herbicide (Fisher, 1950).

eDNA Collection, Extraction, and
Amplification
To examine how airborne eDNA responds to human activity on a
landscape-scale, we collected airborne eDNA before, during, and
after the restoration project. To collect airborne eDNA, we set up
three eDNA sampling locations: one south of the restoration
taking place (“restoration traps”), one plot along the northwest
edge of the study site (“north traps”) and one plot to the east of
the restoration treatments (“east traps”; Figure 1). Within each

FIGURE 1 | The Texas Tech University Native Rangeland (Lubbock County, TX, United States) study site where the restoration and airborne eDNA sampling took place.
The hatched lines show the two different restoration methods used and the clusters of points represent the three groupings of airborne eDNA Big Spring Number Eight Dust
Traps.
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sampling location, three Big Spring Number Eight (BSNE)
passive dust traps were deployed. Johnson et al. (2019b)
demonstrated that BSNE traps performed well compared to
other passive dust traps. The BSNE traps (Figure 2) consisted
of two triangular traps 0.914 and 0.406 m above the ground. Each
trap has an opening at the tip of the triangular piece of metal and
a metal mesh vent on top, allowing air to enter the through the
opening and flow out through the metal mesh on top, depositing
carried material into a collection tray below (Zobeck 2006). Each
triangular trap is attached to a metal sheet that acts as sail to
consistently orient them into the wind to maximize the amount of
material collected.

Traps were sampled four times between November 3 and
December 8, 2017. Sampling Events I (November 10th) and II
(November 17th) took place 8 and 1 day before the first total
treatment restoration, respectively. Event III (November 27th)
occurred 9 days after the first total treatment restoration, and
Event IV (December 8th) occurred 6 days after the reduced
treatment restoration. The collection of repeated samples
through time allowed us to examine the response in airborne
eDNA to activity associated with the restoration effort. At each
sampling event, each trap was rinsed with approximately 1 L
deionized water, and the water was collected into individual,
sterile 1 L bottles. Since the BSNE arrays each have two collection
traps, each tray at a single trap was washed and combined into a
single water sample to avoid pseudoreplication (Hurlbert 1984).
Rinse water samples were then transported to the laboratory
within a cooler and vacuum filtered with 1 µm Isopore membrane
filters. Filters were stored at −20 °C for approximately 1 month.
Next, DNA extractions were completed using a DNeasy
PowerPlant Pro DNA Isolation Kit, which has demonstrated
high efficiency in previous airborne eDNA analyses (Johnson
et al., 2019b). We followed the manufacturer’s protocol, except we
added an extra grinding step with a sterile plastic pestle and
frequent vortex agitation to ensure homogenization (Johnson
et al., 2019b). Extracted genomic DNA was stored at −20 °C until
analysis (approximately 6 months later). To confirm that there
was no contamination throughout this process, extraction blanks
(i.e., sterile samples extracted alongside experimental samples as
negative controls with just buffer and no filter) were processed
with every extraction event. Additionally, we used sterile
containers, bleached all laboratory surfaces, and used sterile
gloves. Due to the nature of airborne eDNA, we could not
develop confident field or filtration controls (i.e., we have not
developed a method in which control samples are not exposed to
the air representing our sample). As a result, we have only
included extraction and PCR negative controls (“blanks”).

To broadly characterize changes in airborne eDNA in
response to the restoration activity, we used three different
quantitative polymerase chain reaction (qPCR) assays: a honey
mesquite species-specific primer, a Bouteloua genus assay, and a
global plant primer. Species- and genus-specificity for honey
mesquite and Bouteloua assays, respectively, were confirmed
in silico using NCBI Primer-BLAST (Ye et al., 2012) as well as
in-lab PCR confirmation using tissues of the nine most common
plants found within our study site. We quantified both the limits
of detection and quantification as the lowest amount of DNA our

primers detect any of the technical replicates and where all the
technical replicates were detected, respectively. Operationally, we
followed the recommendations of low-copy qPCR analysis of
Ellison et al. (2006) and assigned all non-detections a value of zero
rather than omitting them from the analysis or missing out on
information provided by samples in which fewer than all
technical replicates amplified. We previously observed high
rates of PCR inhibition in airborne eDNA samples (Johnson
et al., 2019a; Johnson et al., 2019b), which led us to dilute samples
in this study by 1:10 with pure water. All qPCR reactions were
completed on a QuantStudio 3 Real-Time qPCR machine
(ThermoFisher Scientific, Foster City, California). The honey
mesquite assay targeted the focal species of the restoration
effort using 25 µl reactions with 1x PowerSYBR Green qPCR
Master Mix, 1 µM forward and reverse primer (Johnson et al.,
2019a; Table 1) 2 µl diluted genomic DNA template. The
thermocycling program for the honey mesquite assay began
with an initial 95 °C step for 10 min followed by 40 cycles of
15 s at 95 °C and 1 min at 70.1 °C, and a final melt curve analysis.
The Bouteloua genus assay targeted grasses that represents the
most common wind pollinated species on our study site. Each
25 µl qPCR reaction contained 1x PowerSYBR Green qPCR
Master Mix, 1 µM forward and reverse primer (Johnson et al.,
2019a; Table 1), and 2 µl diluted genomic DNA template. The

FIGURE 2 | The Big Spring Number Eight dust traps that were used to
collect airborne eDNA in this experiment.
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thermocycling program used an initial 95 °C step for 10 min
followed by 40 cycles of 15 s at 95 °C and 1 min at 66 °C, and a
final melt curve analysis. Reactions in the honey mesquite and
Bouteloua genus assays were quantified using five-point standard
curves based on a 1:10 serial dilution of tissue-derived DNA from
honey mesquite and Bouteloua gracilis, respectively. Non-
detections were treated as zeros when averaged with other
technical replicates (Ellison et al., 2006). For both assays,
samples were run in triplicate and non-template controls were
included to ensure no contamination occurred.

Finally, as an indicator of changes in the overall plant
community beyond the two focal groups, honey mesquite and
Bouteloua spp., we amplified all plant eDNA in our samples with
a global plant assay targeting the chloroplast trnL gene (Taberlet
et al., 2007; Table 1). For this assay, each 25-µl qPCR reaction
contained 1x PowerSYBRGreen qPCRMaster Mix, 1 µM forward
and reverse primer concentrations, and 2 µl diluted genomic
DNA template. The thermocycling program began with an
initial 95 °C step for 10 min followed by 32 cycles of 2 min at
94 °C, 1 min at 55 °C, and 30 s at 72 °C, and a final extension at
72 °C for 2 min (Craine et al., 2016). Since amplification with the
global plant assay could be the result of a variable mix of plant
eDNA sources, we could not create a standard curve for
quantification. Therefore, rather than absolute quantification
of eDNA concentration in each reaction, we relied on
comparison of the average number of cycles needed for the
samples to display enough fluorescence to be considered
positive (cycle threshold, determined using the default settings
of the QuantStudio three Real-Time qPCR machine and
abbreviated CT; Heid et al., 1996).

To analyze whether airborne eDNA changed in response to
restoration activity, we completed three separate repeated
measures analyses of variance (rmANOVAs) with IBM SPSS
statistics (IBM Corp. 2017), separately analyzing honey mesquite,
Bouteloua genus, and global plant eDNA results. In each analysis,
sampling units consisted of nine total BSNE traps, and three
replicate traps at each plot were combined into experimental
units to make comparisons between locations. Sampling event
represented the repeated measure in our experimental design, we
interpreted Wilks’ Lambda as our test statistic, and we assumed α
� 0.05 for determination of statistical significance. Following
significant rmANOVAs, we used Tukey-Kramer post-hoc tests
to examine how the different trap locations varied from one
another for each sampling event.

When collecting airborne eDNA, it is common to see very
small leaf fragments in the samples; however, occasionally
large plant leaves can be collected which in turn results in
extremely high amounts of target DNA in the traps. While

these detections are real, the extremely large amounts of
airborne eDNA may obfuscate underlying trends or
patterns. Therefore, we removed two outliers from
consideration: one from the global eDNA assay during
Event III in the east traps (>100x more eDNA than the
other two traps at the same site), and the other from the
honey mesquite assay from Event III, also in the east traps
(600x more eDNA than replicate traps).

RESULTS

Honey Mesquite eDNA
We found during Events I and II that the average honey mesquite
eDNA quantities for all three trap locations were consistently low
(Table 2). After the total restoration treatment, the average
quantity of honey mesquite eDNA spiked in the restoration
traps but remained low in the east and undetected in north
traps (Table 2). After Event IV, we observed honey mesquite
eDNA in high concentrations in the restoration traps with low
concentrations for the east traps and no detections for the north
traps (Table 2). Overall, when comparing the amounts of
airborne eDNA for each of our three sampling locations,
eDNA significantly differed between trap locations
(rmANOVA F3,19 � 7.36, p � 0.0018; Figure 3). Pairwise
comparisons revealed that for Events I and II, the east traps
were significantly different from both the restoration (p � 0.0052
and p < 0.0001, respectively) and north trap locations (p � 0.0052
and p < 0.0001), but the north and restoration traps were not
significantly different from each other for either Event (Table 3).
However, after the first restoration treatment (Event III), the
restoration traps were significantly different from both the north
traps (p < 0.0001) and the east traps (p < 0.0001), and the north
and east traps were not significantly different (p � 0.98; Table 3).
Lastly, during Event IV, the restoration traps were again
significantly different from both the north (p < 0.0001) and
east (p < 0.0001) trap locations while the north and east traps
did not significantly differ from one another (p � 0.996; Table 3).
Amplification percentage (i.e., number of samples displaying any
amplification, regardless of eDNA quantification) for Events III
and IV showed a large spike for the restoration traps, rising from
33% to 100% for both Events III and IV (Figure 4A). This spike
was mirrored slightly in the east traps but not in the north traps.

Across all honey mesquite qPCR plates, negative controls
failed to amplify as expected, and qPCR efficiencies were on
average 67% with an average R-squared of 0.99. The limit of
detection and limit of quantification for the honey mesquite
primer were both 3.8 × 10−4 ng/μL.

TABLE 1 | The three different primer sets (forward and reverse) used over the course of this experiment. The honey mesquite andBouteloua genus assays were produced by
Johnson et al., 2019a. The trnL global chloroplast was taken from Taberlet et al. (2007).

Target Forward (5–39) Reverse (5–39) Size (bp)

rbcL honey mesquite CTGAAGAAGCAGGTGCTGCG TTGAGTTTCTTCTCCAGGAACAGG 140
rbcL Bouteloua genus ACCCGTTCCTGGAGAAGATAGT CAGGAGGAATTCGTAGATCCTCCA 164
trnL global chloroplast CGAAATCGGTAGACGCTACG CCATTGAGTCTCTGCACCTATC ∼200
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Bouteloua Genus eDNA
The quantity of Bouteloua airborne eDNA changed over time as
well. At Event I the quantity of Bouteloua varied greatly between
trap locations, with the east traps having a larger quantity than
the restoration and north traps. Between Events I and II the
amount of Bouteloua eDNA declined (Table 2). After the first full
treatment restoration event, increases in the quantity of
Bouteloua DNA were detected in the east and northern traps
while the restoration traps stayed the same. After the reduced
treatment, there were no Bouteloua detections other than by the
restoration traps (Table 2). Across all four Events, we observed
significant differences in the amount of Bouteloua eDNA between
each trap location (rmANOVA F3,22 � 329.85, p < 0.0001;
Figure 5). At Event I the east traps were significantly different
from both the restoration (p � 0.0069) and north (p � 0.0198)

traps, whereas the restoration and north traps did not
significantly differ (p � 0.8934; Table 3). At Event II, none of
the trap locations significantly differed from one another
(Table 3). At Event III, the east traps were significantly
different from both restoration (p < 0.0001) and north (p <
0.0001) traps, while the north and restoration traps did not differ
from one another (Table 3). Lastly, at Event IV, the restoration
traps were significantly different from both the east (p � 0.0319)
and north (p � 0.0319) traps, while the east and north traps were
not significantly different (Table 3). Bouteloua amplification
percentages were consistently 66% or higher in Events I and
II, and Event III notably had 100% amplification for all groups
(Figure 4B). At Event IV, we only observed Bouteloua
amplification in restoration traps (Figure 4B).

Across all Bouteloua qPCR plates, negative controls failed to
amplify as expected, and qPCR efficiencies were an average of
83% with an average R-squared of 0.99. The Bouteloua genus
primer’s limit of detection and limit of quantification were both
6.7 × 10−6 ng/μl.

Global Plant eDNA
For the first two sampling events, the average cycle threshold (CT;
note that decreasing CT values indicate increasing eDNA
concentrations) for all three trap locations were consistent and
averaged between approximately 29.1 and 30.1 cycles (Table 2).
After the total treatment restoration, all three traps detected more
global plant eDNA with a large spike in the amount of restoration
trap airborne eDNA. Lastly, the average CT values for the samples
taken after the reduced treatments were lower compared to those in
Event III (Table 2). We found a significant effect of sampling Event
on the amount of global eDNA (rmANOVA F3,19 � 8,158.88, p <
0.0001; Figure 6). Pairwise analyses revealed that at Event I, none of
the sampling events were significantly different from each other
(Table 3). At Event II, the restoration traps were significantly
different from both the east (p � 0.0142) and north (p < 0.0001),
while the north and east traps also differed significantly (p � 0.0251;
Table 3). At Event III, following the first restoration, the restoration
traps were significantly different from both the north (p < 0.0001)
and east (p < 0.0001) traps, while the north and east traps did not
differ from one another (Table 3). Finally, at Event IV, the

TABLE 2 | The amounts of honey mesquite, Bouteloua genus, and global plant airborne eDNA collected for each trap location and all four sampling events. The honey
mesquite and Bouteloua genus units are mean concentration ± standard deviation. The global plant eDNA shows the mean cycle threshold ± standard deviation. The
complete raw results can be found in the Supplementary Table.

Amount of eDNA captured

Trap location Event I Event II Event III Event IV

Honey mesquite eDNA (pg/µl) Restoration 0 0.08 ± 0.24 4.5 ± 4.5 2.8 ± 1.5
East 0.70 ± 1.3 0.37 ± 0.46 0.16 ± 0.30 0.08 ± 0.11
North 0 0.11 ± 0.34 0 0

Bouteloua genus eDNA (pg/µl) Restoration 0.08 ± 0.08 0.04 ± 0.07 0.04 ± 0.03 0.01 ± 0.02
East 0.64 ± 0.67 0.15 ± 0.21 0.21 ± 0.13 0
North 0.15 ± 0.06 0.02 ± 0.04 0.08 ± 0.08 0

Global plant eDNA (cycles) Restoration 30.1 ± 0.94 29.5 ± 0.79 26.9 ± 0.48 29.5 ± 0.31
East 29.1 ± 1.0 30.1 ± 0.55 29.4 ± 0.58 30.9 ± 0.40
North 29.2 ± 0.86 30.9 ± 0.25 28.9 ± 0.49 31.1 ± 0.53

FIGURE 3 | The quantity of honey mesquite eDNA for all three trap
locations over four sampling Events. Honey mesquite eDNA increased
following restoration activity, especially within the restoration site.
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restoration traps were again significantly different from both the
north (p< 0.0001) and east (p< 0.0001) traps, and the north and east
traps remained non-significantly different (Table 3). All three trap
locations amplified global plant airborne eDNA 100% of the time
across all four events (Figure 4C). Across all global plant qPCR
plates, negative controls failed to amplify, as expected.

DISCUSSION

Using three different qPCR assays targeting honey mesquite,
Bouteloua genus, and a global plant chloroplast gene, we
demonstrated that airborne eDNA is affected by human
activity during a restoration event, and we argue that these
changes track intuitively through time with different stages of
the restoration. Notably, we found that airborne eDNA from
species that were not even the target of the restoration changed
over time. Collectively, our observations demonstrate that
airborne eDNA reflects human activity and phenological
changes on a landscape-scale and point to an expanding role
that airborne eDNA surveillance may play in terrestrial
conservation.

Since the restoration focused on the removal of honey
mesquite, we first quantified how the amount of honey
mesquite changed over the course of the restoration. We
found that there was a significant difference between the
restoration eDNA traps and the east and north traps. Before
the total treatment restoration took place, mesquite eDNA
quantity and detection was low. It is useful to consider the
ecology of honey mesquite to put these results into context.
Honey mesquite is insect-pollinated and flowers in the spring
before losing its leaves and going dormant for the winter months
(Lopez-Portillo et al., 1993; Golubov et al., 1999). At the time of
our restoration effort, honey mesquite was inactive with most of
their leaves gone and no flowering or pollination occurring.
Accordingly, a “typical” paucity of airborne honey mesquite
eDNA was illustrated by the low concentrations and detection
percentages for this species in our first two sampling Events
(Figure 3 and Figure 4A). However, after the first restoration
event, Event III demonstrated a large increase in the
concentration of honey mesquite airborne eDNA for the
restoration traps. A spike in airborne eDNA occurred again at
Event IV but was not as large, likely because the second
restoration was farther away and lower intensity. Together,
these results demonstrate the potential for airborne eDNA
analysis to distinguish between different types or intensities of

activity on a landscape-scale. Additionally, airborne eDNA
analysis may reveal spatial information. The amplification
percentage of honey mesquite detected for each restoration
group trap jumped to 100% for both Events III and IV
(Figure 4A). We simultaneously observed amplification
percentage in east traps (i.e., away from the site of the
restoration activity), though not in as high concentrations as
shown in the restoration traps, increase after the restorations,
suggesting that honey mesquite eDNA traveled downwind to the
east trap grouping.

On the other hand, the concentration of Bouteloua airborne
eDNA, which was not the target of restoration activities, also
changed over time. In general, Bouteloua eDNA decreased
throughout our study. Of the four Bouteloua species on our
study site - blue grama (Bouteloua gracilis), buffalo grass
(Bouteloua dactyloides), sideoats grama (Bouteloua
curtipendula), and sixweeks grama (Bouteloua barbata) - blue
grama is by far the most common species. The steady decreasing
trend that was observed corresponds to the ecology of blue grama,
which is summer-active, releases pollen in early fall, and then goes
dormant for the winter months (Riegal 1941; Anderson 2003).
Johnson et al. (2019a) monitored the changes in Bouteloua genus
eDNA for the early fall and showed there was a spike in Bouteloua
airborne eDNA associated with their early fall pollination event.
However, the results in the present study track the opposite
direction and appear to document that Bouteloua airborne eDNA
concentrations decline in alignment with approaching winter
dormancy.

Therefore, if not impacted, Bouteloua airborne eDNA would
likely have decreased uniformly throughout the study period.
This trend was observed for the first two sampling events,
especially in the eastern traps where large amounts of blue
grama grow. However, after the first total treatment
restoration we observed a modest increase in Bouteloua
airborne eDNA concentrations during Event III. To give
further evidence that Bouteloua airborne eDNA was impacted,
we can examine the concentrations in conjunction with the
percentage of traps that significantly detected Bouteloua DNA
(Figure 4B and Figure 5). In addition to the increase in Bouteloua
eDNA concentration after the total treatment, we saw each trap
location detect Bouteloua eDNA 100% of the time, which should
be unlikely to occur naturally since blue grama is becoming
dormant for the year at the time of this study. For Event IV,
the more limited restoration activity did not promote Bouteloua
detection in either north or east trap locations, but we observed
67% amplification at the restoration trap location. Again, this

TABLE 3 | The p values for the Tukey-Kramer post-hoc comparison tests for each event examining the honey mesquite, Bouteloua genus and global plant eDNA.

Event 1 Event 2 Event 3 Event 4

Restoration East Restoration East Restoration East Restoration East

Honey mesquite East 0.0052 <0.0001 0.0001 <0.0001
North 1 0.0052 0.8656 <0.001 <0.001 0.98 <0.0001 0.996

Bouteloua genus East 0.0069 0.1872 <0.0001 0.0319
North 0.8934 0.0198 0.8881 0.0786 0.1059 <0.0001 0.0319 1

Global plant eDNA East 0.0595 0.0142 <0.0001 <0.0001
North 0.1412 0.7879 <0.0001 0.0251 <0.0001 0.1111 <0.0001 0.7993
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FIGURE 6 | The global plant eDNA collected for all three trap locations
for all four sampling Events. The global plant eDNA is measured as cycle
thresholds (CT) where decreasing values indicate more eDNA. Global plant
eDNA increased in response to restoration activity.

FIGURE 5 | The quantity of Bouteloua genus eDNA collected for all three
trap locations over four sampling Events. Bouteloua genus eDNA
concentrations generally decreased over time with notable spikes after the
restoration treatments.

FIGURE 4 | The percentage of significant amplification/detections for the
traps from all three sampling locations (East, North, and Restoration). The
primers focused on honey mesquite airborne eDNA (A), Bouteloua airborne
eDNA (B), and global plant airborne eDNA (C).
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pattern points to a spatial interpretation of airborne eDNA
results, with restoration traps closest to the restoration activity
demonstrating impacts from the reduced treatment and farther
east and north traps remaining unaffected.

We observed that Bouteloua eDNA appeared to impact all
three trap locations whereas honeymesquite eDNA, the subject of
the restoration, impacted only the restoration traps and
moderately the eastern traps. This could be a result of the
eDNA content being released into the air. The Bouteloua
DNA is assumed to come primarily from blue grama which is
at the tail end of its pollination season. Any disruption would
result in a plume of leftover pollen being released. Bouteloua
pollen is designed to travel on the wind so it would be logical for it
to travel greater distances and effect the eastern and northern trap
groupings. The honey mesquite on the other hand, is insect
pollinated and had sparse leaves available when the restoration
took place. As a result, the DNA being released into the air was
most likely living wood fragments, cells, and a small amount of
leaf material. This type of DNA is not designed to travel on the
wind, so only seeing a spike at the closest trap site and slight
increases in detection percentage elsewhere would make sense.

Finally, we observed a significant change in the global plant
airborne eDNA in our traps closest to the restoration treatments
over time. In this study, the global plant airborne eDNA acts as a
qualitative surrogate for the plant community. Species specific
primers are still rare for most plant species so without a
metabarcoding approach, global plant eDNA allows us to
monitor general patterns across all plants in addition to
focusing on single species (Wallinger et al., 2012). For the first
two Events, the global assay showed consistent levels of airborne
eDNA across all three sites. After the total treatment restoration
occurred, there was a large spike in restoration trap site eDNA
and smaller increases in both the north and east traps. After the
limited restoration activity, the restoration trap site showed a
higher amount of airborne eDNA compared to the other two trap
locations, which were unaffected. As shown in the Bouteloua
analysis, the amount of Bouteloua eDNA (the most common
genus on the landscape) was steadily dropping over the study
period which is reflected by the east and north traps showing less
global eDNA amounts. This again points to spatial information
contained within airborne eDNA analyses as well as the fact that
airborne eDNA analysis can distinguish between different activity
intensities.

Overall, we have shown that airborne eDNA can assist with
the evaluation of current species on a landscape-scale, and that
airborne eDNA reflects human activity and seasonal changes on
a landscape-scale. In a conservation or management setting, we
believe airborne eDNA analysis can aid site selection and
monitoring, which will prove especially valuable if it can
supplement or even provide an alternative to time-
consuming and potentially disruptive conventional plant

community surveys. To maximize the conservation potential
of airborne eDNA analysis, further examination of the ability of
airborne eDNA analysis to detect rare species on a landscape-
scale is warranted. Furthermore, combination of airborne
eDNA analysis and metabarcoding approaches could allow
airborne eDNA to act as a plant community monitoring tool,
further increasing its utility for conservation, management, and
research.
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