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Abstract

1. Accurate biodiversity and population monitoring is a requirement for effective conservation decision-making. Survey method
bias is therefore a concern, particularly when research programs face logistical and cost limitations. 2. We employed point
counts (PCs) and autonomous recording units (ARUs) to survey avian biodiversity across elevational gradients in comparable
temperate mountain habitats at opposite ends of the Americas (9 mountains in British Columbia (BC), Canada and 10 in
southern Chile). We compared detected species richness against multi-year species inventories and examined differences in
detection probability by family. By incorporating time costs, we assessed the performance and efficiency of single vs. combined
methods. 3. ARUs were predicted to capture ~92% of species present in BC but only ~58% in Chile, despite Chilean mountain
communities being less diverse. Community, rather than landscape composition, appears to be the driver of this dramatic
difference. Chilean communities contain less-vocal species, which ARUs missed. Further, 6/14 families in BC were better
detected by ARUs while 11/11 families in Chile were better detected by PCs. Where survey conditions differentially impacted
methods, PC detection varied over the morning and with canopy cover in BC and ARU detection probability mostly varied
seasonally in Chile. Within a single year of monitoring, neither method alone was predicted to capture the full avian community,
with the exception of ARUs in the alpine and subalpine of BC. PCs contributed little to detected diversity in BC, but including
this method resulted in negligible increases in total time costs. Combining PCs with ARUs in Chile significantly increased
species detections, again, for little cost. 4. Combined methods were among the most efficient and accurate approaches to
capturing diversity. We recommend conducting observer point counts, where possible, when ARUs are deployed and retrieved,
in order to capture additional diversity and flag methodology biases with minimal additional effort.

Combining point counts and autonomous recording units improves survey efficacy across elevational gradients
on two continents

Anna Drake1*, Devin R. de Zwaan1, Tomás A. Altamirano1,2, Scott Wilson1,3, Kristina Hick4, Camila
Bravo5, José Tomás Ibarra2,6 & Kathy Martin1,4.
1. Department of Forest and Conservation Sciences, University of British Columbia, Vancouver, BC, Canada.
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ABSTRACT

1. Accurate biodiversity and population monitoring is a requirement for effective conservation decision-
making. Survey method bias is therefore a concern, particularly when programs face logistical and cost
limitations.

2. We employed point count (PCs) and autonomous recording unit (ARUs) to temperate mountain habi-
tats (9 mountains in British Columbia (BC), Canada and 10 in southern Chile). We compared detected
species richness against multi-year species inventories and examined differences in detection probabi-
lity by family. By incorporating time costs, we assessed the performance and efficiency of single vs.
combined methods.

3. ARUs were predicted to capture ~92% of species present in BC but only ~58% in Chile, despite Chilean
mountain communities being less diverse. Community, rather than landscape composition, appears to
be the driver of this dramatic difference. Chilean communities contain less-vocal species, which ARUs
missed6/14 families in BC were better detected by ARUs while 11/11 families in Chile were better
detected by PCs. Where survey conditions differentially impacted methods, PC detection varied over
the morning and with canopy cover in BC and ARU detection probability mostly varied seasonally in
Chile. Within a single year of monitoring, neither method alone was predicted to capture the full avian
community, with the exception of ARUs in the alpine and subalpine of BC. PCs contributed little to
detected diversity in BC, but including this method increases total time costs. Combining PCs with
ARUs in Chile significantly increased species detections, again, for little cost.

4. Combined methods were among the most efficient and accurate approaches to capturing diversity. We
recommend conducting observer point counts, where possible, when ARUs are deployed and retrieved,
in order to capture additional diversity and flag methodology biases with.

KEY-WORDS

autonomous recording units, point count surveys, avian diversity, biodiversity monitoring, elevational gradi-
ent, species richness, high mountain biodiversity, alpine

Species surveys are used to determine the presence, relative abundance, and diversity of taxa over space
and time (Roberts, 2011; Sauer et al., 2017; Schramm et al., 2020). cornerstone of ecological studies used
to identify biodiversity hotspots, infer the impact of natural or anthropogenic disturbance on communities,
assess the effectiveness of management practices, and identify important habitats for species of conservation
concern (e.g. Dorji et al., 2019; Friedlander et al., 2019; Ibarra & Martin, 2015; Rosenberg et al., 2017). For
effective conservation decision-making to occur, biases associated with any given survey technique should
be quantified and, where possible, corrected for. When abundance and diversity data are compared across
broad regions and divergent communities, any interaction between detection bias due to survey method and
the landscapes and/or communities being surveyed is a concern. The use of survey method can reveal such
problems and may increase project coverage and efficiency.
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For birds in terrestrial habitats, point counts have been the standard survey method for more than 80 years
(Ralph et al., 1995). Point counts employ 1-2 trained observers to identify and count birds by sight and
sound from a single location for a set period of time. Within the past 20 years, the use of autonomous
recording units (ARUs) as an alternative to point count surveys has become increasingly popular (Darras
et al., 2019). ARUs are installed at survey sites and record ambient sound that is then in the lab, with
species identified by their vocalizations either manually or using identification software. Both methods have
benefits and limitations as techniques for surveying avian diversity. Key among the benefits of point counts
is the ability to visually species (Acevedo & Villanueva-Rivera, 2006; Hutto & Stutzman, 2009; Vold et al.,
2017) and use distance to obtain better density estimates than can be assessed by audio alone (Shonfield
& Bayne, 2017). Because point countobservers can assess call direction and they outperform ARUs when
calls occur outside the ARU microphone(s) “line-of-sight” (Castro et al., 2019). ARUs, on the other hand,
overcome logistical constraints experienced by point counts that can impact species detections. ARUs can
collect data simultaneously from multiple sites, allowing projects to survey during peak diel activity for both
diurnal and nocturnal species (Goyette et al., 2011) and eliminating potential time bias present in point
counts (Darras et al., 2019). ARUs can be left in high latitude and high elevation habitats year-round and
programed to start recording in spring, before observers can access these regions (e.g. Shonfield & Bayne,
2017). They can, therefore, better-sample peak seasonal activity for resident species and detect shifts in
bird phenology (Klingbeil & Willig, 2015). Finally, as inanimate objects, ARUs are less likely to alter bird
behaviour (Shonfield & Bayne, 2017, Darras et al., 2019,but see Hutto & Hutto 2020.

Effort is a consideration for research programs. Point counts and ARUs differ in their time costs. A single
point count is completed in a single site visit. Establishing an ARU site and collecting data entails a minimum
of two site visits; however, ARU recordings can subsequently be intensively sampled without increased field
costs or increased site disturbance. ARUs can have notable drawbacks in terms of processing time in the
lab: without automated data processing, the time costs of uploading and interpreting audio files, replaying
sections of audio, and then transcribing observations is greater than for detections and transcriptions of
equivalent length point counts (e.g. this study; Celis-Murillo et al., 2009; Alquezar & Machado, 2015). Even
with automated processing, the need to proof output can eliminate any time advantages over manual scanning
(Joshi et al., 2017 but seeKnight et al., 2020).

Despite the fact that mountains support important bird diversity, most high elevation systems in the Americas
are poorly monitored (Boyle & Martin, 2015). Mountain habitats present challenging conditions in which to
conduct avian surveys. Access is often limited by difficult terrain, late snowmelt, and poor infrastructure.
Surveys may be disrupted by extreme weather. By necessity, mountain surveys are typically conducted in
a linear fashion upslope or downslope, creating time bias in point counts across elevation. Given their field
advantages, ARUs offer a compelling alternative to point counts at high elevation sites. Here we examine the
performance of ARUs and point count surveys in detecting and quantifying avian diversity across a gradient
of temperate mountain habitats in both North and South America. In both countries sampling encompassed
three structurally similar habitats: densely forested upper montane, open subalpine, and highly exposed
alpine. Using species detections at shared sites, we directly compare diversity index values and species
accumulation curves produced by these two methods. We investigate the underlying causes of differences
in diversity values obtained by each method by modeling method effects on the detection probabilities of
bird families within the two regions. In order to make recommendations for future monitoring protocols, we
examine the efficiency (time cost versus species detection return) of point counts and ARU sampling on their
own, and for combined-method protocols.

MATERIALS & METHODS

Study locations

In Canada, in 2019, we surveyed nine mountains in the D’ze Kant Bulkley Valley) and Kitimat-Stikine
regions of British Columbia (BC; 1000-1801 m elevation). In Chile, in 2018, we surveyed 10 mountains in
La Araucańıa and Los Ŕıos regions (1000-1700 m elevation). These sites fall within the traditional unceded
lands of the Wet’suwet’en, Gitxsan, and Tsimshian First Nations in BC and the Mapuche peoples in Chile.

3
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The farthest Boyle & Martin, 2015).

BC survey sites fall within biogeoclimatic zonesMountain Hemlock, Engelmann Spruce-Subalpine Fir, Boreal
Altai Fescue Alpine,nd Coastal Mountain-heatherBritish Columbia Ministry of Forests, Lands, Natural Re-
source Operations, and Rural Development, 2018). Montane habitat is primarily old growth . The subalpine
consists of woody shrubs, grasses and perennial herbs with some tree cover; the alpine is characterized by
the presence of fescue grasses, mosses, and lichens.

In Chile, montane habitats are dominated by old growth mixed broadleaf-conifer forests, with about 10
% mid-successional forest. Subalpine habitat is a mix of highland herbaceous meadows, shrubs, and sparse
patches of trees and/or krummholz. Perennial herbaceous plants, shrubs, few or no trees, and bare rock/scree
characterize alpine habitat. Vegetation structure varies within- and among-mountains based on natural
disturbance (i.e. volcanic eruptions) and/or land use history (Caviedes & Ibarra, 2017).

Point Counts

Surveys started at sunrise and ran until 1000to encompass peak bird activity. Each mountain was surveyed
using transects with five point counts in each of the three habitat types for a total of 15 point counts per
mountain. Point counts were separated by 200 m to avoid repeat counts of birds. During each 6-minute point
count, bird species and abundance was assessed by sight and sound with distance from the count centre
recorded at four intervals (0-25 m, 26-50 m, 51-100 m, >100m). Counts were repeated three times: between
May 30 – July 16 in BC, and between November 7 – December 21 in Chile to assess detection probability
and address seasonal variation in detection.

Acoustic recordings and analysis

Song Meter SM4 Autonomous Recording Units (ARUs; Wildlife Acoustics Inc. ©, Maynard, MA) with two
omni-directional microphones were deployed at two point count sites per habitat (six per mountain) in both
BC and Chile. ARUs were deployed at least two point count sites apart (>400 m). In BC, 36 units were
deployed for 10 – 25 days on six mountains, and for 33 – 37 days on the remaining 3 mountains, between June
3 and July 15. In Chile, 6 units were deployed on five mountains for 3 – 10 days each, between November 13
– December 28. ARUs recorded at a sampling rate of 24000 Hz in stereo wav format using default acoustic
gain settings for the microphones. Units were mounted on a tree several meters from the point count site,
or on a PVC pipe at ~1.5 m height in the alpine. ARUs were programmed to record 30-mins on, 30-min off
starting three hours before sunset, all night, and ending 5 hours after sunrise (16 x 30-minutes point counts).

Sound recordings were analyzed using Audacity® software (V2.3.0, Audacity Team, 2020). Two skilled
observers reviewed all the recordings in BC and bserver did so in Chile. All observers had experience con-
ducting point counts in the same regions. In BC, both observers analyzed five of the same recordings to
confirm detection consistency. Spectrograms were scanned manually in stereo format as the observer listened
to the recording. Species that were more difficult to identify were compared with recordings available on
bioacoustics libraries such as the Xeno-Canto Foundation (2019) and/or sent to other skilled ornithologists.

Two (BC) or three (Chile) different days were selected for sampling per site over the season. In BC, . If
a selected day had unfavorable conditions (wind or rain) that interfered with the audio, another day was
selected randomly. From the 30-minute audio recorded hourly between sunrise and four hours after sunrise
on these days, we randomly chose one, 6-minute interval to analyze (5 x 6-minute point counts/day). We
manually analyzed 1,150 x 6-minute ARU counts.

Abiotic Variables

During each point count, we collected abiotic information within a 50 m buffer of the point count site.
We collected temperature and wind speed using Kestrel 3500 weather meters (Nielsen-Kellerman Company,
PA, USA). We also recorded wind as a categorical variable (0-3). Additionally, we recorded percent canopy,
understory (vegetation ~30cm in height), shrub, tundra, snow, and rock cover and the percentage of the
ground covered with dead trees. Deciduous trees were more common in the canopy in Chile than in BC.
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Canopy cover values in Chile therefore increased with leaf-out during the season while values in BC were
static.

For each ARU count we also scored wind on the Beaufort scale (0 – 3) based on its interference with the
audio recording.

Statistical Analyses

Minimum species richness by habitat

We derived a minimum species richness for avian communities in each habitat using the most complete species
list compiled between 2017-2019 at our field sites. This list included species identified at point counts, while
walking transects between point count sites (K. Martin et al., ), as well as species identified in this study’s
ARU recordings. These values therefore represent the minimum known species richness for each community.

Species diversity indices by survey method

All analyses were completed R (R Core Team, 2019). For diversity indices, we restricted our datasets to sites
that were surveyed by both ARUs and PC methods (BC: n=52 sites, Chile: n=30 sites). We then produced
species accumulation curves for each method, using species incidence frequencies and the program iNEXT
(Hsieh et al. 2016). For ARUs, within-day hourly measures (dawn - 5 hrs after) were sampled independently
(BC: n=44-47 site-surveys/habitat/hour; Chile: n=30 site-surveys/habitat/hour) and were also pooled (BC:
n=220-236 site-surveys/habitat; Chile: n=150 site-surveys/habitat) for direct comparison with point count
survey data (BC: n=48-54 site-surveys/ habitat; Chile: n=30 site-surveys/habitat). Sample sizes are larger
for BC because we had access to more ARUs (see above). In both BC and Chile, diversity indices were
calculated for each accumulation curve at 97% sample completeness throughinterpolation/extrapolation.
This allowed for a fair comparison of the performance of each method (and each time period within ARU
counts) regardless of sample size/effort. We report two diversity metrics (Hill numbers): richness (q=0) and
the effective number of species calculated by the exponential of the Shannon-Wiener Index (q=1), plus their
84% CI (MacGregor-Fors & Payton, 2013) (Fig. 1). Richness is presented as the count of species captured
by either method. The exponential Shannon-Wiener value weights species by their frequency of occurrence
and therefore the importance of species detected only once or twice by either method.

We used the ChaoRichness function in iNext to predict the asymptote of the species richness accumulation
curves of each method (Chao, 1984). This value is the predicted final species richness detected by each
method if effort was increased. We compare these values to our minimum species diversity in each habitat.

Detection probability by method

For species that were detected by one method only, we assessed the probability that this was due to a
detection difference between methods versus chance using the Fisher’s exact test on the frequency of detection
by method across all site-surveys (Fisher, 1992).

Because we were also interested in generalizable patterns of detection, we pooled species into family groups
and assessed each family’s detection probability, by method, using the R package, ‘unmarked (Fiske &
Chandler, 2011; Table S2(A) and S2(B)). For point counts, detections at all sites were used for modelling
detection probability, including sites that did not have ARUs installed (BC: n=129 sites; Chile: n=150 sites).
The number of repeated surveys at each site ranged from 3 (point count only sites) to 23 (sites with both
ARU and point count data) (BC: n=1065 site-surveys; Chile: 900 site-surveys). We restricted the families
modelled to those that occupied at least 15% of sites in any of our three habitat types. Detection modeling
was restricted to those habitats where 90% of occupied sites occurred.

Because ARUs were repeatedly sampled within-day with spacing of ~ 1 hour (58 ±13 min), we expected
temporal autocorrelation between surveys within-site and incorporated this into our models using a first-order
Markov covariate (Wright et al., 2016).

Our base detection probability model was:
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detection ~ wind score + hours after sunrise + hours after sunrise2 + date + date2 + canopy cover + canopy
cover2 + temporal autocorrelation term

And site occupancy probability was modeled as:

occupancy ~ site elevation + residuals of canopy cover by elevation.

Canopy cover residuals were used in the occupancy model to account for co-linearity between elevation and
canopy (i.e. trees become more sparse at higher elevations). In Chile, canopy cover values at the time of
sampling were used for modeling detection to account for leafing-out, while maximum canopy cover at each
site (reflective of habitat type) was used for modeling occupancy.

To our base detection model, we added an effect of method (ARU vs. PC) on detection plus interactions
between method and 3 survey parameters where effects on detection were predicted to differ between ARU
and point counts. These were: canopy cover, hours after sunrise, and date. We tested the performance of
the basic model, the basic + method model, and the seven possible models that included combinations of
‘method x survey condition’. In total, nine detection models were tested for each bird family.

We selected the best model for each family based on QAIC, incorporating ĉ for the most complex model
(detection ~ basic model + method + all three method interactions) (Burnham & Anderson, 2002, MacKenzie
et al., 2017; Mazerolle, 2017). Goodness-of-fit tests were run for these best models and, where ĉ > 1, we
inflate the CIs accordingly. We do not present output for any family where ĉ > 4 (suggesting lack of fit;
Mazerolle, 2017) or where ĉ < 0.3 (indicating insufficient data). We report the 84% and 95% CIs: no overlap
at the 84% CI is consistent with a significant difference (P<0.05) between methods (Payton et al., 2003)
while the 95% CI represents the 95% CI of the actual detection probability. Further detail on detection
probability modelling is available in the Supplement.

e assessed the efficiency of single-method and mixed-method sampling protocols as the percent of the total
community detected as a function of hours of effort. For ARUs, site visitation and sample processing cost was
assessed at 40 min/site and 9 min/sample. For point counts, these values were 20 min/site and 7 min/sample.
When protocols were mixed, we assumed that the visitation cost was shared for ARUs and PCs, i.e. that
point counts were conducted when ARUs were deployed and/or retrieved. In protocols that involved 3
point counts per site, the additional point count incurred an additional visitation cost (20 min/site). We
randomly sampled ARU and point count surveys with replacement (10,000X) at each survey site to produce
a bootstrapped mean species richness detected (±SE) across all sites for different sampling intensities of:
ARUs alone (1-15 counts/site), point counts alone (1-3 counts/site), and point count plus ARU surveys (1
point count plus 1-15 ARU counts/site, 2 point counts plus 1-15 ARU counts/site, etc.). We identify the
“best” protocols as those that detected the greatest percentage of the total community for the least effort.

RESULTS

Species diversity indices

In BC, at 97% predicted community coverage, point counts and pooled ARUs obtained equivalent species
richness (q=0) in both the alpine and the subalpine (Fig. 1). Pooled ARUs obtained higher richness scores
than point counts in the upper montane. When species were weighted by their frequency of occurrence in
either dataset (q=1), the methods performed equivalently in the subalpine, but pooled ARUs outperformed
point counts in the alpine and upper montane (Fig. 1). Thus 3 of 6 comparisons in BC showed equivalent
performance for the two methods and 3 indicated ARUs were superior, particularly in the upper montane.

In BC, ARU detections were more likely to intersect with our lower estimate of the entire community than
point counts in the alpine and subalpine (Fig. 2). In the upper montane, predicted final species richness for
both methods did not approach our lower estimate of the entire community. On average, pooled ARUs were
predicted to capture 92% (range: 83-100%) of the entire community across all habitats. Point counts were
predicted to capture 73% (62-79%).
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In Chile, at 97% predicted community coverage, point counts obtained greater species richness (q=0) values
than pooled ARUs in the subalpine and alpine (Fig. 1). In upper montane forest, the richness obtained by
both methods was equivalent. When first order diversity (q=1) was assessed, point counts continued to be
better than pooled ARUs in detecting species diversity, outperforming ARUs in the upper montane as well.
Thus 5 out of 6 comparisons in Chile indicated that point counts outperformed ARUs; the sixth showed a
bias toward point counts, but was non-significant (Fig. 1).

For both methods in Chile, the predicted asymptotes of the species accumulation curves did not approach
our lower estimate of the entire community (Fig. 2). On average, pooled ARUs were predicted to capture
58% (range: 50-68%) of the entire community across all habitats. Point counts were predicted to capture
70% (57-78%).

In both regions, over the morning, dawn ARU counts detected lower or equivalent richness to counts later
in the morning (q=0, Fig. 1). The only exception was in the BC alpine, where dawn counts detected more
species than counts two hours after dawn (q=0, Fig. 1). Although dawn recordings were less rich, in Chile
they detected two owl and one nightjar species that were not detected later in the morning (seeTable S1(B)
and below).

Species identified by only one method

In BC, ARUs detected all of the species by point countplus an additional 16, or 28% of the total diversity
detected by both methods (Table S1(A)). Of these species, only Townsend’s solitaire (Myadestes townsendi
) was detected frequently enough by ARUs to indicate that the detection difference between methods was
not due to chance (Fisher’s exact test; P=0.02).

In Chile, 13 species, or 26% of the diversity captured by both methods, were detected by point count
observers but missed by ARUs (Table S1(B)). Most of these were raptors (6/13) and ground-tyrants (5/13;
Tyrannidae). Of these 13 species, 5 were detected frequently enough by point counts to indicate that the
detection difference between methods was not a product of chance (Fisher’s exact test; P<0.05). These
species were: Bar-winged cinclodes (Cinclodes fuscus), Dark-faced ground-tyrant (Muscisaxicola maclovianus
), Spot-billed ground-tyrant (M. maculirostris) , and Red-backed hawk (Geranoetus polyosoma) . species, or
8% of the diversity captured by both methods, were detected by ARUs but missed by point counts (Table
S1(B)). All of these species were nocturnal and all, with the exception of the Austral pygmy owl (Glaucidium
nana ), were detected only in dawn ARU recordings. None were detected frequently enough to exclude the
possibility that the detection difference between methods was due to chance.

Family-level detection probabilities by method

In BC, models supported an effect of methodology on detection for only 6 of the 14 families examined. The-
se were: finches (Fringillidae), sparrows (Passerellidae), warblers (Parulidae), kinglets (Regulidae), thrushes
(Turdidae) and corvids (Corvidae; Figs S1-S3). All six families were better detected by ARUs. Kinglets, warb-
lers and thrushes showed an interaction between methodology and hours after sunrise: detection probability
declined over the morning for point counts but remained consistently high for ARUs (Fig. S2). Warblers,
thrushes and corvids showed an interaction between methodology and canopy cover: detection probability
was more variable over the range of canopy cover for point counts than for ARUs (Fig. S3).

In Chile, detection models for all 11 families examined supported a methodology effect, with a higher de-
tection probability in point counts than in ARUs (Figs. S4-S6). Of these, six families showed an interaction
between methodology and date: ARU detection probability for swallows (Hirundinidae), hummingbirds (Tro-
chilidae), woodpeckers (Picidae), wrens (Troglodytidae), and parakeets (Psittacidaewas either lower early in
the monitoring period or exhibited a mid-season dip. The detectability of ovenbirds (Furnariidae), showed
a mid-season dip in point counts but not ARUs (Fig. S4). Ovenbirds additionally had lower detection pro-
bability for ARUs under conditions of high canopy cover. Swallows were better detected by point counts in
the mid-morning; wrens were more poorly detected by ARUs in the early morning (Fig. S5).

Protocol efficiency and performance comparisons
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In BC, species accumulation as a function of hours of effort was indistinguishable between ARU-only protocols
and one- and two-point count rounds plus ARU sampling (Fig. 3A). This was because point counts did not
contribute the total survey cost but, as shown above, they also did not contribute novel species to the
accumulation curve. Three-point count rounds and a mixed method that included point counts at this
intensity were the least-efficient sampling protocol in BC due to the increased cost associated with a third
site visit. Surprisingly, in BC, a single ARU count/site detected more species than two point counts/site in
the subalpine and more than three point counts/site in the alpine and upper montane, for less effort (13 vs.
14 hrs and 15 vs. 24 hrs, respectively; Fig. 3A).

In Chile, ARUs alone were less efficient than point counts alone and less efficient than mixed methods due to
the fewer species detections acquired by ARUs. This was particularly notable in the Chilean alpine, where a
single point count/site detected more species than 10 ARU counts/site and two point counts/site detected
more species than were detected at our maximum ARU effort of 15 counts/site, for less effort (4.5 vs. 22
hrs and 9 vs. 29 hrs, respectively; Fig. 3B). While species accumulation curves of mixed methods showed a
large degree of overlap, a minimum of two point counts/site supplemented with ARUs appeared to be the
best methodology for the subalpine and upper montane in Chile, and three point counts/site in the alpine
boosted species detections enough to warrant the additional visitation cost (Fig. 3B).

DISCUSSION

Avian surveys using ARUs can overcome major limitations experienced by point count methods. In our
study system, these include limitations associated with remote, difficult terrain and late snowmelt as well
as the disruption of surveys due to inclement weather. Such advantages potentially make ARUs a powerful
substitute for point counts (e.g. Darras et al., 2019). Our results here, however, indicate that ARUs should be
augmented by point counts: dual methods allowed us to identify detection differences between methods where
they were not anticipated. In this specific case, performance differences are likely attributable to differences
in community composition between regions (as we discuss below). More generally however, our results show
how dual methods enable monitoring programs to flag detection issues associated with survey method and
thus enhance comparisons across habitat types and ecosystems.

High mountain habitats in BC and Chile are structurally similar, yet ARU performance was markedly better
in BC than in Chile. This illustrates that avian community composition can matter as much as habitat
composition in influencing method performance. As in Klingbeil and Willig (2015), we believe differences
in detection probability that favour point counts in Chile are largely due to visual identification of species
rather than audio detection. Raptor diversity is higher in Chile than BC and this largely silent group
is best monitored by point counts. ARUs missed 6 raptor species that were picked up by point counts
(Table S1). Similarly, Tyrannidae) rarely vocalize: the Xeno-canto Foundation notes that, of all neotropical
genera, ground-tyrants and shrike-tyrants are the difficult to record. 5/9 tyrant species recorded in this study
were missed by ARUs. Changes in vocalization frequency may also drive the seasonal variation in ARU
detectability observed for 5/11 families in Chile. Song activity likely wanes when females are incubating or
when pairs are feeding young (Moussus et al., 2009); yet, these individuals may remain visible during point
counts when foraging. Interestingly, seasonal variation in detection probability was not supported for any
family in BC.

ARUs provide the ability to re-play audio in order to capture all calls and confirm species identity. In contrast,
point counts are more vulnerable to observer effects: individuals at point counts may miss species because
they subconsciously screen out certain calls (“window species”; Kepler & Scott, 1981), are overwhelmed with
the number of calling species (Celis-Murillo et al., 2009; Hutto & Stutzman, 2009), or because they mis-
identify difficult calls (Bart, 1985; Celis-Murillo et al., 2009). This may explain why ARUs perform well in
the species-rich upper montane (Fig. 1), and why a single ARU count/site in BC detected more species than
a single point count/site, despite observation effort being equivalent (6 min/site; Fig. 2A and Fig. 3A). Two
alternative explanations - that ARUs capture species’ peak activity because they sample a broader period
of the morning, or that ARUs fail to screen out songs originating outside of their focal habitat and therefore
overstate species diversity - were not well supported by our data. First, richness by hour showed no evidence
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of a peak in BC (Fig. 1A). Neither was there an ARU detection peak over the morning within-families (Fig.
S2). Warblers, thrushes and kinglets were all, however, less likely to be detected by point counts later in
the morning, pointing toward observer bias in point counts (Fig. S2). Secondly, as vocalizations tend to
carry upslope, we would expect ARUs near habitat transition zones to mis-assign species to higher elevation
habitats. Instead, ARUs in BC detected greater species diversity than point counts in upper montane habitat,
not in the subalpine or alpine (Fig. 1A).

The ability to collect large amounts of data from ARUs is one of their advantages and, because the collection
process itself is cheap, there is a temptation to obtain as much data as possible. However, the added time
cost per sample associated with processing ARU data, when compared to point count surveys, needs to be
carefully considered when planning monitoring protocols. Advances in automated processing may change
this calculation (e.g. Knight et al., 2020), but additional time costs associated with training algorithms and
proofing output still need to be considered (Joshi et al., 2017; Knight et al., 2017). Where ARUs perform
poorly, as in the mountains of southern Chile, repeated sampling does not improve survey coverage (Fig.
2B). In other words, ARUs, like point counts, may miss large portions of communities regardless of effort.
Programs should ascertain if this is the case before investing in increased ARU sampling. In this study,
increased effort involved increased sampling within-day: it is possible that sampling more days, with lower
effort within-day, would yield better returns. Detections of four nocturnal species in dawn ARU recordings
highlight the benefit of synchronous sampling across survey sites.

Our work aligns with smaller studies that conclude dual methods are advantageous across a range of habitats
(Celis-Murillo et al., 2009; 2012 (in specific cases); Tegeler et al., 2012; Alquezar & Machado, 2015; Vold
et al., 2017), as well as two larger studies within temperate and boreal forest (Holmes et al., 2014; Van
Wilgenburg et al., 2017). Our comparison across structurally similar habitats in different geographic regions
highlights the importance of the avian community, in addition to habitat, in impacting method performance.
We additionally show that the benefit-to-time-cost ratio of dual methods that employ 1-2 point counts/site
is comparable or better than single-method approaches. Because our study system has relatively low species
richness, our time costs for ARU transcription is relatively short. Where ARU processing is more time
consuming, the benefits of employing dual methods should be more pronounced.

CONCLUSIONS

Because point counts survey sites differently than ARUs, their dual employment can identify situations
where the performance of either method is strong or weak. When site visitation costs are shared, dual-
method surveys are efficient and can markedly increase community coverage. We therefore recommend that,
where possible, observer point counts be conducted when ARUs are deployed and when data are retrieved.
Additionally, if some ARU recordings and point counts are conducted in tandem, point count data can be
used to assess site-specific ARU detection radii (Van Wilgenburg et al., 2017; Yip et al., 2017). This would
allow for better estimates of species densities from the audio data and help identify ARU species detection
gaps (Vold et al., 2017). For occupancy studies, automated species detection software could then be used on
longer sections of audio to efficiently search for species that have low ARU detection probabilities (Tegeler
et al., 2012).
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FIGURES

FIGURE 1 Species diversity values (± 84% CI) obtained by point counters (blue points) and ARUs (pink
and red points) across three mountain habitats in British Columbia and southern Chile. Values presented
are species richness (Hill number (q) =0) and the effective number of species calculated by the exponential
of the Shannon-Wiener Index (Hill number (q) =1). All values are interpolated/extrapolated to 97% sample
completeness. Values for both hourly ARU counts (0-4 hrs after dawn) and full morning ARU data, pooled,
are presented. The grey line between hourly points is a spline fit to aid in visualizing potential temporal
trends. Significant differences between methods are indicated by a *

FIGURE 2 Species richness (q=0) accumulation curves for point counts (blue) and ARUs (red) across
three montane habitats in British Columbia and in southern Chile (± 95% CI). Dashed lines indicate the
predicted final species richness obtained by each method with increased effort. The solid orange line indicates
the minimum community richness based on multi-year habitat sampling (see Methods).

FIGURE 3 Efficiency of single-method and dual-method protocols as the bootstrapped proportion of the
community (mean ± SE) detected with increasing monitoring hours across mountain habitats in British
Columbia (BC) and southern Chile. Species detections were summed across all survey sites (BC: n=16-18
sites/habitat, Chile: n=10 sites/habitat) for each level of effort. Point count returns (blue points) range in
effort from 1-3 counts/site and are labelled. The ARU only protocol (red dashed curve) ranges in effort from
1-15 counts/site. Dual-method protocols (purple curves) range from 1-15 ARU counts/site and vary in point
count effort as labelled.
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point-counts-and-autonomous-recording-units-improves-survey-efficacy-across-elevational-
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gradients-on-two-continents
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