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Vega-Hidalgo Á and Sandoval L (2024) The
utility of passive acoustic monitoring for using
birds as indicators of sustainable agricultural
management practices.
Front. Bird Sci. 3:1386759.
doi: 10.3389/fbirs.2024.1386759

COPYRIGHT

© 2024 Molina-Mora, Ruı́z-Gutierrez,
Vega-Hidalgo and Sandoval. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 23 August 2024

DOI 10.3389/fbirs.2024.1386759

Frontiers in Bird Science
The utility of passive acoustic
monitoring for using
birds as indicators of
sustainable agricultural
management practices
Ingrid Molina-Mora1,2*, Viviana Ruı́z-Gutierrez3,
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Agriculture, which is spreading rapidly, is one of the major effectors on

biodiversity – generally contributing to its decline. In the past few decades,

most research efforts have focused on the impact of industrial agriculture on the

environment and biodiversity. However, less attention has been paid on

examining the impact of sustainable agricultural management practices on

biodiversity. Challenges include the disruptive nature of some practices (e.g.,

agrochemical application) and the timing of others (e.g., tree pruning). Here, we

highlight the value of passive acoustic monitoring in assessing the impact of

agricultural management practices on biodiversity, using birds as indicators. We

outline key considerations, including bird ecology and behavior, ARU sampling

protocols, and data management. To demonstrate our approach, we present a

case study from a coffee landscape in Costa Rica, where we analyzed the effects

of pruning and pesticide application over two years. By focusing on selected

focal species and using a subsample of the total hours recorded in combination

with a mobile app for annotations, we found that pruning negatively impacted

most species, while pesticide application adversely affected all species studied.

Our methodology leverages technology to evaluate the impacts of agricultural

management practices, offering insights to guide and assess sustainable

agricultural strategies aimed at balancing biodiversity conservation with human

well-being.
KEYWORDS

autonomous recording units, mobile app, citizen science, coffee farm, sampling
protocol, species occurrence, vocalization analysis
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Introduction

Agriculture is indispensable for meeting the global demand for

food and has impacted over 38% of the Earth’s surface (Ramankutty

and Foley, 1999; Ramankutty et al., 2008; Dixon et al., 2020).

Currently, habitat loss and degradation as a direct result of

agriculture are signaled as the main drivers of biodiversity loss

(Ruiz-Gutiérrez et al., 2010; Foley et al., 2011). However, not all

agricultural production methods have the same impact on the

environment (Laurance et al., 2014). Large-scale monocultures

(e.g., bananas, pineapple, soybeans, palm oil, rice, and sugarcane)

can transform significant tracts of land, increasing soil erosion,

water consumption, pollution by agrochemicals, and loss of natural

habitats (Fayle et al., 2010; Obando, 2017; Carlson and Garrett,

2018; Dhandapani et al., 2019). Perennial crops (e.g., coffee, cacao)

can be grown mitigating habitat degradation but often still lead to

water pollution and soil erosion due to the number of

agrochemicals that are often used in production (Martin-Gorriz

et al., 2020). One solution to offset the impacts of agriculture is

agroforestry practices, which tend to incentivize agricultural

production with native vegetative cover, most often native trees,

and this helps mitigate habitat loss while often having co-benefits of

reduced soil erosion, higher retention of soil nutrients, increased

productivity, and reduced pesticide loads (Waldron et al., 2017).

However, inherent in most agricultural practices in the tropics

is a decrease in the diversity and abundance of native species, given

that even the most sustainable or regenerative agricultural practices

can supplement but not completely replace the resources and

conditions that species need and evolved with (Quinn et al., 2014;

Kross et al., 2018; Evers et al., 2018). Agriculture also often

generates novel, disturbed habitats that are more easily exploited

by non-native or generalist species, which can often harm native

species (Stanton et al., 2018; Sandoval, 2019; Olimpi et al., 2020).

Other impacts of agricultural lands related to human disturbance

can also have detrimental effects on species abundance, such as

noise pollution from humans or farm equipment (Reijnen et al.,

1996; Francis et al., 2012; Sánchez et al., 2022).

There is a wealth of knowledge on the impact of agricultural

practices on species richness and abundance, even though there are

often challenges related to how to best define a control or reference

site (Daehler, 1998; Hazell et al., 2004; Fischer and Lindenmayer,

2007). Agricultural landscapes are often already degraded, and it is

hard to identify a true community of reference (Mortelliti et al.,

2010; Lindenmayer and Fischer, 2013). The source populations for

species in agricultural lands are often those that are tolerant to

disturbances already unless the landscape still has a significant

amount of remnant habitat patches or it has not been modified for

more than a few decades through small-scale agriculture (Weibull

and Östman, 2003; Scales and Marsden, 2008; Duflot et al., 2017).

However, to properly assess the impact of agricultural practices on

biodiversity and evaluate and guide more sustainable, regenerative

practices, we need to better define the reference landscape and

species community to best determine which species might be

suitable for use as indicators of sustainability.

In addition to defining what species might best serve as

indicators of sustainable practices or higher quality habitat for a
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specific agricultural sector, there are spatial and temporal aspects to

consider that are related to the nature and timing of agricultural

management practices. For example, when crops are perennial, only

the leaves or fruits are harvested (e.g., coffee, citrus, olives, cocoa).

These types of crops allow plants to be partially pruned without

removing the entire vegetation cover from the farm, and wildlife can

often exploit vegetation remnants (Santos and Tellerıá, 2006;

Estrada-Carmona et al., 2019). Aside from a few studies, not

much is known about how the nature and timing of agricultural

management practices influence species diversity and abundance.

However, this knowledge is just as critical for measuring the impact

of agricultural practices on biodiversity conservation (Malone et al.,

2018; Yager et al., 2023). For example, in Malaysia, the selective

pruning of oil palm canopy has been shown to increase the number

of bird guilds driven by increased light penetration into the

understory (Azhar et al., 2013).

Monitoring the effect of agricultural management practices is

more challenging relative to monitoring the impact of an

agricultural practice on its own. The timing of on-the-ground

agricultural management practices often varies by farm and is

influenced by factors that are difficult to predict such as weather

or availability of farm workers. To properly monitor the impact of

agricultural management practices, constant-effort approaches

would be needed to collect data before, during, and after the

practice given that the timing of these events is unknown. The

increased popularity of non-invasive biological monitoring

methodologies has opened up many avenues of opportunity for

carrying out the types of intensive monitoring efforts that would be

needed to measure the impact of agricultural management

practices. For example, Pelletier-Guittier et al. (2020) used camera

traps to identify what factors most influence the use of hedgerows

by mammals from late spring to early fall, to best inform how these

should be managed in agricultural landscapes. Such inferences

would be difficult to obtain using more traditional field

sampling methods.

The increased popularity of automatic recording units for

monitoring species with high vocal activities, such as birds, has

greatly reduced the cost of conducting more intensive monitoring

efforts, both temporally and spatially (Shonfield and Bayne, 2017;

Pérez-Granados and Traba, 2021). The increased cost-effectiveness

of automated recording units (ARUs) allows researchers to collect

inordinate amounts of data from just a handful of recorders in the

field (Darras et al., 2019). However, there is a trade-off between the

resources needed to properly store, manage, and process such large

quantities of data and the total cost of generating the same

information using more traditional field methods. Here, we use a

case study using ARUs for monitoring the effect of agricultural

practices related to coffee production using birds as indicators. First,

we will provide an outline of the main factors to consider when

monitoring the effect of agricultural management practices using

ARUs and birds as indicators. Second, we present a case study using

avian detections collected using ARUs to evaluate the impact of two

agricultural management practices in coffee farms: pruning and

pesticide application. Lastly, we present a mobile application that

leverages crowdsourcing as a means for ARU recordings to generate

species detection data.
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Factors to consider when using ARUs
and birds as indicators to evaluate the
impact of agricultural
management practices

There are several key factors to consider when using ARUs to

measure the effects of agricultural practices on biodiversity using

birds as indicators. We present these factors as part of three main

categories: 1) factors for selecting the focal species, 2) factors for

defining the sampling scheme for the ARUs, and 3) factors for

determining how to most effectively analyze the recordings.
Factors for selecting focal species

When selecting focal species, the annual cycle needs to be

considered. The large majority of bird species follow a breeding

season cycle (Sharp, 1996; Carey, 2009), and vocal activity can vary

throughout the year driven by seasonal differences in calling rates,

such as during the breeding season (Catchpole and Slater, 2003).

Some species have migratory periods (latitudinal or altitudinal),

which result in all or most individuals abandoning a site during part

of their annual life cycle (Barcante et al., 2017). This variation needs

to be considered in the context of the timing of farm agricultural

management practices of interest (i.e., pruning or harvesting) in

order to associate changes in calling rates directly with a specific

farmmanagement practice (for more details on seasonal transitions,

please see Supplementary Materials).

Duty cycle, the proportion of time that birds vocalize during the

day compared to the total time for other activities (Staicer et al.,

1996), should also be considered for selecting focal species. Most

bird species have two peaks, i.e., an early dawn chorus and a chorus

at dusk around sunset, and not all bird species exhibit both types of

choruses (Staicer et al., 1996; Bruni et al., 2014; Farina and Ceraulo,

2017). Activity peaks during the dawn and dusk chorus have also

been shown to vary depending on the weather conditions, daylight,

or temperature (Hutchinson, 2002; Bruni et al., 2014; Marıń-Gómez

and MacGregor-Fors, 2021). For example, if the morning is cold,

cloudy, and with high levels of precipitation, vocal activity has been

shown to be delayed for up to an hour, and the timing of ARU

recordings should account for that variation. Changes in daylight

will also change the timing of vocal activity, even for tropical

regions (Staicer et al., 1996; Hutchinson, 2002; Bruni et al., 2014;

Marıń-Gómez and MacGregor-Fors, 2021).

The differences in species presence and abundance and its

fluctuation during the day in agricultural environments will likely

influence the detection of certain species. Detectability and vocal

activity will be affected also by weather, resource availability, and

disturbances (e.g., coffee harvesting) (Thomas et al., 2020; Morelli

et al., 2022). Information on natural history and behavior can be

used as well as the informed criteria of an expert, but in general,

species that tend to be quiet or only vocalize in very specific

situations may not be useful, as well as species that can be

detected at distances longer than the area of study where the

agricultural management practices are being evaluated.
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The species selected to evaluate the effects of a given

management practice should represent the main foraging guilds

(e.g., frugivores, carnivores, nectarivores, or insectivores) that are

likely to be influenced by the specific management practice of

interest. For example, foliage gleaners are insectivores and are

more likely to be affected by the application of foliage

agrochemicals such as fertilizers or insecticides, relative to

fertilizers that are applied on the ground (Alharbi et al., 2016).

The foraging strata (e.g., canopy, lower understory, leaf litter, tree

trunks, or branches) should also be taken into consideration, given

that species that forage on leaf litter or coffee branches are likely to

be more affected by heavy pruning for example (Dietsch

et al., 2007).

The main barrier that exists currently is the high level of effort

that needs to be invested to carry out all of the annotations needed

to detect all the species in a community, especially considering that

it has been shown that manual detection has higher accuracy and is

more time-efficient, in specific cases like for species that have several

song types per individual, and song types varied between

individuals and geographically (Venier et al., 2017; Joshi et al.,

2017; Cole et al., 2022). Therefore, selecting a small number of focal

species will be more informative and more likely to yield

robust inferences.
Factors for defining an optimal ARU
recording protocol

The factors for defining an optimal ARU recording protocol

begin by answering the question of when to record; as previously

discussed, different bird species in the community are likely to have

different responses to the same management practice depending on

their ecology and natural history (Vickery et al., 2001; Kirk et al.,

2011; Alharbi et al., 2016). If the goal of the study is to understand

the responses of a couple of species to agriculture practices, the

programming of ARUs should be guided by previous knowledge on

the vocal activity of those species. If the focal bird species tends to

vocalize mostly during the dawn chorus, limiting the recording to

only the dawn chorus will save 50% of storage capacity and battery

life by reducing the total recording time from 5 h/day to 3 h/day. An

advantage of focusing primarily on the dawn chorus for recording is

that weather conditions tend to be more stable and predictable

relative to the dusk chorus and daylight hours at sunset tend to be

influenced by the degree of cloudiness, ultimately reducing the total

sampling period for the dusk chorus (Staicer et al., 1996). In

addition, more stable temperatures and lower average wind

speeds at dawn have been found to increase the sound

transmission of bird vocalizations (Catchpole and Slater, 2003)

(For more details on when to record and the suggested duration of

the recordings, please refer to the Supplementary Material).

The number of ARUs per unit of inference is also a matter of

efficiency, and one ARU deployed per plot (1,000 m2 to 2,500 m2)

should be sufficient to monitor the effects of agricultural practices

on bird vocal activity If agricultural management practices and

conditions differ between plots (e.g., large farms), multiple plots can

be monitored. Care should be taken when using more than one
frontiersin.org
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ARU per plot, since placing ARUs too close to one another might

cause the detection of the same vocalization more than once,

especially species that vocalize loudly and can be heard for long

distances or species with very large territories (>1 ha). In this case,

an intensity threshold can be defined to select which sounds are

taken into account when analyzing the data in a spectrogram.

However, if the goal is to compare two treatments (e.g., two

different pesticide active ingredients applied in similar plots of the

same farm), or two vegetation types in the same plot (e.g., the plot

matrix and the living fence), then paired ARUs could be used to

detect differences in bird activity between those treatments or

vegetation types.
Factors to determine how to best analyze
the recordings

Finally, factors to determine how to best analyze the recordings

include acoustic data storage. Acoustic monitoring with ARUs

requires a significant investment in data management that can

often be challenging. The size of a small-scale deployment can easily

result in terabytes of recorded audio files. As a result, compression

and transfer operations can often last multiple days and require

expertise in big data management (e.g., parallel processing). The

sound recordings should be first backed up to a single local hard

drive as WAV files directly from the SD cards of the ARUs. Second,

compressing these files to FLAC 1.4.3 is recommended, a format

that maintains the audio properties without data loss and allows a

file size compression of up to 70%. This type of compression rate

makes it an ideal format for bioacoustics because it is commonly

supported by bioacoustics data processing tools (MacPhail et al.,

2024). Once the data are backed up in two hard drives using the two

different formats (WAV and FLAC), the SD cards can be cleared

and used again.

Analyzing large datasets of acoustic recordings from ARUs can

be challenging, especially when the interest is being able to detect

the entire avian community (Brandes, 2008; Digby et al., 2013;

Darras et al., 2019). Overall, community-level analyses can involve a

combination of computational methods, signal processing

techniques, machine learning algorithms, and an efficient

computing system to optimize the duration of processing and

analysis (Brandes, 2008; Darras et al., 2019). In addition,

analyzing ARU data often involves very specialized personnel,

who identify and annotate all or a set of focal bird species present

in the recordings, depending on the type of analysis that will be

used: a trained detection algorithm or raw annotated data (Digby

et al., 2013; Sugai et al., 2019). Both of these approaches can be time-

consuming and are two of the main barriers for addressing research

questions using ARU data.

The general type of data analysis is an approach most

commonly used when researchers are interested in detecting all

species in a bird community in the study area. The first step is to

preprocess raw audio recordings to enhance the quality of the data

and facilitate analysis. Second, audio recordings are segmented into

smaller units to facilitate data management and analysis (e.g.,

Brandes, 2008; Priyadarshani et al., 2018). The last step is
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classification (annotation and labeling), which is conducted

manually or semi-automatically by annotating specific

vocalizations or just the presence of a species. There is a wealth of

knowledge on guidelines and challenges on the topic (e.g., Zwerts

et al., 2021; Stowell, 2022) of how classification is sorted and is

critical for training machine learning models to properly detect

species and increase the accuracy of the overall analysis and others.

The reduced type of data analysis uses a subsampling of all

recordings and only targets focal species (see below for the selection

criteria of those species). For this approach, raw audio recordings

are preprocessed and segmented recordings into smaller units, as

above. The main difference lies in the fact that annotation and

labeling are typically conducted manually and restricted to focal

species vocalizations, including calls and songs. This restricted

analysis can usually increase the number of potential annotators,

as the level of expertise required can be lower. Automated

detections can also be used since focusing on training the

algorithm to detect a handful of focal species can usually be done

a lot more effectively.

The abovementioned reduced analysis includes manual

annotation and identification of bird detections. For this analysis,

5% of all recordings in the same type of habitat for annotation are

selected. The recordings come from ARUs with the same recording

effort, avoiding those that fail or do not properly record the entire

sampling period. If recordings lasted 5 or fewer days, all of the

recordings can be used, if not, select 5 days randomly. For the

selected 5 days, 1 h per day is analyzed, usually chosen to match the

duty cycle peak of the focal species of interest. For that hour, all

species present are annotated. Subsequently, different time windows

from that hour are selected, and the species that are present within

each time window are annotated (see Table 1 for time window

recommendations). The list of species detected in each time window

combination is then contrasted relative to the total species that was

detected during the full 1-h file. This step can help identify which

time window gives more than 75% of all species detections in

community detection and 100% of the focal species.
Case study: evaluating the effects of
agricultural management practices in
coffee farms on biodiversity using
birds as indicators

We present a case study where we considered the

abovementioned factors for evaluating the effect of agricultural

management practices in coffee using birds as indicators. Coffee

production overlaps broadly with biodiversity hotspot regions

worldwide (Jha et al., 2014). The presence of birds can reduce

crop damage and pest abundance while increasing crop yield in

perennial crops such as coffee (Dıáz-Siefer et al., 2022). Birds have

also been shown to be good indicators of sustainable practices in

coffee and other agricultural systems (Estrada-Carmona et al., 2019;

Alvarez-Alvarez et al., 2022; Moreau et al., 2022). There is a wealth

of knowledge about how different types of coffee production

systems (e.g., sun coffee, shade coffee) affect biodiversity and
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migratory bird species in particular (Perfecto et al., 2014). However,

coffee production systems are often not easily categorized as either

sun or shade coffee, since there is a wide range of density of trees,

and a variety of species, used as shade in coffee plots (Toledo and

Moguel, 2012). Although some of these differences have been

explored, a lot less attention has been paid to other practices that

also impact biodiversity.

For example, the timing of harvest season in coffee farms (e.g.,

February and April in Costa Rica) overlaps with the timing of when

North American migratory birds pass through the isthmus on their

way back to their breeding grounds (February–March). Harvest

season also overlaps with the beginning of the reproductive season

for most Neotropical resident bird species (April–June) (Skutch,

1950). During the harvest season, several different techniques of

pruning coffee plants are used (e.g., pruning the entire plot, pruning

every other row of plants in a plot, pruning only the branches, or

pruning the entire plant at knee level). Each pruning method is

likely to have a different impact on bird species that nest on coffee

plants or use the coffee plot to forage. In Costa Rica, most plots

prune plants every two rows, or they do so only selectively (e.g., only

the plants that were assessed as damaged). Therefore, coffee plots

are never stripped of their vegetation cover completely, unlike other

regions where this is more commonplace (e.g., Colombia).

Another management practice in coffee farms that is likely to

impact bird species on coffee farms is the application of pesticides,

which can impact bird habitat use through the mechanical act of the

application itself or through the impact of the pesticides that are being

used. Some of the agrochemicals that are currently used in coffee

systems are known to be highly detrimental to wildlife. For example,

the harmful insecticide chlorpyrifos (Table 2) which is used in Costa

Rica to combat the coffee borer, Hypothenemus hampei, has the

potential to bioaccumulate in bees and fish, affecting development,

fertility, and survival (Thomas and Mansingh, 2002; Arroyo Rivera,

2022). This insecticide can also impact migratory bird species such as

white-crowned sparrows (Zonotrichia leucophrys) by impacting their
Frontiers in Bird Science 05
ability to orient and navigate, due to the disruption of acetylcholine

transmission and other neurotoxic effects (Eng et al., 2017).

Fungicides, such as pyraclostrobin and epoxiconazole, are known

to be easily washed into surface waters and aquifers when rains fall,

resulting in the pollution of many other ecosystems (Soares et al.,

2017; Hoff et al., 2019). In addition to the known direct impacts that

agrochemicals have on birds, these also eliminate many other non-

pest insects that are a vital food source for many groups of birds.

Therefore, our objective with this case study is to estimate changes in

bird habitat use in response to pruning and the application of

agrochemicals, using ARUs as a method for evaluating and

informing agricultural management practices. Additionally, we

aimed to test an alternative tool for the identification and

annotation of bird sound: the Euphonia app. If coffee pruning and

agrochemical applications negatively affect bird habitat use, we expect

to observe less occurrence of bird species after pruning and

agrochemical application.
Methodology

Study site

We carried out our study in a coffee landscape approximately

1,200 m elevation in the San Ramón Valley, Costa Rica, in 2021. All

of the farms we selected were subject to similar incentives for

regenerative agriculture and did not vary much in terms of elevation

and other confounding factors. We selected 40 farms in this

landscape using a phased stratified sampling design largely based

on farm size (farm sizes are between 1 and 12.6 ha.), aboveground

biomass at 30 m resolution (Baccini et al., 2012), and percentage of

forest in the surrounding landscape with a resolution diameter of 25

m and an accuracy of 2.3 cm (Duncanson et al., 2020). We deployed

one ARU per coffee plot per farm for all 40 farms during two 40+

day periods: 45 days between January and March during the
TABLE 1 Sampling method selection summary of 1-h recordings of two recorders.

Total species Total species %
Species Species

selected %selected

NP26 NP40 NP26 NP40 NP26 NP40 NP26 NP40

60 min 33 37 100 100 5 5 100 100

20 min (20 randomized) 25 27 75.76 72.97 5 5 100 100

20 min (first 15 min + 5 min randomized) 23 26 69.7 70.27 5 5 100 100

20 min (first 10 min + final 10 min) 27 20 81.82 54.05 5 5 100 100

30 min (first 10 min + middle 10 min + final 10 min) 31 28 93.94 75.68 5 5 100 100

20 min (first 10 min + 10 min randomized)a 29 29 87.88 78.38 5 5 100 100

25 min (first 15 min + 10 min randomized) 28 31 84.85 83.78 5 5 100 100

30 min (first 15 min + 15 min randomized) 25 27 75.76 72.97 5 5 100 100

30 min (first 20 min + 10 min randomized) 30 31 90.91 83.78 5 5 100 100
fro
aSample method selected to analyze each of the recording hours.
Values in bold are those where over 80% of species were detected.
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pruning season and 41 days between July and August 2021 during

the agrochemical application season.
ARU deployment

We selected one plot per farm since plots were management

units within a farm and were physically divided by living fences and

subjected to different agricultural management practices. A total of

40 ARUs were installed 3 m aboveground on tall trees in the middle

of each plot, surrounded by a homogeneous coffee habitat (e.g.,

shade coffee, sun coffee, or organic coffee) of a radius of at least 50

m. To avoid border effects and disrupting noise being detected in

the recorders, each plot selected was at least 200 m away from a

main road and 100 m away from a secondary road. The trees in

which the recorders were installed were not subject to any

management practice. Each ARU was programmed to record

during the morning chorus, 30 min before dawn and 3.5 h after,
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for a total of 4 h/day (from 4:30 to 8:30 h). To register bird

vocalizations during seasons when different agricultural practices

were applied, the ARUs were set to record for 45 days between

January (pruning season) and March and 45 days between July and

August 2021 (agrochemical application season). Farmers were

asked to annotate the dates when each of the agricultural

practices (e.g., pruning of coffee trees and application of

agrochemicals) was conducted. The types of agrochemicals

applied can be found in Table 3.
Acoustic data storage

We developed and used the R package named soxr (Vega-

Hidalgo, 2024) to compress the audio files to FLAC. We used soxr

because it is executable on a per-deployment basis, instead of sox-o-

matic that can only be used on a per-recorder basis (Center for

Conservation Bioacoustics, Cornell Lab of Ornithology 2024).
TABLE 2 Empirical detection mean, standard deviation, and standard error for six species of birds, before and after each deployment period.

95% HDI

Species Period n x Mean SD SE

Cabanis’s wren Pruning Before 214 116 0.5414 0.0340 0.0003

After 371 180 0.4851 0.0256 0.0002

Agrochemical
application

Before 103 45 0.4372 0.0480 0.0004

After 307 122 0.3983 0.0277 0.0002

Rufous-breasted wren Pruning Before 217 84 0.0388 0.0325 0.0003

After 368 136 0.3698 0.0252 0.0002

Agrochemical
application

Before 169 125 0.7371 0.0333 0.0003

After 282 159 0.563 0.0293 0.0002

White-eared
ground sparrow

Pruning Before 214 137 0.6385 0.0322 0.0003

After 371 211 0.5683 0.0256 0.0002

Agrochemical
application

Before 103 91 0.8761 0.0324 0.0003

After 299 147 0.4915 0.0287 0.0002

Chestnut-
capped warbler

Pruning Before 237 110 0.4636 0.0320 0.0003

After 348 200 0.5737 0.0264 0.0002

Agrochemical
application

Before 103 86 0.8291 0.0363 0.0003

After 315 135 0.4290 0.0274 0.0002

Red-
tailed hummingbird

Pruning Before 214 58 0.2732 0.0301 0.0002

After 371 88 0.2385 0.0222 0.0002

Agrochemical
application

Before 26 4 0.1784 0.0711 0.0006

After 138 13 0.0998 0.0254 0.0002

White-tipped dove Pruning Before 213 59 0.2792 0.0311 0.0003

After 327 60 0.1855 0.0213 0.0002

Agrochemical
application

Before 138 28 0.2077 0.0343 0.0003

After 231 30 0.1329 0.0223 0.0002
n represents the sample size and x the positive detections.
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These tools not only assist in the compression process but also in

the renaming of files (For more information on the storage method,

see the complementary material).
Selection of focal species

Approximately 6 focal species were selected for this study, out of

40+ species detected in the base recordings, to represent the effects

of agricultural management practices on avian habitat use based on

the following: 1) species frequently detected in coffee plots on

previous surveys that represent different foraging guilds or

foraging strategies (nectarivores, granivores, insectivores,

understory gleaners, and soil scratchers), 2) species detected in

the recordings vocalizing within the coffee plots and have distinctive

calls and songs, and 3) resident species that were going to be present

year-round during the execution of the different agricultural

management practices. For this case study, we selected six species

that met the criteria outlined above. The selected species were as

follows: 1) rufous-tailed hummingbird (Amazilia tzacatl), a

nectarivore which is a current nester on coffee plants; 2)

chestnut-capped warbler (Basileuterus delatrii), an insectivore

known for eating the coffee berry borer beetle and frequently

detected on coffee farms (Chain-Guadarrama et al., 2019); 3)

white-tipped dove (Leptotila verreauxi), a species that forages by

scratching the ground surface between coffee rows; 4) rufous-

breasted wren (Pheugopedius rutilus), an insectivore and gleaner

that is not as common; 5) white-eared ground sparrow (Melozone

leucotis), a species that feeds mostly of seeds on the ground and is

territorial and commonly found in thicket habitats (Stiles et al.,

1989); and 6) Cabanis’s wren (Cantorchilus modestus), a common

insectivore in coffee farms.
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Annotation of species detection

We used the Raven Pro 1.6 sound analysis software (Cornell

University Laboratory of Ornithology) to annotate each time a

species was detected on a 20-min sample within each hour of

recording per day (reduced analysis approach). We used the unique

six-digit species code for the annotations. Only the vocalizations

evident in the spectrogram were included; signals that could be

barely heard in the background were excluded. If the vocalization

recurred at intervals shorter than 5 s, the entire sequence of calls was

recorded within a single annotation box, capturing all occurrences

of the vocalization. If the vocalization could not be effectively

identified as one of the focal species but is suspected to be, a

question mark was placed instead. All annotators used the same

Raven presets to generate and navigate spectrograms.

Additionally, we designed a mobile application called Euphonia

(see Supplementary Material). This approach also allows for more

than one person to collaborate on annotating a recording at a time

and shows promise in engaging with local stakeholders in the

annotation process. The app allows for the annotation of

recordings using a mobile device, and the same presets are

available anywhere you can access an internet connection. The

addition of having focal species as “presets” was time-efficient since

it did not require the user to enter the species code manually when

saving each annotation box.
Statistical analysis

To determine if there was a significant difference in habitat use

by the target bird species before and after each management

practice (e.g., comparison of two proportions or A/B test), we

used a Bayesian test of proportions using Bayesian First Aid and

Rjags packages in the R Statistical Computing Environment (R Core

Team, 2023). The test of proportions is a robust approach that

allows us to test for differences in habitat use, even when there are

differences in sampling effort (Keysers et al., 2020). The test of

proportions estimates the probability of an event (e.g., posterior

mean) and 95% credibility interval. To run the test of proportions,

we created a species-specific matrix of detection and non-detection

events before (A) and after (B) each agricultural practice. We then

estimated the posterior mean of the probability of detecting a

species (Q) in a coffee plot before (Q1) or after (Q2) the

management intervention. We generated 5,000 MCMC samples

for each test and presented the posterior mean and 95% credibility

interval. We also estimated the difference between the posterior

means (Q1 − Q2) to estimate the magnitude of the change in the

probability of detecting a species, and the % value is the proportion

of posterior estimates that are higher in a coffee plot before

(posterior distribution of Q1) the management practice (posterior

distribution of Q2), which can be interpreted as the probability that

the management practice negatively influenced habitat use by a

species, expressed as a percentage.
TABLE 3 List of agrochemicals applied during the study and the
frequency they were mentioned by coffee producers.

Type Description Brand Frequency

Fertilizer Organic soil fertilizer (manure) – 0.15

Chemical soil fertilizer (N, P, K) – 0.2

Chemical foliar fertilizer (N,
P, K)

Milagro 0.75

Herbicide Methyl viologen Paraquat 0.55

Nicosulfuron 40 g/L Quitamata
4

Insecticide Zeta-cypermethrin Furia 1

Chlorpyrifos Tifón

Fungicide Validamicin A Cepex 0.5

Cyproconazole Atemi

Epoxiconazole
and pyraclostrobin

Opera
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Results

We obtained 13,760 h of recordings during two sample periods

and analyzed a subset of 1,720 h as per the reduced analysis

approach (above). By reducing the data to be analyzed to 12.5%

of all collected data, we increased the feasibility of the annotation

process. The annotation process still amounted to approximately

1,590 h of annotations using Raven Pro. Our successful use of the

Euphonia mobile application for annotations resulted in a

reduction of total annotation time and divided the annotation

into smaller periods of effort, achieving a more efficient use of

time. Our results on the probability of detecting the focal species

before and after the management practice showed a prevalent

negative effect for most species for pruning and a more consistent

negative effect for pesticide application (Figures 1, 2). We focused

on the detection/non-detection of species before and after

agricultural practices which means that our results are not
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affected by the number of vocalizations for each species, but our

ability to detect an effect could be influenced by the sample size for

each species. For example, the rufous-tailed hummingbird was

detected in only four ARUs before the application of

agrochemicals (Table 2); however, there is an 82% probability

that there was an effect on this species (Figure 2). White-eared

ground sparrows had the highest number of detections out of all

focal species during all sampling events (Table 2).

The estimated probability of habitat use (Q) was lower after

pruning for most species, except for the chestnut-capped warbler.

For the Cabanis’s wren, white-eared ground sparrow, and white-

tipped dove, the posterior means of the probability of habitat use

before pruning (Q1) were higher than the probability of habitat use

after pruning (Q2) with all probabilities of this effect above 90%

(Figure 1). Rufous-breasted wren and rufous-tailed hummingbird

had lower values, but the probabilities of the effect were lower (66%

and 82%, respectively). For the chestnut-capped warbler, the
FIGURE 1

Density curve of the posterior distribution of the probability of habitat use (Q) during the pruning season for each one of the six species of birds. Q1
corresponds to the “before” values in a solid line and Q2 to the “after” values in a dotted line. The difference in posterior mean values (Q1 − Q2)
represents the magnitude of the change in the probability of detecting a species, and the % value is the proportion of posterior estimates that differ
in Q1 relative to Q2, which can be interpreted as the probability that pruning did reduce or increased habitat use by a species.
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probability of habitat use after pruning (Q2) was higher than Q1
(before pruning), with a 99.6% probability of this effect (Figure 1).

The estimated probability of habitat use (Q) was lower after the
application of agrochemicals for all species. For the rufous-breasted

wren, white-eared ground sparrow, and chestnut-capped warbler,

the differences in posterior means (Q1 − Q2) were much higher in

magnitude relative to the effects we saw for pruning (Figure 2). For

the rufous-breasted wren, white-eared ground sparrow, chestnut-

capped warbler, and white-tipped dove, the posterior mean for the

probability of habitat use before the pesticide application (Q1) was
higher for all species, with probabilities of 98% or higher. Rufous-

tailed hummingbird was detected only in four of the 20 recorders

during the second season, and the effect was still suggestive, but the

probability of the effect was lower (85%). This type of visualization

(Figures 1, 2) is easy to explain to stakeholders and, as opposed to

frequentist approaches, easier to interpret by using probabilities of

habitat use and of finding a difference, relative to basing inferences

on p-values alone.
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Discussion

Implications for agricultural
management practices

We were able to evaluate the effect of two key coffee agricultural

management practices on biodiversity—pruning and the

application of agrochemicals, through the use of ARUs and using

focal bird species as indicators. The six focal species showed

different responses to both practices inside coffee farms,

representing the complexity of bird community responses to

coffee production. White-eared ground sparrow and chestnut-

capped warbler are species that forage within the coffee plots

(Stiles et al., 1989; Sandoval and Mennill, 2012) and are the two

species that showed the greatest decrease in estimates of probability

of habitat use (Q) after the application of agrochemicals. Chestnut-

capped warbler forages on the coffee plant branches looking for

insects (Stiles et al., 1989); meanwhile, white-eared ground sparrow
FIGURE 2

Density curve of the posterior distribution of the probability of habitat use (Q) during the application of agrochemicals season for each one of the six
species of birds. Q1 corresponds to the “before” values in a solid line and Q2 to the “after” values in a dotted line. The difference in posterior mean
values (Q1 − Q2) represents the magnitude of the change in the probability of detecting a species, and the % value is the proportion of posterior
estimates that differ in Q1 relative to Q2, which can be interpreted as the probability that pesticide application did reduce or increased habitat use by
a species.
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feeds mostly on seeds and small insects on the ground (Stiles et al.,

1989; Sandoval and Mennill, 2012; Juárez et al., 2020). Our results

indicate that habitat use by both species is likely to significantly

decrease after the application of agrochemicals and is likely driven

by the decline of insect abundance after the application of

insecticides (BioQuim, 2015) and other chemicals (Table 3) that

are toxic and irritating to humans and other animals.

White-eared ground sparrows and white-tipped doves showed a

decrease in the estimates of probability of habitat use (Q) after

pruning. Vegetation density is often reduced in coffee plots after

pruning, and most leaves and branches are commonly left on the

ground. Given that both species forage mostly on the ground looking

for seeds (Stiles et al., 1989), this practice increases the obstacles for

foraging on the ground and opens the vegetation coverage, exposing

these species to a more open area, leading birds to search for food in

other sites. However, for the chestnut-capped warbler, probability (Q)
values are higher after pruning. This warbler often forages for insects

and perches within the coffee branches; hence, the elimination of

coffee branches may cause a disturbance on its foraging behavior

indirectly affecting its detection on the recorders.

The rufous-breasted wren, which prefers tangled vines and

scrubs at the coffee plot edges, showed similar estimates of habitat

use before and after pruning but decreased after the application of

agrochemicals. Conversely, Cabanis’s wren, a species that moves

between the coffee plants and the surrounding bushes, live fences,

and riparian forests (Stiles et al., 1989), showed similar detection

before and after the application of agrochemicals and pruning.

Rufous-tailed hummingbirds showed similar probability estimates

(Q) before and after pruning and a slight decrease after

agrochemical applications, but it was not conclusive. This lack of

an effect might be driven by a reduction in the ability to detect this

hummingbird due to the territorial behavior around flower patches

(Stiles et al., 1989). Lower patches are not that common within the

coffee plots, and the blooming of coffee plants in this area is between

April and June (a period not included in the recordings). In

summary, our results showed that both agricultural management

practices impact the ability of coffee farms to serve as supplemental

habitats for the focal bird species and likely the avian community as

a whole.

The comparison of the probability of each event aided in

communicating these results with coffee producers and other

stakeholders, as evidence of the effect that different agricultural

management practices have on biodiversity in coffee farms. This is

crucial especially for the chemicals reported (Table 3) such as the

fungicide epoxiconazole, the use of which has been debated in

Europe since 1990s, due to its high toxicity in water environments

and hazardous effects on humans (European Commission, 2022;

Cocco, 2002) and other vertebrates (Zhang et al., 2018), and it is

used in Costa Rican coffee farms under government approval

(Barquero, 2013; Ministerio de Agricultura y Ganaderıá, 2022).

Based on our results on six species that represent foraging guilds

of common birds in coffee farms, we provided the following

management suggestions: 1) consider using selective pruning or

systematic cyclical pruning to maintain the structural complexity of

the farm relative to pruning the entire coffee plot or farm (Azhar

et al., 2013); 2) consider pruning coffee farms before April or after
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June, to avoid the peak of the breeding season for many resident

bird species (Skutch, 1950), including the breeding peak for the

rufous-tailed hummingbird (Lindell and Smith, 2003); 3) refrain

from using herbicides to control weeds on access trails and trails

running between coffee plots and use mowing as an alternative; and

4) use fungicides and fertilizers approved for sustainable practices

and in the recommended amounts (Fuhrimann et al., 2019).
The potential for crowdsourcing data
analysis in ARUs

Our use of the Euphonia mobile application shows promise in

the potential leveraging of technology for community-driven

bioacoustic annotations. This approach shows promise in

leveraging local expertise with passive acoustic monitoring

(PAM), thus deepening our understanding of biodiversity. This

process of engaging with local communities could also help with

establishing collective conservation goals and motivate community

members to engage in bioacoustic annotation, a step that is

especially important in tropical regions where species lists are not

yet comprehensively supported by AI models for bioacoustics

species identification (Sun et al., 2022). The invaluable local

knowledge in species identification, when potentially incentivized,

has been shown to serve as a cornerstone of conservation efforts

(McElwee et al., 2020).

More importantly, integrating communities into conservation

planning promotes the dissemination of conservation ethics and

trust in its intrinsic value (Cetas and Yasué, 2017; Armitage et al.,

2020). While AI-assisted species identification in apps like Merlin

and BirdNET, developed by the Cornell Lab of Ornithology,

represents significant progress by facilitating people’s interaction

with the sounds of birds that surround them, these tools are

currently primarily outreach and learning tools that help

observers identify species in real time. However, mobilizing

collective action through shared local bioacoustic species

identification and annotation via a mobile app represents an

exciting and novel path. Quantifying the potential efficiency boost

for ARU projects and evaluating its usability by non-scientific

audiences will provide guidance for the development toward an

increase in inclusivity and efficiency in bioacoustics projects.

Conclusions

Although a wealth of knowledge exists on how to use ARUs,

species recognition, and data analysis of those methods in recent years

(Brandes, 2008; Digby et al., 2013; Darras et al., 2019; Sugai et al., 2019),

our suggestions and case study provide a roadmap for effectively using

ARUs for monitoring the effect of agricultural practices using birds as

indicators. We discuss and compare how to maximize recording

storage and energy on ARUs by recording only during the dawn

chorus and the importance of knowing the seasonal and vocal diel

patterns for the vocalizations of focal bird species. We also present a

method to reduce the amount of time required for extracting species

detection from the recordings for focal species although the recordings

included all the bird community (Shonfield and Bayne, 2017; Drake
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et al., 2021). This method also allowed for testing the potential for

crowdsourcing collaborations through apps such as Euphonia, given

that the number of species for recognition is smaller, and consequently,

the vocal learning recognition is easy and more feasible for non-expert

collaborators (e.g., producers or volunteers). Finally, we provided

recommendations on how ARU data on birds can be analyzed to

facilitate communicating with decision-makers and coffee producers

given the robust yet simple approach for data analysis.

As the demand to measure and mitigate the impact of food

production steadily increases, from governments to producers and

consumers, having a flexible approach that is applicable to multiple

types of farm production is what allows this type of monitoring to

be scaled across productive systems and regions. Our approach

further increases the cost-effectiveness of such monitoring by

addressing one of the main barriers for investing in monitoring

birds—how to properly store data, and reducing the time needed to

extract data from the recordings. We recommend that this

approach be applied to other production systems such as cocoa,

sugarcane, rice, pineapple, vineyards, olives, tobacco, and systems

for vegetable production.
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(Instituto Nacional del Café). Available at: https://www.researchgate.net/publication/
281625030_Recomendaciones_para_el_combate_de_la_roya_del_cafeto.

Brandes, T. S. (2008). Automated sound recording and analysis techniques for bird surveys
and conservation. Bird Conserv. Int. 18, S163–S173. doi: 10.1017/S0959270908000415

Bruni, A., Mennill, D. J., and Foote, J. R. (2014). Dawn chorus start time variation in a
temperate bird community: relationships with seasonality, weather, and ambient light.
J. Ornithol. 155, 877–890. doi: 10.1007/s10336-014-1071-7

Carey, C. (2009). The impacts of climate change on the annual cycles of birds. Philos.
Trans. R. Soc. B 364, 3321–3330. doi: 10.1098/rstb.2009.0182

Carlson, K. M., and Garrett, R. D. (2018).Environmental impacts of tropical soybean
and palm oil crops. In: Oxford Research Encyclopedia of Environmental Science
(Accessed March 2020).

Catchpole, C. K., and Slater, P. J. (2003). Bird song: biological themes and variations
(Cambridge, United Kingdom: Cambridge university press).
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