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General introduction

Birds from all over the world have been consistently and systematically declining for
the past 4-5 decades; and the cause is us, humans (Lees et al. 2022). Human activities
have led to the loss of hundreds of millions of individual birds across North America
and Europe since the 1970’s and 1980’s (Rosenberg et al. 2019; Burns et al. 2021).
Although birds are one of the best studied groups of organisms, research efforts are not
homogenously spread throughout the globe leading to a substantial unawareness of the
human impacts on bird populations in certain regions. The world’s Tropics, where the
most important hotspots of avian diversity are located, suffer from this lack of
information.

Despite recent efforts to fill in the gaps, studies have been particularly localized. For
example, more than 10 years of selective logging in Southeast Asia have not been as
detrimental to bird species richness as the fragmentation of large forest tracts (Lambert
& Collar 2002). Similarly, long-term monitoring of bird populations in an agriculture-
dominated and fragmented landscape in Costa Rica revealed that decades of forest loss
has resulted in steep declines, especially of understory insectivores (Sekercioglu et al.
2019). Besides habitat loss, climate change appears to have been involved in abundance
declines and population re-arrangements along elevational gradients in the Australian
Wet Tropics for almost two decades (Williams & de la Fuente 2021).

Of all the most severe threats to birds worldwide, the one with the least known impact is
climate change and extreme weather (Lees et al. 2022). One possible explanation is the
lack of clarity when defining the nature of causal factors. This is because climate
change can impact birds directly, when higher temperatures exceed species-specific
thermal tolerance, or indirectly through variations in resource availability or alterations
of habitats (Cahill et al. 2013). Direct effects of warming can occur when either
extremely high temperatures over consecutive days (i.e. heat waves) or gradual
warming exceed the physiological capacity of birds to cool down the body through
evaporative heat loss mechanisms (Conradie et al. 2020). Ultimately, prolonged
exposure to such drastic conditions, especially in water-limited environments, can lead
to local extinctions and population declines (Albright et al. 2017; Riddell et al. 2019).
Potential intervening mechanisms include breeding failure when parents fail to deliver
enough food for their offspring because they are forced to dedicate more time and
energy in thermoregulating in the heat (Cunningham et al. 2013) and adult survival
being directly compromised by this trade-off between thermoregulation and efficient
foraging (du Plessis et al. 2012). On the other hand, indirect effects are manifested when
climatic variation affects the availability of resources vital for thermoregulation, such as
insect prey or water sources (Lister & Garcia 2018; Curtis et al. 2021). In this case,
exposure to even moderate heat combined with a lack of such resources would seriously
challenge thermoregulation. For instance, insectivores which depend on water contained
in their prey would have to increase their food intake whereas granivores which depend
on water sources would need to follow these or risk dehydration (Riddell et al. 2019).
Naturally, indirect effects can occur in the absence of extreme warming, as suggested in
undisturbed tropical rainforests (Blake & Loiselle 2015; Stouffer et al. 2021), and this
can further confound the nature of avian responses to climate change.

Another source of uncertainty regarding the avian response to climate change is how
this threat interacts with other pervasive stressors, such as land-use change. While
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deforestation decreases the extent of suitable habitat, it can also alter the wet-dry
climatic balance that bird experience in tropical environments (Loiselle et al. 2010).
This way, climate appears to affect tropical birds indirectly because by eliminating
natural habitat, human activities, such as intensive agriculture, can convert wet
ecosystems into drier ones which attracts birds from dry habitats and pushes wet-
affiliated birds towards forest remnants (Frishkoff et al. 2016). Birds who find refuge in
scantily disturbed forests might be able to escape these unfavorable conditions, e.g. by
shifting towards higher elevation habitats (Srinivasan & Wilcove 2021). In contrast,
birds that persist in dried, converted lands would directly face the negative effects of
warming. Heat waves combined with drought in areas devoid of forest cover may
exceed the thermal tolerance limits for many of those species (Senior et al. 2017). Forest
lost to agriculture might also mean that resources vital for breeding success might
become scarcer for tropical birds whose reproductive timing is also sensitive to seasonal
shifts in climatic conditions (Cartwright et al. 2014). Thus, land-use change is a major
amplifier of the direct and indirect effects of climate change.

Although studies have evaluated how land-use change modulates the effects of climate,
the direct response of tropical birds to warming when facing habitat loss or degradation
remains poorly known. A reason is that heat tolerance of many species has not been
properly quantified. This can be addressed by linking changing microclimatic
conditions and the species’ physiological response to warming across gradients of land-
use change. This is truly a novel avenue of research, as the absence of empirical data on
this issue demonstrates.

Tropical understory birds seem to show a preference for cool and humid microhabitats
inside forests (Patten & Smith-Patten 2012), perhaps because these sites show a low
degree of temperature variation (Pollock et al. 2015). In fact, forest-interior birds might
be protected against warming because tropical forests are crucial buffers of
microclimatic temperature variation and extremes (De Frenne et al. 2019). However, the
seemingly stable thermal conditions inside tropical forests may be disrupted by land-use
change. Forest loss and fragmentation create novel microclimatic conditions at forest
edges and in open areas (Patten & Smith-Patten 2012), which forest-interior birds may
not have previously experienced. Birds which suddenly find themselves exposed to such
conditions may need to resort to strategies to lessen detrimental effects. One option is to
reduce locomotion and remain inactive for long periods during the day, but this could be
counter-productive as the time dedicated to vital functions, such as foraging and
reproduction, would be consequently reduced (Bosque et al. 1999; Steiger et al. 2009).
More likely, topical birds may rely on microhabitat features within disturbed landscapes
to deal with elevated levels of heat. For instance, the body temperature of the lethargic
rainforest-dwelling marbled frogmouth (Podargus ocellatus, Podargidae) exposed to
full sun rose sharply in absence of convective wind, but cooled down at a rate of 1°C/10
minutes when the species switched to a shaded place with convective wind (Lasiewski
et al. 1970). Thus, at least for this species, securing microsites characterized by shade
and air movement might ease the thermoregulatory costs associated with warming.

Studies from sub-tropical regions are more numerous than those from the wet tropics
and show the capacity of birds from these latitudes to use microsite features to deal with
high heat. For example, birds might switch from hunting using sun-exposed perches to
shaded ones during the hottest hours of the day, despite this change reducing foraging
success (Cunningham et al. 2015). Even ground-foraging species that avoid trees



change foraging locations to densely foliated trees to benefit from the buffering of
microsite temperatures during the hottest hours of days (Martin et al. 2015). Ground-
nesting birds can safeguard their broods against excessive heat by selecting nesting
microsites that moderate temperatures up to 10°C and are characterized by tall or dense
vegetation and minimal bare-ground (Carroll et al. 2015; Raynor et al. 2018). These
previous studies show how vital microhabitat features are in providing opportunities for
birds to overcome and deal with increased levels of warming. Nevertheless, land-use
change has the potential to deplete or completely eliminate these habitat features,
depending on the level of intensity of the usage.

A decline of important avian groups has long been predicted to result in the loss of the
ecosystem processes promoted by birds in their natural habitats (Sekercioglu et al.
2004). Through its effects on tropical bird community assembly, climate change has the
potential to alter the distribution of key ecological functions that birds provide, such as
seed dispersal, across spatial gradients (Bender et al. 2019). Negative effects on richness
of tropical bird species (i.e. taxonomic diversity), ecological roles (i.e. functional
diversity), and evolutionary distinct lineages (i.e. phylogenetic diversity) also arise from
the loss and degradation of natural habitats (Sekercioglu et al. 2004). Indeed, resource
availability and the variety of habitats can influence avian functional and phylogenetic
diversity along tropical mountains (Boyce et al. 2019). For instance, a decrease in
resource availability can reduce functional diversity and a simplification of the
vegetation structure can negatively impact phylogenetic diversity (Hanz et al. 2018).

In this context, the intensity of the human impacts could modulate the loss of the
different dimensions of avian diversity in tropical landscapes. At a low intensity of land-
use change, bird species composition and richness can decline but functional and
phylogenetic diversity might just be weakly altered (Rurangwa et al. 2021). As land
uses intensifies, the diversity of functional traits represented by the bird community
begins to decline and shifts in composition (Bregman et al. 2016). At the other end of
the intensification spectrum, landscapes dominated by monocultures are characterized
by homogeneity of functional roles (Velasquez-Trujillo et al. 2021) and the erosion of
phylogenetic diversity (Frishkoff et al., 2014), even if taxonomic diversity does not
drastically decline. This idiosyncratic response of the dimensions of avian diversity
warrant more examination across different systems of land-use intensification in tropical
landscapes.

The relevance of jointly assessing different dimensions of bird diversity lies on its
usefulness to determine the cascading effects of the variation in bird species richness on
ecological function and evolutionary history. It is expected that climate change and
land-use intensification alter tropical bird species numbers and composition in different
ways, but both may result in homogenization of functional and phylogenetic diversity
(Borges et al. 2021). However, there is a pressing need for more empirical studies that
explore different manifestations of land-use intensity (Dullinger et al. 2021) and how
this can impact the different dimensions of birds in tropical landscapes. The
aforementioned gaps in knowledge highlight the necessity for more holistic research in
order to improve our understanding of human-driven threats to tropical avian
populations. To this end, this work set out to make a contribution.

My thesis is centered around the question of how tropical birds can be affected by
changes in land use and warming, with a particular interest on the interaction between
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both threats. My general objective was to study the community- and species-level
responses of tropical birds to the environmental stress brought upon by land-use
changes and warming and understand the role of the interplay between both stressors in
modulating the responses. As study system, | selected the avian communities that thrive
in landscapes dominated by coffee farms, following an elevational gradient that covered
the entire range of cultivation of this crop in the central mountains of Costa Rica (~300
— 2100 m). I chose this crop because it is one of the best studied examples of how
cultivation intensification can affect the biodiversity of tropical agro-ecosytems and the
ecosystem services it provides (Jha et al. 2014). Following common practice, the levels
of cultivation intensity are defined by the structure and composition of vegetation
planted alongside coffee shrubs (Figure 1; Perfecto et al. 1996). At the same time, these
same vegetation elements not only characterize the extent of intensification but may
provide microclimatic buffering and may hence shield bird populations from future
warming (Siles et al. 2010, Schooler et al. 2020).

Figure 1. Progression of coffee cultivation intensification, from low- to high-intensity systems
(Ato E). (A) Coffee grows shaded by native forest trees. (B) Native trees and crops, such as
avocado, mango or pine, are intermixed with coffee shrubs. Crop monocultures consist of coffee
grown along with only one other crop plant: e.g. (C) Musa sp. or (D) Erythrina poeppigiana.
(E) Full sun-grown coffee without any shade trees.

To understand the effects of land use and climate on bird populations that use coffee
plantations, I visited farms to collect data during 2019 and 2020. | conducted field
observations and laboratory measurements of birds in farms that span the full coffee
cultivation intensity gradient. To complement the results from the fieldwork, 1
conducted a literature review in order to scrutinize empirical data regarding the thermal
physiology of tropical birds that would help to understand the degree of their
vulnerability to climate change.

In Chapter 1, my aim was to analyze the relationship between avian diversity and
different sets of vegetation features that represented the intensity gradient in coffee
farms across an elevational gradient. In other words, which vegetation features modified
which dimensions of avian diversity in coffee farms and how do these effects vary
across elevations. The inclusion of a gradient instead of discrete categories (e.g. shaded
coffee vs. sun coffee) helped to overcome the limitation of assigning farms to either
category because the structure and composition of the vegetation present at almost all
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farms was not homogeneous across local sites. For example, at a given farm, one
sampling site could be characterized by a crop monoculture while the next would
include a mixture of native and crop plants. In very few cases, the dimensions of avian
diversity have been jointly assessed in tropical agricultural landscapes (e.g. Jayathilake
et al., 2021), as previous work has mostly focused on the taxonomic dimension. In the
case of coffee plantations, no study has yet concertedly analyzed the three dimensions
of avian diversity. In addition, because differences in bird species composition result in
varied responses of avian diversity dimensions along elevational gradients (Montafio-
Centellas et al., 2019), it became imperative to assess how community characteristics at
different elevational zones related to the response of avian diversity to coffee
intensification. For this, a representative sample of farms with different levels of
intensification were selected across the elevational gradient to determine how elevation
modulated the effect of cultivation intensity on the taxonomic, functional and
phylogenetic dimensions of bird diversity. Recent work has analyzed how these
dimensions match between tropical agriculture and forest land use types at different
elevation zones (Sreekar et al. 2021), but the question remains of how gradients of
agriculture intensification across elevations modify these dimensions.

Subsequently, | assessed the physiological response of agriculture-associated tropical
birds to the thermal environment of microhabitat in fully shaded and sun-grown coffee
farms in Chapter 2. Here, | chose six farms that were either fully shaded by trees or
completely grown under full sun so as to represent both extremes of the coffee
cultivation intensity gradient. In these farms, temperature loggers were installed to
collect microclimatic temperature measurements (Tamic) for five months and these
measurements were compared to those collected in parallel under the canopy of nearby
forest patches. | linked the measurements of Tamic with experimental estimations of
heat tolerance of four bird species known to occur inside coffee farms of the study area.
These birds were captured in three of the study farms and transported to a field
laboratory in which their thermal tolerance was experimentally quantified through
respirometry. The purpose of this approach was to determine the experimental
temperatures that demanded a strong thermoregulatory response and compare these to
the Tamic that the birds experience in either shaded or sun-grown coffee farms. Thus,
Chapter 2 tested the hypothesis that when Tamic in farms devoid of tree cover is
significantly different from that of shaded farms then the birds would need to
thermoregulate more often and more intensely in sun-grown coffee farms.

Finally, in Chapter 3 I collated and analyzed publications related to tropical bird
thermoregulation, the effects of climate change and its interaction with anthropogenic
land-use changes. The purpose was to review existing literature that dealt with the
physiological characteristics of tropical birds that confer vulnerability or resilience to
the effects of climate change. The rationale for conducting this review was to
understand if tropical birds are inherently physiologically vulnerable to thermal
variation as it has been traditionally assumed for tropical biotas in general. Moreover,
this synthetic review was performed to underscore the need to tackle the many
knowledge gaps that exist in the literature regarding the nature of the responses of
tropical birds to warming and suggest ways to advance research forward.
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Chapter 1. Taxonomic, functional and phylogenetic bird
diversity response to coffee farming intensity along an
elevational gradient in Costa Rica

Otto Monge, Stefan Dullinger, Leonida Fusani, Christian H Schulze

Abstract

The expansion of the agricultural frontier in the species-rich tropical regions of the
world has generated conflicts between the need to secure food production and local
income on the one hand, and the conservation of biodiversity on the other one. As
natural areas give way to farmlands, the future of sensitive taxa may depend on how
intensively the crops are cultivated. In this study, we use several features of non-crop
vegetation composition and structure as indicators of cultivation intensity and evaluate
their correlation with taxonomic, functional and phylogenetic facets of the avian
community. Our study system consisted of coffee farms in Costa Rica spread across a
~2000 m elevational span. Using regression modelling and multi-model inference we
related six vegetation features to five biodiversity metrics in this system and evaluated
whether the results differed among elevational zones. The most influential variable was
the number of trees with a dbh larger than 30 cm, promoting higher species richness,
functional redundancy and phylogenetic structure. Shade cover and the number of non-
coffee crops increased species and phylogenetic richness, respectively. The effect of
individual vegetation features on particular biodiversity metrics varied across elevation,
possibly due to the idiosyncratic response of each facet to the elevation gradient or to
local ecological processes. We conclude that vegetation features related to cultivation
intensity have effects on avian diversity, but that these effects differ among biodiversity
metrics and are sensitive to the environmental context. Consequently, targeted
conservation management should be based on more comprehensive studies that include
all relevant biodiversity facets and consider the larger-scale perspective. In general, our
results suggest that when designing bird-friendly strategies (e.g. certifications) there is
likely no “one-size-fits-all” strategy.

Keywords: agricultural landscape, agroforestry, bird ecology, conservation

Introduction

The ever-rising demand for land allocated to growing crops strengthens the conflict
between the conservation of natural resources and food production and results in the
large-scale conversion of natural areas and proliferation of human-dominated
landscapes (Laurence et al., 2013). These landscapes are often patchy mosaics of forests
and cultivated lands under different management practices (Laurence et al., 2013, Aerts
et al., 2016). This situation is particularly problematic for conservation in the world’s
tropics, where forest disturbance can drastically reduce the number of species of many
different taxa (Alroy, 2017).

Assessing biodiversity in agricultural landscapes contributes to a general understanding
of how much of it is preserved, or lost, by changes of broad land-use types, but also of
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management practices within particular land use types (Erb et al., 2017). For example,
long-term studies of bird populations in tropical agricultural landscapes highlight their
sensitivity to the intensification of cultivation practices and document population
declines of forest-affiliated (Maas et al., 2009, Sekercioglu et al., 2019), ecosystem
service-delivering (Hendershot et al., 2020), and evolutionarily distinct species
(Frishkoff et al., 2014). Thus, gaining knowledge about the impacts of not only the
conversion of natural ecosystems but also of the intensification of used ones is a key
step towards adapting farmlands and lessening the detrimental effects on the various
dimensions of biodiversity (Dullinger et al., 2021).

Assessments that include the taxonomic dimension of biodiversity (i.e. species richness)
can become more meaningful when considering additional information, such as the
functional roles of species in the ecosystem or their evolutionary histories. For instance,
avian functional traits can be lost non-randomly in tropical habitats subjected to
degradation, affecting ecosystem-service provision and ecosystem stability (Bregman et
al., 2016). Additionally, in fragmented landscapes, the risk of extinction can vary
according to the phylogenetic relatedness of bird species (Luther et al., 2020), a
situation that can lead to losses of phylogenetic diversity in forest birds since they can
be more closely related in highly forested landscapes (Morante-Filho et al., 2017).
Indeed, the relevance of considering these three facets of biodiversity is underscored by
the varied results obtained when coupling them. In some cases, the taxonomic,
functional and phylogenetic diversity can concertedly decrease in agricultural
landscapes (Prescott et al., 2016), show the opposite trend (Garcia-Navas and Thuiller,
2020), or vary haphazardly along gradients of landscape disturbance (Jeliazkov et al.,
2016). Because the congruence between these facet measurements might ease (Pool et
al., 2014) and the incongruence challenge (Martin-Regalado et al., 2019) conservation
planning, there is an obvious urgency for multi-faceted biodiversity assessments in
order to develop targeted and effective conservation strategies (Ke et al., 2018).

Agroforestry is a way of compensating the loss of natural habitat by integrating non-
crop vegetation elements into farmlands. The aim is to preserve biodiversity without
compromising economic yields (Clough et al., 2011). For crops like coffee, these
elements can generate a highly heterogeneous system, when compared to a monoculture
(Perfecto et al., 1996), and reduce the difference in bird community composition
between farmlands and neighbouring forests (Karp et al., 2012). In general, even
slightly increasing tree cover within tropical farmlands can bolster bird taxonomic
diversity (Sekercioglu et al., 2019). Increased canopy closure can especially benefit
insectivorous birds (Pérez-Cabral et al., 2021), for example by regulating local
microclimates via enhanced shade cover (Schooler et al., 2020). Non-crop elements
embedded in tropical farmlands can thus be pivotal in maintaining avian diversity.

Past studies have highlighted the relevance of non-crop vegetation to taxonomic bird
diversity in coffee agro-ecosystems. For example, the height of non-coffee trees, their
taxonomic diversity and the canopy cover they offer have been identified as major
elements that increase bird richness and abundance (Greenberg et al., 1997a; Waltert et
al., 2005; Gordon et al., 2007). Detailed studies have also shown that these vegetation
elements can influence certain groups of birds differently. For instance, the diversity of
forest- and canopy-associated birds can depend on large trunk trees, tree height and tree
diversity, whereas understory- and ground-dwellers can be affected by the amount of
small, thin trees and shade cover (Bakermans et al., 2012; Rodrigues et al., 2018). Also,
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non-crop tree density can relate positively to particular groups, such as insectivores and
range-restricted species, and negatively to others, such as migrants and nectarivores
(Waltert et al., 2005). In contrast to the work focused on taxonomic diversity, the
response of functional and phylogenetic bird diversity to intensity gradients in tropical
agroforestry is scantily represented in the literature, apart from a recent study in rubber
agroforests from tropical Asia (Jayathilake et al., 2021).

In montane environments, tropical bird communities experience an important species
turnover along elevational gradients (Sreekar et al., 2017). In consequence, the effects
of different agroforestry management strategies on bird diversity may also vary along
the elevational gradient. For example, Araneda et al. (2018) demonstrated that Chilean
traditional indigenous farmlands at middle-elevations have modified the landscape by
creating high vegetation heterogeneity, thus bolstering bird taxonomic diversity there
more than at any other elevational band. On the other hand, low-intensity heterogeneous
agriculture was consistently richer in bird species during the winter than highly-
intensified areas throughout a ~2000 m elevational span in the Himalayas (Elsen et al.,
2016). However, the response of tropical avian populations to land-use gradients across
elevations remains poorly understood.

Here, we undertook a multi-faceted approach to assess the bird diversity present at
coffee farms in Costa Rica along gradients of cultivation intensity across a ~2000 m
elevational span. We used structural and compositional features of the vegetation on the
coffee farms to evaluate the response of taxonomic, functional and phylogenetic
diversity to the intensification gradient and analysed whether this response varied
among these three facets. We also aimed to determine the relative contribution of these
features to the modulation of bird taxonomic, functional and phylogenetic diversity.
Finally, we asked whether the contributions of these features were consistent along the
full elevational gradient of the coffee growing region or if they were present only at
certain elevations.

Materials and methods

Study area

Data collection took place in south-central Costa Rica (09°26°N, 83°55°W; Fig. 1) in
2019 and 2020. Within the c. 311 km? study area, coffee farms were selected to
represent the full elevational extent of cultivation for this crop in Costa Rica (i.e. from
300 to 2150 m above sea level). This altitudinal gradient encompasses different natural
habitats, such as the tropical lowland, premontane and lower montane forest zone. All of
the coffee plantations followed management practices that fell somewhere in the
continuum that ranges from less to more intensified (Perfecto et al., 1996). Some of the
farms represented both extremes (i.e. total elimination of non-coffee plants versus
coffee shaded by native tree canopy), while others had a mixture of native plants and
edible, nitrogen-fixing or timber-producing cultivates (henceforth “crops”).

Surveys of the avian communities and measurements of vegetation

Throughout the study area, 120 sampling points were established inside 51 coffee farms.
At each farm, one or several points (mean = 2.3 points per farm, range = 1 — 10) were
located and georeferenced with a Garmin eTrex 30x GPS unit, which also measured
their elevation. At these sampling points, birds were surveyed from June 2019 to August
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2020 in imaginary circles of 25 m radius, separated by at least 200 m, in which all bird
species seen or heard were counted. Upon reaching a point, an initial 5 min period
allowed the birds to get used to the observer, who then proceeded with the survey for 10
min before moving on to the next one. Surveys started at sunrise and ended one or two
hours before noon and every census point was visited seven times.

% Bird census points

& Land cover type
7] Forest
[T Coffee

Other land use

i

Figure 1. Relief map of the study area showing the location of te bir’d census points in coffee
plantations. The inset shows the location of the study area (red rectangle) within Costa Rica.

One of the main features of agricultural intensification in coffee plantations is the loss
of natural vegetation and the suppression of other cultivated plants. Therefore, in order
to characterize the gradient of intensification inside the surveyed farms, several
structural and composition features of the vegetation (henceforth abbreviated as
vegetation features) were measured (Table 1). The measurements captured the number
of individual native and cultivated plants, the diameter-at-breast-height (dbh) of the tree
trunks, the maximum height of those plants with dbh greater than 10 cm, and the
percentage of canopy cover. All plants that were not coffee shrubs were counted and
measured inside the same points used to survey birds. The percentage of shade cover
was estimated using the Gap Light Analysis Mobile Application (GLAMA,; Tichy,
2015) in a Huawei P Smart 2019 smartphone. This approach has been validated and
suggested as an alternative for canopy photography in ecological studies, faster and
more accessible than conventional digital cameras (Bianchi et al., 2017). Pictures were
taken using the front lens of the device levelled at breast height and, using the suggested
cut-level of black and white pixels to define light gaps, the Canopy Cover Index was
computed. Because we did not employ a fish-eye lens, pictures were corrected using the
built-in procedure for recalibrating the real view angle of the camera. We took one
measurement at each of the four cardinal directions, looking towards the centre of the
census point, and one more at the centre.

Table 1. Structural and compositional vegetation features measured at the 120 bird survey
points and their definition. The mean of the measurements and their respective standard
deviation are shown.
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Vegetation

f Definition Mean (sd)
eature
Crop plants Number of cultivated plant species other than coffee 2.4 (1.4)
Native plants ~ Number of native plant species 3.1(3.4)
dbh <30 cm Number of plants with dbh less than 30 cm 70.7 (40.4)
dbh > 30 cm Dlmumber of plants with dbh greater than or equal to 30 25 (4.5)

. Maximum height of trees (m) with dbh greater than
Max height or equal to 10 cm 15.3(7.9)
Shade cover  Average percentage of canopy shade cover 21.4 (14.8)

Measures of bird taxonomic, functional and phylogenetic diversity

The identity of the bird species and their abundance was recorded at each census point,
but for further analysis, some data that was originally taken were removed. This applied
to raptors and scavengers seen soaring high up in the sky but not using the farm
resources in any way (e.g. hunting prey or perching). Likewise, parrots and other large
frugivores that flew over without stopping to perch or forage were also discarded.
Species heard or seen moving through river or forest corridors, live fences or forest
patches adjacent to the coffee farms were not considered if the species did not enter the
farm during the survey period. Nocturnal or crepuscular species were not included but
North and South American migrant species were because of their known prevalence
inside coffee plantations (Perfecto et al., 1996). The final pruned dataset was then used
for all further analyses, considering the observed number of species (i.e. richness) as the
measure of taxonomic diversity (TD).

Several avian functional traits that are directly related to resource use were compiled to
estimate functional diversity (FD). Traits associated with diet and use of the vertical
space were extracted from the EltonTraits database (Wilman et al., 2014) which
partitions the percentage of the total diet into different food items and habitat use into
several vertical strata. Morphological traits can also be linked to the degree of farming
intensity because they reflect the ability of birds to exploit available resources
differently (e.g. large birds consume more and bigger food items than small ones). For
this, beak measurements for most passerines were collected from Ricklefs (2017) and
body mass for all species from Wilman et al. (2014). Because beak data for some
species was not available, we imputed missing values using the regularized iterative
PCA algorithm implemented in the imputePCA function of the ‘missMDA’ package
(Josse and Husson, 2016) in R. Traits and their definition are summed in Table 2.

Table 2. List of functional traits for birds and their definition. The mean of the measured traits
and their respective standard deviation are included.

Functional trait Definition Mean (sd)
Fruit Percentage of fruit in diet 24.2 (28)
Seeds Percentage of seeds in diet 9.4 (19.9)
Nectar Percentage of nectar in diet 11 (27.8)
Other plant Percentage of other plant material in diet 2.9 (8.4)
Invertebrates Percentage of invertebrate prey in diet 45.9 (34.3)
Vertebrates Percentage of vertebrate prey in diet 6.6 (20.7)
N Items Number of different food items in diet 2.3(0.9)
Ground Percentage time spent on the ground stratum 19 (31.6)
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Functional trait Definition Mean (sd)

Understory Percentage time spent in the understory stratum  23.7 (25)
Mid-high Percentage time spent in the mid-high stratum  34.9 (27)
Canopy Percentage time spent in the canopy stratum 20.4 (25.3)
N strata Number of strata utilized by the species 2.3(0.8)
Bill depth Bill depth at the base in millimetres 7.8 (4.9)
Bill length Bill length from the base in millimetres 21.6 (16.2)
Body mass Body mass in grams 96.4 (223.2)

With the set of traits, we computed two metrics of functional diversity to describe the
functionality and ecological importance of the avian assemblages in the coffee agro-
ecosystem. Considering a multi-trait space, functional evenness (FEve) is the regularity
and functional divergence (FDiv) the variation in the abundance distribution of traits
within that space, with the two measures being orthogonal to each other (Mason et al.,
2005). FEve is maximized when functional traits are equally abundant and evenly
distributed within the community niche space whereas FDiv values are higher when
traits are more abundant at the extreme ends of trait space (Villéger et al., 2008). The
imputed trait dataset was first transformed, centered and z-score standardized before
computing these metrics in the R package ‘FD’ (Laliberté et al., 2014). The percentage
variables were transformed with arcsine square root and the rest with log10; all traits
were given the same weights, species abundance was used for the calculation of the
metrics, and the cailliez correction was applied.

Finally, the amount of phylogenetic variation retained by each bird community was
assessed through the phylogenetic diversity (PD) and the mean pairwise distance (MPD)
estimators. PD measures the total number of branch lengths within a tree visualizing the
phylogenetic relatedness between species in the community and MPD is the average
nodal distance between species for a given community (Webb, 2008). For this, we
downloaded a subset of the avian phylogenetic tree of Jetz et al. (2012), with the
Hackett et al. (2008) backbone tree, composed of all species in our pruned dataset.
Because we chose to create 10000 trees from the phylogeny subset, a consensus
phylogenetic tree was first built before calculating the branch lengths used to compute
PD and MPD. Analyses were conducted with the R package ‘picante’ (Kembel et al.,
2010).

Null models

Intuitively, PD is related to species richness because the more species are added to a
particular pool, the higher the chances that they represent distant lineages. Although the
relationship between species richness and the other metrics is less clear, we generally
wanted to make sure to evaluate their response independent of species richness effects.
We therefore created null communities by randomizing the species dataset and
calculated a standardized effect size for the parameters (sesFDiv, sesFEve, sesPD, and
sesMPD) under a “richness” null model, in which randomizations were based on the
species’ abundance within communities. For the FD metrics, the randomization of the
bird species matrix was performed with the function randomizeMatrix while for the
phylogenetic metrics we used the ses.pd and ses.mpd functions, respectively, in
‘picante’.
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Statistical analysis

The effect of the agriculture intensity gradient on the three facets of bird biodiversity in
coffee farms was evaluated through mixed-effects regression models. The vegetation
variables served as fixed effects while the farms were kept as random effects. Before
running the analyses, multi-collinearity among the predictors was checked considering a
variance inflation factor < 5 (Zuur et al., 2009). Then, predictors were centered and z-
score standardized after transforming those highly skewed: Crop plants, Native plants
and dbh > 30 cm with log10+1, shade cover with arcsine square root and dbh <30 cm
with square root. TD models were analysed with a Poisson generalized linear mixed
model with a log-link, while the FD and PD response metrics were fitted to a Gaussian
distribution with an identity-link in a linear mixed model.

We followed a model-averaging approach to determine the relative contributions of the
elements of the intensification gradient in explaining the variation of the biodiversity
facets. We first tested a full model for each facet and evaluated it to control for
overdispersion and normality of the residuals. This global model was then decomposed
into alternative models containing all possible combinations of predictors and these
alternative models were then compared based on their Akaike Information Criterion
(AIC) values. As a condition for model selection, those with a deltaAlC (i.e. the
difference in AIC values resulting when comparing a given model against the one with
the lowest AIC) <4 had their parameter estimates averaged (cf. Burnham and Anderson
2004). The relative contribution of each vegetation variable in explaining TD, sesFEve,
sesFDiv, sesPD, and sesMPD was then calculated based on the sum of AIC weights
from all the models in which the variable appeared. Models were built, evaluated and
averaged in the packages ‘Ime4’ (Bates et al., 2015) and ‘nlme’ (Pinheiro et al., 2021),
‘DHARMA’ (Hartig, 2018) and ‘car’ (Fox and Weisberg, 2019) and ‘MuMIn’ (Barton,
2020), respectively. We also executed univariate regressions between each facet metric
and its corresponding most contributing variable and graphically presented these
relationships. For these latter models, we used a Poisson generalized linear model for
species richness and Gaussian regression models for the rest.

Elevation categories

In mountainous areas, tropical avian communities are strongly shaped by the elevational
gradient (Montafio-Centellas et al., 2021). For this reason, we assessed whether farming
intensification affected birds differently across elevations. We first tested for a
significant effect of elevation on bird community composition and then performed an
ordination of the species dataset, with the package ‘vegan’ (Oksanen et al., 2015). The
hypothesis testing for an effect of elevation was conducted with a permutational
multivariate analysis of variance (PERMANOVA) using the function adonis and the
ordination with a non-metric multidimensional scaling (NMDS) with metaMDS. As
expected, elevation significantly affected bird community composition (F= 26.09,
p=0.001). The NMDS, based on a Bray-Curtis species distance matrix, allowed us to
visually identify points of compositional turnover along the elevation gradient of our
study area, by adding elevation contour lines to the NMDS with the function ordisurf.
This way, the data was sub-set to include sampling points located in the lowlands (300 —
800 m; n = 28 sampling points), mid-elevations (800 — 1600 m; n = 57) and highlands
(1600 — 2150 m; n = 35). Although some of the sampling points overlapped, an analysis
of similarities (ANOSIM) showed that the defined zones differed significantly in bird
species composition (R=0.56; p=0.001). This classification allowed us to determine
which vegetation elements contributed the most to the variation in the metrics at each
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zone and compare the response of the bird biodiversity facets between zones. The
statistical analysis followed the same model averaging as above, but because of
singularity problems owing to lower sample sizes linear regressions were used instead
of linear mixed effects models.

Results

Across the 120 sampling points, visited seven times, we recorded 8304 individuals of
201 species from 35 families (Table S2). The most abundant species was the scarlet-
rumped tanager (Ramphocelus passerinii, n=498 individuals) and the most frequent the
clay-coloured thrush (Turdus grayi) which appeared on 85% of all sampling points. We
detected four species under the IUCN Near Threatened conservation status
(www.iucnredlist.org): the residents yellow-throated toucan (Ramphastos ambiguus)
and resplendent quetzal (Pharomachrus mocinno) and the migratory olive-sided
flycatcher (Contopus cooperi) and golden-winged warbler (Vermivora chrysoptera).
Two additional species are currently listed as Vulnerable, the ruddy pigeon
(Patagioenas subvinacea) and the turquoise cotinga (Cotinga ridgwayi). Twenty-five
species were obligate insectivores (diet composed exclusively of invertebrates) while
obligate frugivorous (100% fruits) and nectarivorous (90% nectar) birds were
represented by six and 20 species, respectively. The three most species-rich families
encountered during field observations were Thraupidae (tanagers, n=27 species),
Tyrannidae (flycatchers, n=24) and Trochilidae (hummingbirds, n=20). Six species
were removed in the final dataset used for analysis, including the quetzal.

Taxonomic, functional and phylogenetic responses to the elements of the agricultural
intensification gradient

Overall, structural (i.e. shade, tree dbh and height) and compositional (i.e. amount of
crop and native plant species) features of the vegetation inside coffee farms modified all
facets of avian biodiversity. Increasing structural and compositional complexity fostered
species richness, phylogenetic diversity and evolutionary structure (sesMPD) (Fig. 2),
although relationships with individual vegetation features were statistically insignificant
in part. By contrast, vegetation features were uncorrelated with functional evenness and
negatively associated with functional divergence (Table 2).
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Figure 2. Effects of structural and compositional vegetation features on metrics of bird
biodiversity across an agricultural intensification gradient in coffee farms. Coefficient estimates
were averaged from all mixed-effects regression models that contained the respective variable
out of a set of models with all possible predictor combinations. The black bar traversing each
violin is the coefficient mean for each predictor from all models in which it appeared, the black
dots represent the estimates in each individual model, and the grey bars represent the 95%
confidence intervals around the overall average. The number of models considered for each
metric was n=64.

The individual vegetation features studied varied in their effect on the different
biodiversity facets and none of the facets was determined by the same combination of
features (Table 2). The number of large trees (dbh > 30) was the most influential
variable. Its mean effect (across all models) had a .95-confidence interval not including
0 in the case of TD and sesFDiv (Fig. 2). Consistently, its coefficient was statistically
significant in the subset of best models for the same metrics (Table 2). Moreover, the
number of large trees was the only feature among the three most important ones in
models of all five biodiversity metrics. Shade cover, native plants and crop plants were
among the three most important variables for two or three metrics and (marginally)
significantly correlated to one of the metrics each. Tree height and the number of thin
trees (dbh < 30 cm) were statistically uncorrelated to all facets.

Table 3. Marginal coefficient estimates of mixed-effects regression models averaged over all
models with a deltaAIC < 4, the statistical significance of these averaged effects as evaluated by
a z-test, and the relative contribution of the three most important predictor variables assessed by
the mean AIC weights of all the models that contain these variables.

Relative

Parameter Estimate (SE) z-value P(>z) contribution

Species richness

dbh>30 cm 0.083 (0.025) 3.280 <0.01 1.00

Shade cover 0.087 (0.029) 3.005 <0.01 1.00

Native plants 0.050 (0.027) 1.824 0.068 0.67
sesFEve
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Relative

Parameter Estimate (SE) z-value P(>z) o
contribution

Native plants -0.071 (0.098) 0.721 0.471 0.28

dbh > 30 cm 0.055 (0.096) 0.579 0.562 0.20

Crop plants 0.044 (0.091) 0.480 0.631 0.18
sesFDiv

dbh >30 cm -0.214 (0.099) 2.152 <0.05 0.83

Max height -0.152 (0.107) 1.424 0.154 0.47

dbh <30 cm -0.094 (0.093) 1.013 0.311 0.30

sesPD

Crop plants 0.241 (0.102) 2.371 <0.05 0.98

Native plants -0.143 (0.124) 1.153 0.249 0.43

dbh > 30 cm 0.149 (0.114) 1.308 0.191 0.43
sesMPD

dbh > 30 cm 0.182 (0.112) 1.632 0.103 0.60

Shade cover 0.183 (0.118) 1.550 0.121 0.57

dbh <30 cm 0.107 (0.110) 0.973 0.330 0.32

In univariate regressions, all but the sesFEve metric showed statistically significant
correlation with the feature identified as most influential for them by the multi-model
inference approach (Fig. 3). Significant trends from the metrics calculated under the null
models show that increasing the number of large trunked trees inside the farms relates to
under-dispersion in functional divergence as well as phylogenetic clustering, as shown
by sesMPD. At the same time, over-dispersion of sesPD increased with the number of
different crop plants, but this variable was not a significant contributor to any of the FD

metrics (Fig. 2).

To put the results for PD and FD in perspective, we followed the behaviour of the two
sites in which the lowest and the highest number of bird species were recorded during
fieldwork (Fig. 3). For both PD metrics, these two sites appeared not to differ from what
would be expected for a random community. For FD metrics, however, both sites
showed over-dispersion of functional evenness and the site with the lowest species
richness had higher functional divergence than expected by chance while the one with
the highest richness approached random values.

Elevation-dependent responses to the environmental gradient
As expected, the effects of vegetation features on the biodiversity facets were not
consistent along elevation (Fig. 4). The vegetation features contributing most to the
across-elevation analysis (Figs. 2, 3; Table 2) proved statistically significant predictors
of biodiversity facets only in certain elevational belts. In the case of species richness,
trees with dbh > 30 cm was significant only in the lowlands, shade cover in the middle-
elevations and native plants in the highlands. By contrast, crop plants related positively
to species richness in the lowlands, a result not captured when analysing the whole
elevation gradient. The same was true for sesMPD and shade cover in the highland
zone. For sesFDiv and sesPD the most important variables according to the across-

elevation analysis (Table 2) had strongest effects at middle-elevations.
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Figure 3. Univariate regression plots between the five biodiversity metrics and the variable
that had the largest impact on them according to multi-model inference. For the ses metrics, the
red dotted line separates over- (above) and under- (below) dispersed values. The grey shading
corresponds to the standard errors of the regressions. The red and yellow points represent the
sampling sites with the highest and lowest species richness, respectively.

Discussion

In this study, we found that structural and compositional features of the vegetation
associated with the gradient of agricultural intensification modulate the facets of bird
diversity in tropical farmlands. Our results are in line with other studies reporting
increasing bird species richness with vegetation complexity in tropical agro-ecosystems.
Indeed, particularly in coffee farms, bird taxonomic diversity increases in a “step-by-
step” fashion as vegetation structure and composition changes from monoculture to
floristically diverse systems (Gordon et al., 2007). This increase can then reach a
plateau with little differences between different classes of agroforestry systems (Van
Der Wal et al., 2012). However, a central question in the assessment of bird diversity in
agriculture is if the trend set by taxonomic diversity transposes to functional and
phylogenetic diversity as well. That is, if these two other facets also correlate with
vegetation complexity and if their response is linked to changes in species richness.
What we found is that, independent of the species richness gradient, some of the
functional and phylogenetic metrics respond to an intensification gradient while others
do not, and those that are responsive, may be associated with different features of the
vegetation. With respect to phylogenetic diversity, prior studies also reported mixed
effects of land use on PD (Frishkoff et al., 2014, Jayathilake et al., 2021). Regarding
functional diversity, our results complement recent observations that declines in
functional diversity of dietary guilds can happen in tropical agroforests that show high
bird species richness (Rocha et al., 2019; Jarrett et al., 2020).
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Figure 4. Estimated coefficients and their 95% confidence intervals (generated from averaged
regression models with deltaAIC < 4) for predictors of five measures of avian biodiversity at
three elevational zones. Statistically significant effects (i.e. different from zero) are colored red
and asterisks display the level of significance: *** = p < 0.001, ** = p <0.01, * = p < 0.05.

Agricultural intensification gradients and avian biodiversity in coffee agro-ecosystems
Avian TD, FD and PD responded to the variation of specific vegetation features inside
the coffee farms of our study area. Overall, trees with a dbh larger than 30 cm most
strongly affected avian biodiversity. Even though this vegetation feature has been
previously associated with high bird taxonomic diversity (Bakermans et al., 2012;
Rodrigues et al., 2018), its relevance for FD and PD remained yet unexplored. Large
trees attract a variety of bird groups to coffee farms, including upper canopy migratory
foragers (Bakermans et al., 2012), mid-high canopy foragers, forest-dependent species,
insectivores and frugivores (Rodrigues et al., 2018). Besides offering fruit and arthropod
resources, known to be exploited by many bird species (Carlo et al., 2004; Narango et
al., 2018), large trees can also host communities of epiphytic plants which can become
richer with increasing tree dbh (Flores-Palacios and Garcia-Franco, 2006). Epiphytic
plants in coffee farms can be used by a wide variety of bird species for foraging, as
nesting sites, as a source of nesting materials and they can even regulate microclimatic
conditions (Cruz-Angon et al., 2005). Although we did not measure the diversity of
epiphytes, this could indeed be an influential element for avian functional and
phylogenetic diversity in tropical farmlands.

Taxonomic and (marginally) phylogenetic diversity were also influenced by the
percentage of shade cover in our study. The maintenance of shade inside coffee farms
can boost bird species richness (Gordon et al., 2007; Bakermans et al., 2012; Rodrigues
et al., 2018), possibly by generating cool microclimatic conditions (Schooler et al.,
2020). In contrast, tree height had no influence on any facet in our study even though it
can promote bird richness not only in coffee (Gordon et al., 2007), but also in in cacao
plantations (Clough et al., 2011; Jarrett et al., 2020; Pérez-Cabral et al., 2021). In tree-
crop agro-ecosystems, vertical structure is a relevant factor. For example, herbaceous
and understory vegetation height in oil palm and rubber plantations increases avian TD
(Najera and Simonetti, 2010; Warren-Thomas et al., 2019), FD and PD (Jayathilake et
al., 2021). Thus, it is surprising that tree height was largely insignificant in our study. In
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conjunction, thin trees also did not have a significant influence. One possible
explanation is that the effect of these variables is restricted to particular groups of birds,
masking the overall effect when considering the entire avian community. For instance,
while certain upper canopy migratory birds can be attracted to tall trees, some ground
foraging species can in turn be associated to trees with thin and medium size trunks (e.g.
dbh 8 — 38cm; Bakermans et al.; 2012).

Among the compositional vegetation features, the number of different crop plants had
an effect on the phylogenetic richness, while the native plants contributed to increase of
TD. Throughout the study area, the most prominent and prevalent non-coffee crops
were the nitrogen-fixing Inga sp. and Erythrina sp., followed by banana and its relatives
(Musa spp.). Of these, Inga is known to positively affect bird communities in coffee
farms, mainly because it acts as a foraging hub for birds looking to prey on invertebrates
(Wunderle Jr. and Latta, 1998). The leaves of Inga trees are commonly attacked by
canopy arthropods (e.g. Homoptera) and their flowers represent an important source of
nectar; hence, Inga trees provide valuable resources for many insectivorous,
nectarivorous (Johnson, 2000), and omnivorous birds (Greenberg et al., 1997b). At our
study sites, Inga trees attracted many phylogenetically distant birds such as
hummingbirds, woodpeckers, tityras, vireos, New World warblers, tanagers, bush-
tanagers, and goldfinches consuming either invertebrates or nectar. The native plants
inside the coffee farms correlated positively to TD, probably because birds take
advantage of native plants inside coffee farms to forage fruits (Carlo et al., 2004;
Bakermans et al., 2012) or invertebrate prey (Narango et al., 2018).

Moreover, whereas TD and PD was fostered by at least one of the vegetation features
considered here, FD was either independent of (sesFEve) or negatively associated to
(sesFDiv) the structural and compositional features inside the coffee farms. For
sesFDiv, multi-model inference showed that under-dispersion was associated with
higher numbers of large trees, in particular. Considering the univariate relationship
between sesFDiv and large trees, the abundance of species representing extreme trait
values was higher in farms with lower numbers of large trees. This means that more
intensified coffee farms, poorer in species, may promote lesser degrees of overlap in
functional niche space (Mason et al., 2005), maybe because of more intense competition
for fewer resources. These latter results support the idea of higher functional
redundancy in more structurally complex farms.

Elevation and the facets of avian diversity in tropical agricultural landscapes

Effects of the components of agricultural intensification on the facets of avian
biodiversity were concentrated at particular elevations. A similar result has been
reported in one of the few studies on this issue where tree height and the number of
plants with small stems were the vegetation features that correlated positively with bird
species richness, but only at lower elevations (Wunderle Jr., 1999). Here, we
disentangled these relationships by conducting separate analyses for all facets at three
different elevation zones. Our results show that the vegetation features most important
for a particular metric vary across elevation. Moreover, TD was the only facet
significantly related to at least one feature at each elevation zone whereas sesFEve did
not relate to any variable at any zone.

The spatial scale at which the biodiversity facets are measured is important to
understand their response to environmental gradients. Local and large-scale processes
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can be linked and jointly affect the relationship of taxonomic, functional and
phylogenetic diversity with environmental factors (Pavoine and Bonsall, 2011). We
hypothesize that two larger-scale trends modify the response of avian biodiversity facets
to individual vegetation features associated with agroforestry intensity. First, the facets
do not change in parallel along the elevation gradient. In our study system, TD declined
while sesFEve, sesPD and sesMPD remained constant and FDiv increased with
elevation (Fig. S2). That biodiversity facets are not consistent across elevational
gradients has already been shown in tropical avifaunas (Montafio-Centellas et al., 2019).
Bird communities at higher elevations commonly have less species but not necessarily
lower phylogenetic diversity and often even higher functional diversity. For instance,
FD of Andean birds was found being over-dispersed at high elevations most likely in
reaction to resource-scarce environments (Montafio-Centellas et al., 2020). It is
plausible that the incongruent changes in the biodiversity facets along elevation also
affect their sensitivity to land use intensification and the associated vegetation features.
Secondly, certain processes might act locally and not translate into a larger-scale effect.
The most relevant vegetation features did not differ in magnitude across the three
elevational zones [crop plants (Pearson’s r=0.08, df=118, p=0.38), shade cover (r=0.07,
df=118, p=0.46) and large dbh (r=-0.17, df=118, p=0.06)]. Hence, elevation-dependent
variation in their effects on bird diversity cannot be explained by differences in their
distribution. We rather assume that the change in taxonomic richness at the large-scale
level plays a role for this variation. For example, crop plants related positively to
species richness in the lowlands only. Since TD is higher in that elevation zone, it is
possible that species richness was related to crop plants because this element diversified
the available resources inside the farms. This way, birds benefitted from and were
attracted to highly diversified farms presumably because increased competition and
niche overlap in the lowlands can be attenuated in resource-rich environments (Graham
et al., 2012), allowing more different species to co-exist (Pavoine et al., 2011) inside
farms with higher numbers of crop plants. Thus, local processes at each of the elevation
zones might explain differences in the response of the metrics used to measure bird
diversity to the vegetation elements inside the coffee farms.

Conclusions

The results of this study underpin the so far scarce evidence of incongruent responses of
the facets of avian diversity to farming intensity in tropical agricultural landscapes. It
was evident that, at the plot-level, sites with the highest species richness did not
necessarily exhibit high FD or PD. We conclude that evaluations of bird diversity within
tropical farmlands would most likely be strengthened and deliver more comprehensive
results when the functional and phylogenetic facets are included as well.

At the same time, we emphasize that wherever management decisions are designed in
order to boost bird diversity inside tropical farmlands (e.g. certification processes), it is
not enough just to keep trees inside the farms. Different vegetation structural and
compositional features present along intensification gradients modify different facets of
avian diversity differently, and at different elevations. Comprehensive assessments will
thus have to consider carefully selected sets of vegetation features and their effects on
all biodiversity facets at different elevation zones. Ideally, such studies would identify
the specific combination of features that maximize particular aspects of bird diversity
inside cultivated lands under particular conditions. They would thus deliver a scientific
basis for farmers, certification agencies and decision-makers that want to maximize all
biodiversity facets simultaneously as well as to those that want to focus on particular
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facets (e.g. functional diversity) independent of others (e.g. species richness). These
management choices should match the reality of bird diversity at the plot and wider-
scale (e.g. elevation zone) levels.
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Chapter 2. Unshaded coffee imposes a heavier load on
thermoregulation than shaded coffee for birds in a tropical
mountainous region

Otto Monge, Christian H. Schulze, Stefan Dullinger, Leonida Fusani, lvan Maggini

Abstract

Distribution shifts and local extinctions in tropical montane birds are supposed to result
from intolerance to elevated temperatures driven by both climate warming and changes
in land use which affect local, microclimatic temperatures (Tamic). However, the
physiological basis of this phenomenon is yet insufficiently explored. Here, we
experimentally measured the physiological response of four bird species to heat and
predicted the amount of days that heat exposure would increase the demand for
evaporative cooling, based on Tamic recorded inside mountainous shaded and sun-
grown coffee farms. Maximum Tamic in sun coffee was significantly higher than in
shade coffee. On the other hand, Tamic in shaded farms was similar to Tamic inside
forest patches used as a reference. In response to increasing experimental ambient
temperature (Ta), the four tested bird species exhibited different rates of change and
onset Ta of the evaporative cooling response and of the increase in body temperature.
Accordingly, the amount of time that the birds were predicted to be exposed to heat
inside the farms also varied across species. Yet, for all of them, shifting from a shaded
to an unshaded coffee farm could increase the number of hours exposed to heat by 2-3
times. Inter-specific differences were also found in the amount of water predicted to be
lost to evaporative cooling inside the farms. However, these daily loses, even under the
harshest scenario, represented only a small proportion of their body mass lost in the
form of water. Moreover, our predictions also show that heat exposure to Tamic within
the farms dilutes as the dry season transitions into the wet season. Taken together, we
demonstrate that these four bird species are able to endure the current thermal
environment of a tropical mountainous agricultural landscape, as it currently does not
pose a risk of chronic or lethal dehydration. Nonetheless, we found the more intensified,
sun coffee farms to elevate the risk of exposure to Tamic that increases the demand for
water in order to maintain water balance over consecutive days. If sun coffee farms
become devoid of vital resources needed to support adequate evaporative cooling
responses in birds, they might become thermal filters in the future.

Keywords: avian, biodiversity, climate change, thermal physiology

Introduction

Global assessments of the effects of climate change on birds predict extinctions,
distribution shifts and abundance declines (Sekercioglu et al. 2008). Tropical montane
and high-elevation species are thought to be particularly vulnerable because their
narrow vertical ranges might make them more vulnerable to warming temperatures
(Freeman et al. 2018). However, the physiological underpinnings of population-level
responses to climatic variation are largely unknown.
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In some cases, the species’ response to warming is influenced by the climatic
disruptions generated by land-use changes (Jetz et al. 2007). For example, alterations of
microclimates following deforestation at the lower elevation margins can increase the
rate of elevational range shifts (Guo et al. 2018). Likewise, agriculture in tropical dry
regions exacerbates the effect of high temperatures and low precipitation, promoting
species that are used to hot and dry conditions in detriment of forest-dependent birds
(Frishkoff et al. 2016). In general, the clearing of tropical forests leads to simplified
landscapes characterized by open areas that are warmer and drier (Sales et al. 2020).

Heterogeneous landscapes can buffer against temperature extremes (Suggitt et al. 2011)
with vegetation structure being a key factor for microclimatic regulation in tropical
human-dominated environments (Jucker et al. 2018). In forest remnants and
agroforestry systems, tree canopies insulate the understory against high temperatures
and hence stabilize microclimatic conditions (Barradas & Fanjul 1986; Lin 2007). For
instance, coffee is a versatile crop, which can be cultivated under the canopy of woody
vegetation (shaded coffee) or exposed under the sun without shade (sun coffee)
(Perfecto et al. 1996). The presence of shade regulates the microclimate of coffee farms
against fluctuations in temperature, humidity and solar radiation (Lin 2007;
Ehrenbergerova et al. 2017) and can positively influence crop yields (Moreira et al.
2018). However, whether and how the resulting attenuation of microclimatic
fluctuations through shade trees benefits thermoregulation in birds that thrive in coffee-
dominated landscapes, is unknown.

Birds possess a variety of physiological mechanisms that allow them to cope with
environmental temperature variations and safeguard their body temperature (Tp) from
reaching life-threatening levels (Angilletta et al. 2010). When ambient temperature (Ta)
decreases, metabolic heat production helps to maintain a stable Ty, (Steiger et al. 2009),
while increases in T, triggers heat dissipation by evaporative cooling (evaporative water
loss, EWL) through the body surface or the respiratory tract (McKechnie & Wolf 2004).
Some open-habitat passerines can endure hyperthermia of several degrees above T,
which results in passive heat dissipation from the body to the environment (Weathers
1997; Nilsson et al. 2016), thus economizing water (Gerson et al. 2019). Even though
birds may tolerate hyperthermia for a certain amount of time, prolonged exposure to
extreme T, can lead to harmful effects for reproduction and survival (Mitchell et al.
2018; Riddell et al. 2019).

A recent study claimed that changes in microclimate temperatures following the
removal of shade trees from coffee farms in East Africa could cause serious losses of
insectivorous bird species richness, under current and future climate change scenarios
(Schooler et al. 2020). The disappearance of tropical insectivorous birds from natural
and disturbed areas has already been related to resource bottlenecks (Lister & Garcia
2018) and obstacles to dispersal across the countryside (Sekercioglu et al. 2002).
However, very little is known about the thermal sensitivity in this and other bird groups
living in agricultural areas. Assessments of stress-related blood parameters in North
American birds showed that farming intensity can in fact modulate their physiological
response (Latimer et al. 2020; Van Vliet et al. 2020), but the role of temperature was not
explicitly defined.

Here, we quantified the costs of thermoregulation for four bird species commonly found
in Costa Rican montane coffee farms to explore the relationship between microclimatic
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buffering and the thermal physiology of these species. First, we looked into differences
in microclimatic temperature between sun and shaded coffee farms, using adjacent
forest patches as a reference. Then, we exposed the birds to a temperature gradient in a
controlled environment and measured their response in terms of Ty, metabolic heat
production and evaporative cooling. Based on the results, we calculated the
thermoregulatory costs arising from exposure to heat in the coffee farms during a 5-
month period and estimated the amount of water that the birds could potentially lose
from heat exposure as a percentage of their body mass. We predicted that the lack of
shade in sun farms would increase the exposure to heat, and that more hours of exposure
would result in higher water losses destined for evaporative cooling in these birds.

Materials and methods

Field sampling and data collection took place from March to November 2020 in the
central mountains of Costa Rica, specifically in the Zona de los Santos coffee-growing
region (N 9°40°, W 84°06’). The sampling period comprised the tropical dry and rainy
seasons. Roughly, in Costa Rica the dry season occurs from December to April and the
wet season from May to November, with a few weeks towards the end of June in which
precipitation is reduced or halted. Highest temperatures are reached around March, the
lowest around December.

Birds were captured and microclimatic temperatures measured in sun and shaded coffee
farms at three sites within the study region (Fig. 1): Naranjo (1700 masl), Vara Blanca
(1800 masl) and Copey (1900 masl). WorldClim monthly weather data (period 2010-
2018) for those sites show that year-round minimum, average and maximum
temperatures range between 10 — 12 °C, 16 — 18 °C and 22 — 24 °C, respectively (Fick &
Hijmans 2017). The shaded coffee farms of the study sites were characterized by the
presence of native, crop (e.g. avocado, citrus, banana), nitrogen-fixing (Erythrina sp.
and Inga sp.) and timber trees. The sun farms were either devoid of trees or had a few
native, crop or pruned nitrogen-fixing trees mixed in. In shaded farms, trees had an
average maximum height of 20.13 m (sd = 5.51), which produced an estimated average
canopy cover of 43.75 % (sd = 19.50). In sun farms, tree average maximum height was
9.60 m (sd = 8.55) and percent canopy cover was 8.60 % (sd = 6.55).
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Figure 1. Map of the study area. The inserts show the location within Costa Rica and within
the Zona de los Santos region, composed by the cantons of Ledn Cortés, Tarrazl and Dota.
Sampling localities were situated close to the town of Santa Maria (in Dota), where the
laboratory in which metabolic measurements were carried out was established (red star). The
three small maps at the bottom show the location of bird mist-netting stations (white pentagons)
and of the deployment locations of iButton temperature loggers inside forest patches (yellow
circles) and coffee farms (sun = orange; shaded = green) in the sampling localities of Naranjo,
Vara Blanca and Copey. Shaded and sun farm locations are numbered consecutively.

Thermal environment of coffee farms

Microclimate temperatures (Tamic) at coffee farms and forest patches adjacent to the
farms were recorded with Thermochron® iButton® loggers (model DS1921G, accuracy
+ 1°C, Maxim Integrated, USA) between March and July 2020. Four loggers were
deployed in shaded coffee farms, six in sun farms and five in forest patches and were
programmed to collect a temperature read every two hours. We installed the loggers at
random locations inside the farms (separated by a minimum of 200 m when in the same
farm) and at approximately 55 — 150 m distance to the nearest forest patch (Fig. 1). We
were aware of the possibility that measurements using iButton loggers may sometimes
result in overestimation of Tamic (Maclean et al. 2021), therefore we took several
precautions to minimize this source of error. First, to protect them from direct sunlight,
the loggers were attached to half-cut white plastic bottles, leaving the bottom uncut to
function as a “roof”. This set-up was nailed to the trunk of woody trees at a height of
about 1.5 m above the ground, where they could be exposed to wind flow. Finally, we
checked the Tamic databases of all the deployed iButtons and removed measurements in
which Tamic increased disproportionally with regards to the previous one —i.e., all
increases of more than 10 °C between consecutive 2-hour periods (n = 35, 0.13% of all
data points).

Metabolic trials
Thermal physiology trials were carried out between August and November 2020 on four
ecologically diverse bird species commonly found in human-dominated landscapes
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(Table 1). These were silver-throated tanager (Tangara icterocephala), yellow-faced
grassquit (Tiaris olivaceus), lesser goldfinch (Spinus psaltria), and Cabanis’s wren
(Cantorchilus modestus). The tanager is mostly frugivorous, forest-dwelling and tends
to join mixed-species flocks, the grassquit and the goldfinch live in conspecific groups,
feed mostly on seeds and prefer open grassy areas, and the wren is solitary,
insectivorous and mainly inhabits the understory of disturbed habitats (Stiles & Skutch
1989).

Table 1. Bird species selected for thermal physiology experiments, their body mass, main diet
preference, habitat and elevational distribution in meters above sea level (masl). The number in
parenthesis, in the elevation range column, indicates seasonal movements by the species. Data

from Stiles & Skutch (1989) and Garrigues & Dean (2014).

Species N Body mass Digtary Mai_n Elevation
(9) £sd guild habitat range (masl)
Cabanis’s wren 2 1955+1.34 Insectivore Shrubland 0 —2000
Silver-throated tanager 5 21.49+1.89 Frugivore Forest 2880(0) a
Yellow-faced grassquit 8 9.45+0.55 Granivore  Openareas 0- 2200
Lesser goldfinch 10 9.91+0.75 Granivore  Open areas ?25;)56)2200

The birds were captured with mist nets or baited traps set up inside the coffee farms
between 07 — 12 hr, transferred to metallic or wooden holding cages (c. 80 x 50 x 80
cm) and offered water and food (fruit, mealworms and a grain mix of millet, sorghum
and sunflower seed). By capturing the birds inside the farms we guaranteed that they
used the farms as part of their home ranges; further confirmed by field observations of
individuals inside coffee shrubs. Juveniles and individuals that showed signs of
breeding condition were released immediately. Otherwise, the birds were transported by
car to a field lab away from the farms where the experiments were carried out (max. 40
minutes trip duration; 1600 m elevation). Once in the lab, they were weighted with an
electronic pocket scale (Ecotone, Poland) before the start of the trial. A temperature
sensitive transponder (PIT) tag (Biotherm13, USA) was injected subcutaneously with a
trocar in the intra-scapular area to measure body temperature (T,) when activated by a
reader system (HPR Plus, Biomark, USA) placed outside the metabolic chamber (see
below). Individuals that showed signs of distress when being handled were tested
without being injected a tag. Cloacal Ty was also measured in all the birds just prior and
after the trial with a digital, dual-channel, K-type thermocouple (model TL253,
accuracy * 1.5%, Proster, Hong Kong).

Once prepared, the birds were introduced individually into the metabolic chamber,
which consisted of a 1.4 | glass container with a hermetic-seal plastic lid. The bottom of
the container was covered with a ~3 mm layer of mineral oil to trap excreta and prevent
its evaporation, and in which a wire mesh platform above the oil layer attached with a
small dry wood perch was placed (~10 cm height). Chamber T, was measured by
inserting a thermocouple ~5 cm inside, between the container and lid, and sealed with
polytetrafluoroethylene Teflon film tape. The metabolic chamber was placed inside an
18 | portable mini incubator (ICT-P Series, Falc Instruments, Italy) which allows inside
temperatures to be manipulated in the range of 10 — 65 °C, with a precision of £0.2 °C.
The incubator temperature was adjusted to reach the desired chamber T, as recorded by
the thermocouple.
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Trials began immediately after the bird was placed inside the metabolic chamber and all
were conducted during day-time hours, ending no later than 17 hr. The relative humidity
(RH) and O3 transferred from the chamber by the excurrent air flow were analysed
using a flow-through respirometry system (OxBox 2.0, FIWI — University of Veterinary
Medicine, Vienna, Austria) powered by a 12V car battery. The rate of the flow of air
that passed through the whole system was controlled with the built-in mass flow
controller of the OxBox. The system’s integrated relative humidity and O2 analysers
were calibrated just prior to the start of the trials and did not require further calibrations.
The incoming air flow was scrubbed of water vapour using Drierite (Hammond, USA)
before being divided into reference and chamber measurement flows, which were then
directed to the gas analysers. We used Bev-A-Line® tubing throughout the system.
Considering the similar body weights of the bird species (Table 1), the flow rate was
fixed at 60 | hr't. Before measurements were taken, however, an initial wash-out step
ensured that traces of water vapour were removed from the tubing and chamber by
forcing dry air to pass through the whole set-up at a flow rate of 200 | hr! for 60
minutes. This procedure was performed with the bird inside the chamber, allowing it to
adjust to the chamber and ensuring that it was in a post-absorptive state before the
measurements started. The wash-out step was tested multiple times before the beginning
of fieldwork, until the final configuration was good enough to reduce the absolute
humidity to an average of 0.04 % (range = 0 — 0.41 %) without a bird in the chamber.

We measured RH and O in 30-minute periods, partitioned in 5 min for the reference air
and 25 min for the chamber air flow. Throughout the trials, individual birds were
subjected to a set of three or four different Ta in 5 °C increases or decreases, covering
the range from 10 to 45 °C. Thus, each measurement period was conducted at a given
stabilized Ta (x 0.5 °C) which was then increased or decreased to continue with the next
period. The total duration of the trials was never longer than 3 hr. The birds were
exposed to the first T, of the trial sequence during the wash-out period. For the duration
of the trial, the birds’ behaviour was monitored with a mini camera located in front of
the chamber and connected to an external monitor to detect the onset T, of panting to
dissipate heat or shivering and fluffing of feathers to generate and retain heat. In
addition, whenever T, approached the extreme values of the tested range, if birds were
observed to display sustained escaping behaviours (e.g. pecking the lid of the chamber,
moving frantically, sudden sharp rise in Typ) the trial was stopped and the birds
immediately removed from the chamber and placed in the holding cages. They were
constantly checked for their recovery; if unable to do so by themselves, the birds were
assisted by manually providing them with water or food and keeping control of their Ty.
Data from birds that showed sustained escaping behaviours was not included in the
analysis (for the tanager at T, 15 °C and 44 °C; grassquit at To 11 °C, 12 °C, 14 °C, 16
°C, 37 °C, 38°C, 42 °C, 44 °C, 45 °C; and goldfinch at Ta 11 °C, 16 °C, 17 °C, 43 °C).

Data analysis

All statistical computations were conducted in the R environment (version 4.0.4, R Core
Team 2021). We tested for differences in Tamic at the coffee farms with a two-way
analysis of variance (ANOVA), which included an interaction term between the
factorized predictors, farm type (sun — shaded) and temperature class (minimum —
average — maximum). The reliability of the ANOVA was confirmed by visually
examining the residuals and by checking normality with the Shapiro-Wilk test (W =
0.95, p = 0.22) and the homogeneity of variance with the Levene’s test (F =0.62, p =
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0.69). The ANOVA simultaneously tested for significant differences in overall Tamic
between farm types and for differences associated with the temperature classes. Specific
significant associations between each level of farm type and temperature class, were
detected by performing a Tukey HSD post-hoc test on the results of the ANOVA. The
difference in means at each temperature class was calculated considering a 95%
confidence level.

Gas and humidity traces measured by the respirometry system were converted to rates
of oxygen consumption (VO2, mlO2 hr) and water vapour production (VH20, mIH.0
hr1), using equations 10.2 and 10.9 from Lighton (2008) respectively. The lowest 10
min mean values for each T, period were selected to filter out data taken when the birds
became agitated during the trial. VH2O was converted to EWL considering a conversion
factor of 0.803 mgH-0, and VO, (mIO; hr?) to resting metabolic rate (RMR, W)
considering 20.1 J mlO2. VH,0 was also used to compute the evaporative heat loss
(EHL, W), using a latent heat vaporization factor of 2.43 J mg™, and the evaporative
cooling capacity (ECC) was calculated as EHL/RMR. The rate of change in T (°C min
1) and the average, minimum (Tymin) and maximum Ty, (Tpmax) were calculated for the
last 10 min of each T, period. Temin was calculated for Ta only below 20 °C and Tpmax
for Ta only above 35°C. If a bird was not injected with a PIT tag during a trial, its
cloacal Ty measured right before introducing or after extracting the bird from the
chamber was considered instead. The changes of RMR, EWL, ECC, and Ty, were
modelled as a function of T, using segmented regressions, to determine inflection points
in their linear relationships, in the package segmented (Muggeo 2008). Following this,
linear mixed-effects models (LMM) were used to compute the slopes before and after
the inflection T, using trial Ta as fixed effect and individual identity as a random effect
in the package Ime4 (Bates et al. 2015). The 95% confidence intervals around the
inflection points and slopes from the regressions were estimated.

Finally, we modelled the impact on water balance of exposure to high temperatures
during the sampling period inside the coffee farms. We began by assessing the amount
of time per day, for the five months of the study, in which Tamic surpassed the EWL T,
inflection point that was detected in the metabolic trials for each bird species. For this,
we summed the number of hours above the inflection T for each day of the month.
Then, to test if the presence of shade inside the farms modified the species’ water
balance, we compared the accumulated number of hours per month above the EWL
inflection between shaded and sun farms using a generalized linear model (GLM) with a
Poisson distribution. Month was also included as a predictor in the models to test for
significant temporal differences as the dry season transitioned into the wet season.
Over-dispersion and model assumptions were checked with the package DHARMa
(Hartig 2021). Lastly, we computed the percentage of body mass lost to evaporative
cooling in the form of water, considering that a threshold of > 15% has been deemed as
a conservative dehydration tolerance mark for desert passerines (Albright et al. 2017).
Using the slopes from the segmented (for the wren only) and LMM regressions, we
estimated the change in EWL for each °C of change in Ta —i.e., how much water the
birds lost per hour. Based on the species-specific daily amount of time spent above the
EWL inflection point, the rate of water lost to evaporative cooling was multiplied by the
amount of hours to get the daily water loss. Finally, the water lost was recalculated as a
percentage of the birds’ total body mass.
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Results

Microclimate inside coffee farms

The thermal environment inside the coffee farms was characterized by highly variable
Tamic. The average daily range in shaded farms was 9.66 °C (sd = 1.65) while for sun
farms it was 14.60 °C (sd = 1.91). Maximum Ta.mic occurred between 10 — 12 hr, while
minimum Ta.mic was recorded between 04 — 06 hr. Overall, maximum Ta.mic was higher
inside the farms than in adjacent forest patches, especially in sun farms, while average
and minimum Tamic did not differ between farms and forests (Fig. 2a). The averaged
reference Tamic inside the forest was 13.56 °C (sd = 0.80) for the minimum, 16.25 °C
(sd = 0.74) for the mean, 19.96 °C (sd = 1.54) for the maximum, and 6.39 °C (sd = 1.74)
for the daily range of Tamic.
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Figure 2. Differences in averaged microclimate temperatures (T.mic) between shaded coffee
farms, sun farms and forest patches during a five-month period in the central mountains of
Costa Rica. In a), the dependent variable is the difference in Tamic between each farm and its
nearest forest patch. Points are the average and whiskers the minimum and maximum values,
and farms in the x-axis were ordered from heavily shaded to full-sun coffee (see Fig. 1). In b),
asterisks show the significance of average Tamic differences between the farm types, according
to the three temperature classes, resulting from a Tukey HSD post-hoc test performed on a two-

way ANOVA. *** = p <(.001.

Tamic inside sun and shaded coffee farms were significantly different (F = 14.79, p <
0.001). The interaction between the farm type and the temperature classes was also
significant (F=7.17, p < 0.01). Applying a post-hoc test to these results revealed that
the thermal differences inside the coffee farm types were driven solely by the maximum
Tamic (Fig. 2b). The magnitude of the average difference in maximum T.mic between
sun and shade farms was 4.93 (1.99 — 7.87 95% CI; p < 0.001), whereas for the average
and minimum Tamic it was 1.41 (-1.53 — 4.35 95% CI; p = 0.68) and -0.01 (-2.95 — 2.93
95% CI; p = 0.99), respectively.

Thermoregulation under experimental and semi-natural conditions

RMR. There was insufficient data to estimate parameters for the wren. The Ta in which
RMR reached its lowest value were 26 °C for the tanager, 32 °C for the grassquit and 26
°C for the goldfinch. According to the LMM analysis, the slope estimate for the
grassquit was only significantly different from zero before the inflection T,, while
neither slopes were for the tanager and the goldfinch (Table A.1). The highest

45



thermoregulatory energetic expenditure in wrens was 0.87 W at 18 °C, in tanagers 1.08
W at 18 °C, in grassquits 0.76 W at 15 °C, and in goldfinches 0.70 W at 14 °C (Fig. 3).

EWL. For all species, the segmented linear relationship between EWL and T, was
highly significant (p < 0.001). The species with the lowest and highest inflection Ta
were the goldfinch and the grassquit, respectively (Table A.1). The tanager and the wren
had comparably lower rate of change in EWL before the inflection, followed by the
grassquit, while the goldfinch had the highest rate. However, after the inflection T,, the
rate of change was 5.0 times higher for the wren, as estimated from the segmented
regression. The rate was 5.7 times higher for the tanager, and 3.5 times for the grassquit
and goldfinch, according to the estimated LMM slopes (Fig. 3).

ECC. The segmented linear relationship between ECC and Ta was significant for the
grassquit (p < 0.001), tanager and goldfinch (p<0.01) and marginally significant for the
wren (p = 0.06). In the goldfinch, the rate of change in ECC increased by a factor of 2.5
after reaching the inflection T.. For the wren, according to the segmented regression
slopes, the rate of change increased by a factor of 4. In tanagers and grassquits, the rate
of change increased by 2- and 1.25-fold, respectively. Goldfinches were able to
dissipate all metabolic heat produced earlier than the other species, at around T, 30 °C.
In turn, tanagers achieved parity between metabolic heat dissipation and production at
around T, 33 °C, while wrens and grassquits did so at 35 °C.
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Figure 3. Relationship between resting metabolic rate (RMR), evaporative water loss (EWL)
and evaporative cooling capacity (ECC) and ambient temperature (T,) inside the metabolic
chamber. The black lines were obtained from segmented regression models used to detect

inflection points where the response of parameters to further increase of T, changed sharply.
The dashed line in the ECC plots shows where the ratio of metabolic heat dissipation/production
is 1. The R? coefficients were estimated from the segmented regressions; in the case of RMR,
because of its typical “U-shaped” relationship with T,, no coefficient is included.

Tb. No data from PIT tags during the metabolic trials was obtained for the wren. The
inflection points for the tanager and the grassquit were similar, around 34 °C. In the case
of the goldfinch, Ty, inflection was low, 24 °C, and Ty, was highly variable throughout
the trials (Table A.1; Fig. 4). The average Ty for this species was 39.4 °C and ranged
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between 36.3 — 42.6 °C. Variation in tanagers was also high (range 39.2 — 45.8 °C;
average = 41.2 °C), but this was due to one individual who suffered a dramatic increase
in Ty and died, despite ending the trial five minutes after beginning the measurements at
Ta=44°C. In contrast, the variation in Ty, was lower for the grassquit (40 °C — 43.6 °C;
average = 41.4 °C). The tanager Ty changed at a rate of 9.5 times after reaching the
inflection T.. For the grassquit and goldfinch, the rate changed by 5- and 0.7-fold,
respectively. The almost unmodified rate of change in Ty before and after the inflection
in the goldfinch results from high individual variation in thermoregulation during cold
Ta, in which some individuals experienced a decrease in Ty to 36 — 37 °C while others
remained at 40 — 41 °C. Grassquits and goldfinches were first observed shivering at Ta
16 °C whereas only one tanager individual shivered and it occurred at Ta 13 °C. For all
of them, fluffing of feathers started at higher Ta: at 21 °C in tanagers, 20 °C in grassquits
and 18 °C in goldfinches. Below these T, Tb in tanagers dropped from 40.4 °C to Tymin
39.8 °C, at Ta 13°C. In grassquits, Ty dropped from 41.2 °C to Tpmin 40.3°C at 11 °C T..
In goldfinches, Ty, decreased from 41 °C to Tymin 37.2 °C at 11 °C T.. Tanagers and
grassquits started panting earlier, at T 37 °C and 38 °C, respectively, than goldfinches at
41 °C. During panting, T, changed from 41.2 °C to Tymax 45.8 °C in tanagers, from Ty
42.1 °C to Trymax 43.6 °C in grassquits and from Ty 42.9 °C to Tymax 44.2 °C (both
cloacal Ty) in goldfinches (Fig. 4).
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Figure 4. Change in body temperature (Ty) and the rate of change in Ty, (inset) in response to
the ambient temperature (T,) inside the metabolic chamber. The black lines were obtained from
segmented regression models fitted to Ty and T, used to detect inflection points in which
changes in T, resulted in sharp changes in T,. Shaded areas represent the range of Ta in which
birds displayed thermoregulatory behaviours: panting to dissipate heat (red) and fluffing of
feathers and/or shivering to generate heat (blue). Vertically, they span from the average T, down
to the minimum (Tymin) or up to the maximum Ty, (Tpmax) in which the behaviours were
observed. Note: the maximum panting temperature for the goldfinch corresponds to its cloacal
T, measurement because that individual was not injected a PIT tag.

Predicted physiological response to the thermal environment of the coffee farms

The number of hours in which Tamic surpassed EWL inflection points significantly
declined from March through July, regardless of the farm type (Table 2). The difference
between March and April was marginally significant whereas during July the number of
hours declined around 3-fold for all species. On average, and during the five months of
the study, the wren was exposed to 2.99 hr (sd = 1.36) per day to Tamic above EWL
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inflection for 69 days, the tanager to 2.56 hr (sd = 0.98) for 57 days, the grassquit to
2.53 hr (sd = 0.90) for 30 days, and the goldfinch to 3.23 hr (sd = 1.54) for 98 days.
Heat exposure within shaded farms occurred only during March, April and June for the
wren [average 2.80 hr (sd = 0.64) per day for 5 days], during March and April for the
tanager [average 2.00 hr (sd = 0.62) for 4 days], during April for the grassquit (2 hr in
one day), and during March, April and June for the goldfinch [average 3.33 hr (sd =
0.81) in 6 days]. In contrast, heat exposure inside sun farms occurred during the five
months for all species, except the grassquit for which heat exposure stopped in June
(Fig. 6). For comparison, there were zero hours of heat exposure above EWL inflection
inside the forest patches, for any of the species and months.
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Figure 5. Daily heat exposure for four bird species inside coffee farms in the central mountains
of Costa Rica. Shown is the mean number of hours per day (> 0), enclosed by standard error
bars, for five months in which the species experienced T.mic that surpassed the inflection points
of EWL recorded in metabolic trials. The points are the individual daily Tamic values.

Table 2. Model results from the Poisson GLM regression of hours of exposure to T.mic that
surpassed the inflection points of EWL recorded in metabolic trials against farm type and
month. Shaded farms and the month of March were taken as reference categories in the models.

Species Estimate | SE z-value p-value

Cabanis’s wren
Intercept | 1.90 0.28 |6.70 p <0.001
April -0.41 0.20 |-1.99 p <0.05
May -1.46 030 |-4.90 p <0.001
June -2.02 0.38 |-5.35 p <0.001
July -2.71 052 |-5.24 p <0.001
Sun coffee | 2.08 028 |7.34 p <0.001

Silver-throated tanager
Intercept | 1.42 0.36 3.90 p <0.001
April -0.45 0.19 |-2.37 p <0.05
May -1.79 031 |-5.75 p <0.001
June -2.20 0.37 |-5.90 p <0.001
July -3.58 0.72 |-5.00 p <0.001
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Species Estimate | SE z-value p-value
Sun coffee | 2.80 036 |7.70 p <0.001

Yellow-faced grassquit
Intercept | 0.15 0.71 0.21 p=0.84
April -0.61 0.25 |-2.39 p <0.05
May -1.71 0.38 | -4.44 p <0.001
Sun coffee | 3.61 0.72 |5.04 p <0.001

Lesser goldfinch
Intercept | 2.22 0.23 9.60 p <0.001
April -0.34 0.13 |-2.64 p<0.01
May -1.35 018 |-7.39 p <0.001
June -2.21 0.26 |-8.40 p <0.001
July -2.50 0.30 |-8.32 p <0.001
Sun coffee | 2.70 0.23 | 11.66 p <0.001

Our predictions of water loss during heat exposure in coffee farms show that during a
typical day in which the birds face the maximum amount of hours above EWL
inflection, none of the species would lose more than 10% of their body weight to
evaporative cooling (Table 3). The two heavier species, tanagers and wrens, lost water
at a higher rate than the smaller grassquits and goldfinches. However, the higher T,
inflection of EWL in the grassquit resulted in less predicted hours of exposure and, in
consequence, the lowest amount of water lost to evaporative cooling in a single day
among all species. In contrast, the goldfinch lost more water in proportion to body mass
due to exposure to more hours of heat than the other species. According to our
predictions, it would take 6.7 consecutive days under four hours of daily heat exposure
for a grassquit to lose 20% of water relative to body weight. For wrens, tanagers and
goldfinches, the predicted amount of days would be 4.4, 4.2 and 3.5, exposed to siX, SiX
and eight hours daily, respectively.

Table 3. Predictions of water lost to evaporation (EWL) from exposure to heat in coffee farms.
The slopes were estimated when regressing EWL to T, during respirometry trials in linear
mixed-effects models. The maximum amount of hours above the EWL inflection is the species-
specific value during the period from March to July 2020, according to the Tamic recorded
inside the farms. The percentage of water lost to evaporative cooling was calculated relative to
average body mass.

Maximum hours of
Slope above . Amount of | Percentage
. Tamic above EWL
Species EWL . . A water lost | of water
- . inflection point in a
inflection X (gH20) lost
given day
Cabanis’s wren 015" 6 0.90 4.6%
Silver-throated tanager | 0.17 6 1.02 4.8%
Yellow-faced grassquit | 0.07 4 0.28 3.0%
Lesser goldfinch 0.07 8 0.56 5.7%

“= estimated from a segmented regression.

Discussion
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The results of this study show that farm management practices in the Tropics can
influence thermoregulation in agriculture-associated birds, by creating different thermal
microclimates that become more challenging when cultivation is intensified.
Specifically, we evidenced that maximum daily temperatures are significantly higher in
coffee farms with a reduced or absent tree canopy, particularly during the dry season.
Our four focal species showed a variety of heat dissipation responses during exposure to
high temperatures. In consequence, the predicted exposure to heat that elevated the
demand for evaporative cooling inside the coffee farms varied between species.

Thermal microclimatic environment of coffee farms

When compared with local temperatures of cleared areas, the understory of tropical
lowland and montane forests not only remains cooler during the day but also warmer
during the night (De Frenne et al. 2019; Montejo-Kovacevich et al. 2020). The
differences in Tamic daily range, minimum, average, and maximum between forest and
farmland found in our study provide further evidence that forest patches are vital
thermal buffers in agriculture-dominated landscapes. Even if tropical forests remnants
are intervened — e.g. for selective logging — they still provide suitable microclimates and
harbour temperature-sensitive species (Senior et al. 2018) if activities are kept at a low
level of intensity (Jucker et al. 2018). Under this scenario, farmlands that maintain a
vegetation structure similar to intervened forests might benefit from reduced local
maxima as exemplified by the small differences in maximum temperatures (1.2 °C)
between the most heavily shaded farm in our study and its nearest forest patch. The non-
coffee vegetation composition in this farm (the first in Fig. 2a) was ~96% native plants,
highlighting the vital role of remnant forest trees in attenuating Tamic increases in
agricultural landscapes.

Other studies have already demonstrated that daily temperature variation can decrease
by almost 2-fold when shade trees are incorporated within the coffee plantation
(Barradas & Fanjul 1986) while sun coffee farms can, on average, be considerably
hotter than forest — e.g. by ~6 °C in a Brazilian study area (de Souza et al. 2012).
However not only native remnant trees but also tall nitrogen-fixing trees in shaded
coffee farms can keep daily maxima lower and nightly minima warmer than in sun
farms (Siles et al. 2010). In our study site, sun farms were characterized by rows of
small nitrogen-fixing Erythrina sp. trees (< 2 m), which were also maintained pruned,
thus resulting in a reduced T.mic buffering capacity when compared to the shaded
farms.

Thermoregulation and heat exposure in coffee farms

Our analysis of metabolic traits shows that the four study species are able to tolerate
daily Tamic and that, as a consequence, they are not threatened by the thermal
environment they experience inside the coffee farms. In particular, minimum Tamic of
the study area do not appear challenging for the birds since the same temperature range
was not energetically demanding for them during the experiments. Also, the Ty of
tanagers and grassquits was stable when exposed to cold T, and, despite Ty being more
variable and its rate of change more pronounced in the goldfinch, no individual showed
any sign of distress for the range of cold T, tested.

However, the results evidenced inter-specific differences in heat dissipation and Ty
regulation that might be relevant to understand the birds’ response when their thermal

load increases as a consequence of global warming. In dealing with heat, not only did
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the tanager’s EWL rate start increasing earlier but the rate of change in EWL above the
inflection point was almost six times higher than below it. Moreover, shortly after
achieving parity between metabolic heat loss and production, Ty, spiked and
hyperthermia could not be avoided despite initiating a panting response at Ta = 37 °C. A
similar ECC (~1.5 at T > 40 °C), aided by low energy-cost panting, is an effective
thermoregulatory mechanism to deal with elevated T in a lethargic tropical rainforest
species (Lasiewski et al. 1970). However, the elevated increase in Ty observed in
tanagers after reaching the heat dissipation/production parity (0.4 °C per 1 °C T,) seem
to suggest otherwise for this species. The tanager’s response to heat might therefore
underscore the sensibility of some tropical forest birds to fragmentation and habitat loss
and the ensuing microclimatic changes, as a thermally stressful environment can have a
negative impact on their physical condition (Busch et al. 2011).

On the other hand, open-habitat grassquits and goldfinches demonstrated their capacity
to endure thermal variation at high T,. For instance, despite both species showing a
similar EWL rate of change as in tanagers and wrens, after the inflection T, the rate was
lower in the former species. Grassquits and goldfinches, however, followed different
physiological pathways in response to thermal variation that are worth considering.
First, the grassquit had the most delayed onset T, of increased water loss, which resulted
in a much more attenuated hyperthermia at the hottest Ta during the trials. This seems to
suggest that grassquits conserve their water until when it is most needed. In turn,
goldfinches experienced the highest water expenditure to cool down and dissipated at a
maximum twice the metabolic heat produced. The ability to expand the limits of EWL
and sustain maximum T, before entering hyperthermia during heat exposure has been
linked to regular water-drinking in arid zone birds (Czenze et al. 2020). While it is
possible that the goldfinch is more water-dependent than the grassquit, this has to be
confirmed with field observations. Detecting interspecific variation in thermoregulatory
water management is crucial to understand population-level responses to episodes of
high heat exposure when water is present or absent (Riddell et al. 2019). We suspect
that the water economy observed in grassquits could help them cope better with future
climate change in agricultural landscapes than goldfinches, who are already suffering
from the extremely dry and hot conditions in the arid parts of their range (Albright et al.
2017).

We have shown that, despite differences in sensitivity to heat, all of the tested species
are able to withstand current Tamic inside coffee farms of the study area. Yet, since
management practices can strongly alter Tamic, especially during the hottest months of
the year, thermoregulation becomes more demanding as coffee cultivation intensifies.
This was further evidenced from the difference in the amount of heat exposure days
between farm types. Thus, in order to tolerate daily exposure to maximum Tamic, the
water lost to cooling down the body needs to be replenished more frequently inside sun
coffee farms. The availability of resources then becomes vital because cooling costs are
associated to dietary preference in thermally challenging environments (Riddell et al.
2019). For example, insectivores acquire water from their prey but granivorous birds
obtain little water from seeds, leaving them generally dependent on water sources
(Albright et al. 2017). Tropical rainforest frugivorous birds access water in relatively
high amounts from the fruits in their diets (Worthington 1989), which means that they
might be deterred from entering and remaining in sun coffee farms devoid of native or
even crop trees. In fact, telemetry data show that silver-throated tanagers persist in
coffee-dominated landscapes only with a native tree cover of at least 10% (Sekercioglu
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et al. 2007). However, we observed this and other similar frugivores (e.g. Piranga
bidentata) inside coffee bushes, even in sun farms, and we interpret this as individuals
looking for arthropod prey. In arid environments, birds face the challenge of either
consuming a high amount of small, low water-content arthropods or increasing foraging
activity — and heat exposure in consequence — to catch large, elusive and high water-
content prey (Riddell et al. 2019). Coffee farms harbour diverse arthropod communities,
but their abundance is lower in coffee bushes exposed under the sun than in those under
shade (Johnson 2000). Thus, frugivores, but also insectivores and granivores, living in
sun coffee-dominated landscapes may face difficulties in obtaining the resources needed
to fulfill daily cooling costs if arthropod communities are depauperate.

Birds that frequent coffee plantations may also curtail heat loads and reduce EWL by
shifting to cooler microsites during the hottest hours of the day. For instance,
goldfinches constantly move between open grassy patches, where they forage, and tall
tree branches (Stiles & Skutch 1989). Even other small tropical open-habitat granivores
that can endure hyperthermic Ty, above 44 °C normally stop foraging and shelter in the
shade when it gets overly hot (Weathers 1997). This suggests that the amount of time
that coffee-associated birds could dedicate to foraging and other activities is reduced in
sun farms and extended in shaded farms. However, more research is certainly needed to
substantiate the possible relationship between avian temperature-dependent activity and
microclimate in tropical agricultural landscapes.

While we have shed some light on the thermal physiology of tropical birds associated
with agricultural landscapes based on temperature patterns alone, we acknowledge the
relevance of jointly analysing the variations in rainfall and the consequences for
thermoregulation and resource availability known for tropical endotherms (Boyle et al.
2020). Evaporative cooling is the avenue for heat dissipation at high Ta (Weathers
1997), but its efficiency is hampered by high humidity, for example when relative
humidity surpasses 90 % (Weathers 1977), which is the normal condition during the wet
season in our study area (Granados-Montero et al. 2020). Because we kept a low level
of humidity inside the metabolic chamber during trials, we cannot be certain that the
cooling response that the birds showed while tested could be directly transposed into the
response while in the field. However, Weathers (1997) argued that even the 1.27 ECC
observed in variable seedeaters during trials overestimated the “real” value experienced
in the hot and humid lowlands of Panama, most likely a result of the seedeaters’ reduced
EWL rate at high Ta. As a consequence, tropical birds of humid regions, especially
those continually exposed to direct sun radiation, are expected to show EWL rates that
hardly increase at high T, (Weathers 1977). Indeed, this was the pattern we observed in
the open-habitat species. The impairment of evaporative cooling at high T, and
humidity may be widespread and become a potential mechanism of thermal sensitivity
in tropical passerines (Gardner et al. 2016). Given that changes in rainfall patterns in the
Tropics have been observed and predicted to continue (Zhang & Fueglistaler 2019),
assessing the physiological response of tropical birds to concomitant gradients of
humidity and temperature demands urgent attention.

Conservation implications

The preservation of forest areas immersed in tropical agricultural landscapes plays a
fundamental role, not only in harbouring bird diversity but also for providing an oasis of
stable thermal conditions against the synergetic effects of agricultural intensification
and climate change. The role of forests as thermal buffers is becoming increasingly
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relevant in the face of global warming (Ewers & Banks-Leite 2013) because their
capacity to reduce local temperature variation is stronger during extreme events (De
Frenne et al. 2019). Even though the lack of microclimatic heterogeneity in tropical
forests has been perceived as disadvantageous for the resilience of forest birds against
climate warming (Pollock et al. 2015), these habitats are crucial for thermoregulation in
birds that thrive in agricultural landscapes and we posit that they will continue to do so
in the face of climate warming.

Microclimate buffering as a regulating ecosystem service should be considered in
climate change adaptation and mitigation strategies by policymakers (De Frenne et al.
2019) for natural and agricultural areas alike. Agroforestry systems have the potential to
reduce air temperatures and thus guarantee the future production and suitability of
arable lands for crops of global importance such as coffee (Gomes et al. 2020).
Unfortunately, in many parts of Latin America, East Africa and Southeast Asia the
trends in coffee cultivation since the 1990s show that shade coffee is being
progressively replaced by scantly shaded or sun farms (Jha et al. 2014). Because the
mitigation of microclimates depends on the amount of shade cover and the inability of
intensified farms to regulate temperature extremes can extend across seasons (Lin
2007), we believe that the expansion of sun coffee has the potential to increase the
thermal hostility of entire landscape matrices across many tropical regions.

Understanding the underlying physiological mechanisms related to bird survival or
extirpation in disturbed environments is fundamental for the development of adaptation
strategies aimed at lessening the impacts of human activity on bird diversity (Cooke et
al. 2013). This way, agricultural areas could become less hostile to biodiversity in the
face of ongoing warming and continue to host recognized and potential ecosystem-
service providers. For example, in farmlands of the United States the largely
granivorous Spinus tristis — related to the lesser goldfinch — was found to consume
arthropod prey more commonly than previously thought, including pest species
(Garfinkel et al. 2021).

In conclusion, the four studied bird species can tolerate current thermal conditions in
coffee farms of the study area. If the water lost to cooling is refilled, the amount of days
exposed to heat do not seem to pose an immediate life-threatening danger to the study
species. However, with the increase in the number of hot days that is predicted in the
world’s Tropics from 1.5 °C warming above current levels (Hoegh-Guldberg et al.
2018), birds will most likely be exposed to higher water losses, which would need to be
replenished more constantly. The birds’ tolerance of thermal maxima in coffee farms
may ultimately depend on the availability of resources. Shaded coffee offers not only
buffered Tamic, but also potentially higher amount of resources useful for
thermoregulation (e.g. fruiting trees and invertebrate prey). On the other hand,
whenever these resources are reduced or absent, intensified sun farms might become
thermal filters in the future.
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Chapter 3. Physiologically vulnerable or resilient? Tropical
birds, global warming and re-distributions

Otto Monge, Ivan Maggini, Christian H. Schulze, Stefan Dullinger, Leonida Fusani

Abstract

Tropical species are considered to be more threatened by climate change than those of
other world regions. This increased sensitivity to warming is thought to stem from a low
physiological capacity to withstand temperature fluctuations and to the assumption that
many tropical species already live near the limits of heat tolerance under current
climatic conditions. For birds, despite thorough documentation of community-level
rearrangements, such as biotic attrition and elevational shifts, there is no consistent
evidence of physiological sensitivity to warming. In this paper, we provide an
integrative outlook into the physiological response of tropical birds to thermal variation
and provide insights regarding their capacity to face warming. In short, evidence from
the literature suggest that the assumed physiologically sensitivity to warming attributed
to tropical biotas do not seem to be a fundamental characteristic of tropical birds.
Tropical birds do possess the physiological capacities to deal with fluctuating
temperatures, including high-elevation species. Moreover, those living in hot and arid
environments are fitted to withstand elevated levels of heat. However, there are still
many unaddressed points that hinder a more complete understanding of the response of
tropical birds to warming. As an example, we do not know much about species’ cooling
capacities when exposed to combined gradients of heat and humidity, particularly in
montane species. In addition, climate effects on tropical birds will interact with those of
rapidly expanding and intensifying land use creating increased levels of microclimatic
stress in disturbed ecosystems. Further research into how tropical birds from many
different ecological contexts handle warming will increase our understanding of current
and future community rearrangements in tropical birds.

Keywords: bird conservation, ecophysiology, thermal stress

Introduction

Anthropogenic climate change can be particularly pervasive in tropical ecosystems
(Laurance et al. 2011; Foden et al. 2013; see Box 1). For example, recent predictions
suggest that end-of-century temperatures could surpass the realized thermal limits of
proportionally more organisms in the Tropics than at higher latitudes (Trisos et al.
2020). In consequence, re-distributions and re-arrangements of tropical communities are
expected to occur more frequently (Freeman et al. 2021). Distributions would shift
along elevational gradients, with species at the mountain-tops being particularly
disadvantaged because they would have no more space to escape towards (Marris 2007;
Freeman et al. 2018). In turn, the lowest elevations would suffer from biotic attrition,
because upward shifts and local extinctions of their biotas may not be compensated by
species moving in from still warmer areas (Colwell et al. 2008).
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Birds in the tropical regions of the world have responded to climate change in a variety
of ways. For example, long-term losses of lowland bird richness have been related to
increases in maximum temperatures and to the frequency of extreme typhoons (38%
attrition; Tsai et al. 2015) as well as to variations in seasonal rainfall (27% attrition;
Curtis et al. 2021). Additionally, strong La Nifia events, that caused increased rainfall,
were associated to lowland abundance declines (Blake & Loiselle 2015). Concerning
elevational movements, predominant upslope shifts are occasionally accompanied by
downslope shifts and absence of change as well as shifts in only the lower elevation
limit, only the upper or both (Peh 2007; Forero-Medina et al. 2011; Campos-Cerqueira
et al. 2017; Freeman et al. 2018; Neate-Clegg et al. 2021). Mountain-top extinctions
have so far only be reported from a montane bird community in the Andes (Freeman et
al. 2018). Furthermore, across tropical regions, montane birds have shifted upslope
either at pace with (Freeman & Class-Freeman 2014; Freeman et al. 2018) or slower
than the elevational temperature rate of change (Forero-Medina et al. 2011).

Distributional shifts are expected to increase the abundance of warm-adapted species
across elevational gradients (i.e. “thermophilization”; Fadrique et al. 2018). This can
happen when mid- and high-elevation birds decline in abundance at their lower margin
while lowland species increase at their upper (Williams & de la Fuente 2021),
promoting the transition of montane communities towards ones of lower elevations
(Neate-Clegg et al. 2021). In the lowlands, thermophilization can occur when rainforest
birds are replaced by species from warm and dry regions (Curtis et al. 2021).

It is commonly assumed that the main driver of the observed distributional
rearrangements in tropical biotic communities is thermal sensitivity (Laurance et al.
2011; Khaliq et al. 2014) because many organisms are thought to possess low tolerance
to temperature variation (Tewksbury et al. 2008) and to live near their upper thermal
limits already under current climatic conditions (Trisos et al. 2020). These assumptions
have been derived from the narrow distribution ranges of many tropical species, which
apparently suggest narrow thermal niches and hence high thermal sensitivity (Colwell et
al. 2008; Laurance et al. 2011). Yet, sound empirical evidence for these assumptions
from physiological studies is surprisingly scarce. In fact, most studies that measured
thermal tolerance in relation to the warming expected over the next decades focused on
tropical ectotherms so far [e.g. Anolis lizards (Logan et al. 2014); ants (Tiz6n et al.
2014); littoral snails (Marshall et al. 2015); amphibians (von May et al. 2019)].

Identifying whether warming directly impacts tropical organisms or not could have deep
implications for understanding the nature of community-level responses to climate
change. Birds can become physiologically vulnerable to warming when the intolerance
of rising temperatures worsen into an inability to efficiently cool down the body when
facing extremely high heat. The upper thermal limits would be subsequently surpassed
and local extinctions may follow. This scenario was proven to be behind the collapse of
a sub-tropical avian desert community (Riddell et al. 2019) but no cases have been
reported so far in the Tropics. It has also been suggested that warming-induced thermal
stress within native distributions might lead to redistributions into areas where
temperatures match preferred values. In this context, organisms would chase their
thermal niche elsewhere when rising temperatures exceed their narrow tolerance levels
(Colwell et al. 2008). However, to date such a direct physiological trigger of
distributional changes has not been documented in tropical birds.
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In contrast to the tenet of prevailing narrow thermal niches in tropical birds, a growing
body of literature shows that at least certain tropical birds possess a relatively broad
thermal tolerance (Freeman et al. 2018; Pollock et al. 2021) and can even withstand
predicted levels of warming (e.g. a 4 °C increase: Thompson et al. 2015). In addition,
the “true” thermal tolerance of tropical lowland biotas to future warming might be
underestimated given the absence of current analogues of hotter areas with which to
compare (Feely & Silman 2010). In other words, true thermal niches of lowland birds
may actually be wider than currently realized ones, because warmer conditions could be
managed but do not currently occur across species ranges (Shoo et al. 2005; Freeman &
Beehler 2018; Burner et al. 2019). Indeed, a number of tropical bird communities have
resisted climate warming so far, with no significant overall change in elevation limits of
individual species (Campos-Cerqueira et al. 2017), small changes in overall abundance
(Roselli et al. 2017) and even abundance increases, especially at high elevations, of
warm- and cold-adapted understory species alike (Dulle et al. 2016).

In a general sense, a too narrow focus on climate change as a driver of tropical bird
diversity changes bears the risk of overlooking more imminent threats such as
anthropogenic habitat alterations (Caro et al. 2022). Indeed, it might even prompt
scientists to debate the contribution of climate change in direct organismal responses
(Oliver & Morecroft 2014). In addition, the interaction between climate change and
other prominent processes of the Anthropocene, especially land-use change, can be
critical for improving predictions of biotic vulnerability in tropical regions (Brodie et al.
2012; Harris et al. 2014, Newbold et al. 2020). Finally, even when local or regional
climatic trends correlate with biodiversity changes, or are indeed causal drivers,
physiological vulnerability might not play a role (Cahill et al. 2013). For example, some
elevational shifts and abundance changes in tropical birds have been more related to the
distribution and availability of habitat and resources, mostly linked to rainfall, than to
increases in temperature (Forero-Medina et al. 2011; Rosselli et al. 2017; Freeman et al.
2018; Neate-Clegg et al. 2020).

In summary, the drivers of recent re-arrangements in tropical bird communities are not
yet well understood. In this paper, we review the existing literature with a focus on one
particular aspect, namely the supposed thermal sensitivity of tropical birds and the
resulting vulnerability in the face of a warming climate. Specifically we asked: are
tropical birds characterized by narrow thermal tolerances? Are they currently living
close to their upper thermal limits? And, consequently, are they particularly vulnerable
to warming from a physiological standpoint? What is the role of microclimatic
alterations, such as the ones driven by land-use change, in their vulnerability or
resilience to warming? For this, we: i) examined the physiological mechanisms that
underlie the response of tropical birds to variation in temperatures and to high levels of
heat (including the role of humidity); ii) analysed the relationships between changes in
land use, microclimate and thermal tolerance; and iii) identified knowledge gaps and
future directions of research that can expand our understanding of how vulnerable or
flexible tropical birds can be to the effects of global warming.

Box 1. Global warming in the Tropics

Global mean temperatures are expected to continue rising during this century, with
magnitudes depending on the amount of greenhouse gases emitted: up to 2.6°C under
a moderate and up to 4.7°C under a high emissions scenario (Lee et al. 2021). In
tropical regions, the variability in average temperatures is expected to increase within
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the next decades — e.g. by ~10% in the Sahel and Southeast Asia and ~15% in the
Amazon per degree of global warming (Bathiany et al. 2018). This variation may also
increase the intensity of hot days, becoming ~24% hotter than the average day in
tropical land (Byrne 2021).

Even though yearly temperatures fluctuate less in the Tropics than at higher latitudes,
warming normalized by temperature variation shows that the Tropics are warming
more and also experiencing more extreme heat events (Zeng et al. 2021). In tropical
Africa, heat waves — consecutive days when temperatures are drastically higher than
usual — may extend over 10-50 days per year (Engelbrecht et al. 2015). If a 5°C
warmer future is met, by 2100 some tropical regions could have as much as 120 heat-
wave days per season (Perkins-Kirkpatrick & Gibson 2017). To make things worse,
deforestation of tropical forests is a major amplifier of climate change. For example,
current local warming of more than 5°C in the Amazon and in Southeast Asia has
occurred in deforested lands and equates to the amount of warming predicted for the
next 100 years under a worst-case scenario (Zeppetello et al. 2020). Furthermore, the
incidence of heat waves will likely be highest in agricultural areas, devoid of forest
cover (Im et al. 2017).

Hot days in the Tropics are becoming hotter because they are also dry days (Byrne
2021). Increases in drought stress are expected to occur in tropical regions such as
Central America, southeast Africa and Madagascar due to shifts in the wind patterns
that determine the rainfall seasonality across the Tropics (Mamalakis et al. 2021). For
instance, prolonged dry seasons in southern Amazonia caused droughts during the
2000’s and, if the trend continues at even half the rate, by 2090 the dry seasons could
be >1 month longer (Fu et al. 2013). Moreover, although African forests appear to be
more resistant to short-term drought than forests in the Amazon or southeast Asia
(Bennett et al. 2021), long-term drying trends have caused large-scale reductions in
rainfall and terrestrial water storage in a Congolese forest (Zhou et al. 2014).

On the other hand, the effect of extreme heat on organisms can be modified by its
interaction with air humidity (Zhang et al. 2021) because humidity can interfere with
the cooling of an organism’s body (Raymond et al. 2017). For example, tropical
cyclones can bring intense precipitation over large continental areas (Dominguez &
Magafia 2018). The frequency of combined events of dangerously high heat following
major tropical cyclones is projected to increase from currently three events per 30-
year period to potentially occurring annually, if temperatures rise up to 4°C in some
tropical regions (Matthews et al. 2019).

Physiological features of tropical birds related to vulnerability or flexibility to
tolerate climate warming

Main features involved in avian thermal tolerance response

Endotherms possess a variety of physiological mechanisms that allows them to adjust to
environmental stressors and avoid negative effects (see Box 2). Of major relevance is
the regulation of body temperature (Th) within a safe range in order to sustain vital
functions (Angiletta et al. 2010). For instance, regulated increments in the metabolic
activity during exposure to cold serves to generate internal heat (Lowell and Spiegelman
2000). On the other hand, heat loads produced by endogenous metabolic activity as well
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as those absorbed from the environment are dissipated through cooling mechanisms
(Weathers 1981). Generally, in both cases, physiological mechanisms are set to
maintain a constant Th (i.e. normothermic Tb, in birds: ~40-42°C). Thermoregulation
represents a significant share of an endotherm’s energetic expenditure when
experiencing fluctuations in ambient temperatures (Ta) (McNab 2013). However, the
capacity to adapt the regulation of Th may smooth the energetic trade-off between
thermoregulation and other life-history functions such as growth or reproduction
(Boyles et al. 2011).

Box 2. Avian basal metabolism, body temperature and heat dissipation in a
warmer world

The rate of metabolic expenditure of resting endotherms remains at a minimum (basal
metabolic rate, BMR) across a given range of ambient temperature (Ta). This range
(thermo-neutral zone, TNZ) is bounded by lower and upper critical Ta limits (LCL
and UCL, respectively) and varies, along with BMR, across ecological contexts
(McNab 2013). For instance, BMR in birds can decrease along environmental
gradients for different species (Tieleman et al. 2002), or for populations of the same
species (Maldonado et al. 2012), and the TNZ limits can shift to lower Ta in highland
versus lowland individuals (Castro et al. 1985). Traditionally, the TNZ has been
regarded as ecologically important for the adaptation to thermal stress because
outside of it an increased amount of metabolic energy is invested into maintaining
constant body temperature (Tb) (Scholander 1950; Fristoe et al. 2015). In
consequence, it has been stated that as long as Ta remains within the TNZ, birds are
in a thermoregulatory “safe zone”, but when Ta is deviates beyond the critical limits,
survival is threatened or fitness reduced (Khaliq et al. 2014). However, the possible
consequences of a climate-change driven shift in Ta in relation to the TNZ are not
straightforward. First, because Th can be regulated outside the TNZ through
physiological and behavioural strategies and many endotherms may actually live at
Ta above their UCL (Mitchell et al. 2018; Freeman et al. 2020). Second, because Th
can increase while Ta is within the limits of the TNZ (Weathers 1977; Weathers
1997), even reaching hyperthermic levels (Withers & Williams 1990). For better
insights into possible effects of climate change on avian thermoregulation it is hence
reasonable to jointly examine the variation in the rate of metabolism along with the
physiological mechanisms for heat dissipation.

Birds lose heat by evaporating water through the respiratory tract (evaporative water
loss, EWL) — enhanced by panting — or via the skin (cutaneous water loss, CWL).
However, since most birds cannot produce enough water from the metabolism to
replace the losses, several mechanisms are triggered in order to conserve water and
avoid dehydration (Dawson 1982). Facultative hyperthermia is the increase in Tb that
approximates and slightly surpasses Ta, thereby letting heat dissipate passively from
the body to the surroundings (McKechnie & Wolf 2019) thus reducing the need for
evaporative cooling and conserving body water (Gerson et al. 2019). In arid habitats,
small birds normally possess low capacities for evaporative cooling which makes
them more likely to benefit from the creation of a thermal gradient (Weathers 1981;
Gerson et al. 2019). Moreover, because prolonged panting can result in dehydration
from EWL and also interfere with efficient food and water consumption (du Plessis et
al. 2012; Smit et al. 2016), birds from hot and water-limited environments who start
panting at a relatively low Ta are more vulnerable to warming temperatures
(Pattinson et al. 2020).
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Birds from arid regions have been studied in depth because of their obvious state of
risk from warming, but virtually all studies come from sub-tropical deserts. Thus,
there are still many uncertainties regarding how tropical birds, especially rainforest
and montane species, deal with heat. For example, what is the variation in the
physiological responses of individuals, populations and species to heat stress,
especially to the critical thermal maximum (CTmax) — the Ta at which Tb rises to life-
threatening levels (Kendeigh 1969; Boyles et al. 2011)? Thermal environments that
demand higher EWL may not be limiting to birds if water lost to EWL is replaced,
thereby safely maintaining an efficient cooling capacity. Regular drinking is in fact
vital to endure hyperthermia at Ta approaching CTmax (Czenze et al. 2020; Freeman et
al. 2020). On the other hand, with limited access to water, survival can be
compromised with sustained exposure even to non-immediately lethal Ta (Mitchell et
al. 2018). Moreover, some species may perish if they are unable to withstand severe
hyperthermia, even if adapted to conserve body water (Czenze et al. 2020). Thus, in
hot, arid environments, and most likely elsewhere, there will be variation in the
degree of vulnerability among bird species depending on their capacity to fulfil
cooling requirements (Riddell et al. 2019). Consequently, the link between heat
tolerance and the risk of extirpation is not as straightforward as it may seem (Cahill et
al. 2013).

Are tropical birds physiologically vulnerable to warming?

Physiological sensitivity to warming could drive biotic attrition and elevational shifts if
tropical birds were characterized by a low capacity to handle Ta fluctuations and if they
already live close to their heat tolerance limits under current conditions (Figure 1). The
basis for assuming these conditions to hold seems to be a perceived climatic stability
linked to the thermal aseasonality of the Tropics (Stratford & Robinson 2005; Sheldon
et al. 2018). In consequence, climatic variation beyond the currently prevailing limits
would create a generalized thermal stress for most species and the incapacity to endure
such conditions would push the birds out of their native habitats into more “climatically
suitable” areas and/or lead to abundance declines and local extinctions.

Traditionally, the notion of an increased sensitivity of tropical endotherms to
temperature variation has been ascribed to the possession of a narrow thermo-neutral
zone (TNZ, Scholander 1950); thought to stem from living in thermally stable
environments (Bucher 1981). Under this view, many tropical birds would be restricted
to habitats where Ta fluctuates along a very narrow range — presumably the TNZ, where
Tb is supposed to remain constant with minimal energy input. Thus, when facing spatio-
temporal fluctuations in Ta outside TNZ limits, such birds are supposed to become
thermally stressed given the need to invest in keeping a constant Th. For instance, one
tropical montane bird species was deemed intolerant to Ta above an upper critical limit
(UCL) of merely 31°C (Weathers & Van Riper 1982).

Previous studies can provide an insight into the physiological responses of tropical birds
to variations in Ta and the possibilities of being dependant on thermal stability. Several
examples from the literature show that the relationship between TNZ and Tb is in fact
highly variable in tropical birds. There are cases in which a very narrow TNZ (e.g. of
2°C—4°C) has been identified, but the regulation of Tb outside its limits shows a deal of
variation. For example, the montane barred parakeet Bolborhynchus lineola keeps a
constant Tb at Ta as low as 5°C (Bucher 1981), but the lowland rainforest spotted
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antbird Hylophylax naevioides face steady decreases in Th below the lower critical limit
(LCL) (Steiger et al. 2009). In addition, Tb in other lowland birds fluctuates outside the
TNZ, suggesting a reduced energy input for thermoregulation outside its limits (Bosque
et al. 1999; Merola-Zwartjes & Ligon 2000). There are also specific cases in which
hyperthermia occurs even within a broad TNZ (Weathers 1977; Withers & Williams
1990). Nonetheless, it seems that the trend for many ecologically diverse tropical birds
is for Th to vary slightly outside broad TNZs of 10°C or higher (Schuchmann and
Schmidt-Marloh 1979a; Merola-Zwartjes 1998; Seavy & McNab 2007; Mata 2010).

In montane species, daily variations in Ta can be followed by Tb rhythms in amplitudes
of 5°C-17°C (Morrison 1962; Cheke 1970; Schuchmann and Schmidt-Marloh 1979b).
Whether these variations in Tb are associated with Ta or not (e.g. to save energy at
night), they demonstrate that even the presumably sensitive montane avifaunas can
handle continuous fluctuations in Ta. In fact, thermoregulatory costs may not constrain
montane birds to distribute at specific elevations (Londofio et al. 2017). Further
evidence comes from studies that assessed short- or long-term acclimation responses.
For instance, four lowland passerines survived gradual changes in Ta in the range of
0°C to 40°C for six months (Cox 1961). Likewise, 13 lowland sunbirds (Nectariniidae)
endured continuous exposure to Ta ranging from 5°C—32°C for 4-6 consecutive days
(Prinzinger et al. 1989) and five finches from arid regions withstood a 24hr period of
gradual increases from 18°C to 42°C (Marshall & Prinzinger 1989). Thus, it seems
unlikely that a narrow tolerance to thermal variation is a fundamental characteristic of
tropical birds and that species must be restricted to a specific thermal context in
consequence. However, more long-term acclimation studies would be a key contribution
to better understand the effects of temporal variations in Ta on their physiological
response.

If tropical birds live close to their upper limits of thermal tolerance, their vulnerability
would drastically increase when facing sudden and intense heat waves or droughts as
well as when experiencing gradual warming. However, the lack of conclusive evidence
complicates the interpretation of this assumption. For instance, a 15-year trend of rising
maximum local temperatures during the dry season reduced the survival of adult male
rufous-and-white wrens Thryophilus rufalbus, a species adapted to the hot lowland dry
forests in Central America (Woodworth et al. 2018). Nevertheless, as the wren’s
thermal tolerance was not measured there is no direct indication that the observed
response to warming resulted from thermal stress.

The assumption of proximity to the thermal limits was probably conceived by regarding
the UCL as a tolerance limit (Figure 1). However, a better indicator of thermal
sensitivity is the response of Th when facing dangerously high levels of heat (see Box
2). In sub-tropical deserts, acute exposure to extreme heat for hours causes lethal
dehydration or hyperthermia, while chronic exposure to days or weeks of sustained heat
leads to sub-lethal consequences such as loss of body mass and reproductive failure
(Conradie et al. 2019). Unfortunately, studies that have measured the long-term
response to heat in tropical species are few. Experimental data shows that some lowland
and montane tropical birds can endure several days per month at Ta above the local
maximum Ta of their habitats, with no apparent effects on body mass (Cox 1961;
Lasiewski et al. 1967). In fact, 13 African woodland savannah birds live with Tb that
reach up to 45°C-47°C during the dry season in their natural habitat (Nilsson et al.
2016). The large majority of information, however, comes from metabolic experiments
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lasting a few hours. Whether from open or forested lowland and montane habitats,
species exhibited only mild hyperthermia when exposed to Ta above 40°C (Lasiewski et
al. 1970; Schuchmann and Schmidt-Marloh 1979a; Schuchmann and Schmidt-Marloh
1979b; Bartholomew et al. 1983; Marshall & Prinzinger 1991), with the highest Th
reaching 47°C in Panamanian variable seedeaters Sporophila corvina (Weathers 1997).
On the other hand, some species appeared to be sensitive to heat when becoming
hyperthermic after exposure to Ta of just 32°C (Prinzinger et al. 1989) or failed to
survive Ta of 45°C (Weathers 1977). However, in both cases, uncontrolled humidity
inside the chamber where metabolic measurements were taken may have interfered with
heat dissipation (Weathers 1977; Prinzinger et al. 1989). In sum, several ecologically
diverse tropical lowland birds have been shown to endure acute exposure to high heat.
In fact, not only are current Ta around the UCL of many species — in some cases even
below — but the projected warming Ta will most likely stay far from eliciting lethal
hyperthermia (Pollock et al. 2021). Nevertheless, the large void of information on the
response to chronic exposure constitutes a source of uncertainty regarding the long-term
capacity of tropical birds to withstand gradual warming.

Finally, thermophilization of bird communities could be triggered by thermal
physiology when species vulnerable to deteriorating conditions in their natural habitats
emigrate while other species that can tolerate those conditions settle in. For instance,
when warming couples with decreasing availability of water sources and cool-adapted
species are replaced by warm-adapted species in the hot and humid lowlands (Curtis et
al. 2021). Care should be taken, though, to consider when warming is promoting
compositional changes to the habitat vegetation that result in turnover of the associated
bird communities (Sales et al. 2020; Araujo et al. 2021). In such cases, physiological
vulnerability in birds might be erroneously concluded. Thus, whenever
thermopbhilization is suspected, studies should also explore potential changes to habitat
associations for the bird species involved.

Along elevational gradients, montane birds are expected to be less tolerant to high Ta
than their lowland counterparts. Unfortunately, no study has yet compared the tolerance
of heat in tropical bird communities along mountain slopes. The closest examples show
differences in the basal metabolic rate (BMR) of >250 species spanning a ~3km
elevation gradient in the Andes and lower Tb in highland birds (Londofio et al. 2015,
2017). Spatial differences in heat tolerance could also be measured in horizontal scales
at different elevations, between forest and open area bird species. In a study involving
16 ecologically-diverse lowland passerines, the species that foraged exposed to direct
sun radiation appeared to possess lower metabolic expenditure (Hails 1983). In turn, no
metabolic differences were found between montane open-habitat and forest sunbirds
(Nectariniidae) with no further associations between Tb and habitat choice (Seavy
2006). Given that BMR can only partially explain flexibility in thermal tolerance, more
data on EWL and Tb are urgently needed for species along diverse ecological and
elevational gradients.
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Figure 1. Physiological mechanisms of vulnerability and resilience to warming in tropical
birds. The traditional approach refers to the assumptions commonly used to describe
vulnerability to warming in tropical biotas in general whereas the updated approach is based
on the literature analysed in this paper involving tropical birds.

What physiological mechanisms can help tropical birds cope with warming?
Analysing the variability of thermoregulatory mechanisms is a first step towards
understanding avian sensitivity to warming. Intra-specific research in temperate birds
has revealed not only short- and long-term seasonal variation in BMR and evaporative
water loss (EWL) (Tieleman et al 2003; Soobramoney et al. 2003; McKechnie et al.
2007; Thompson et al. 2017) but also, and most importantly, that cooling capacity and
heat tolerance can vary in proportion to the severity of variation in Ta (Noakes et al.
2016).

Thermoregulatory traits of birds are often considered invariable in vulnerability
assessments (e.g. “thermal danger” = future maximum Ta > current UCL; Khaliq et al.
2014). Yet, temporal variation of the UCL in tropical birds highlight their potential for
acclimatization and adaptation (Pollock et al. 2019). Even better than estimating thermal
safety margins based on the UCL, is to analyse how much heat the birds can tolerate
before hyperthermia results in physical damage (Mitchell et al. 2018; Pollock et al.
2021). Indeed, the variation in the capacity to dissipate heat or tolerate hyperthermia at
high Ta would provide a clearer picture of the resilience of tropical birds against
warming.

Intra-specific variation in birds that inhabit both hot and cool environments can
illustrate the capacity of populations of the same species to adapt to different local
thermal conditions (Figure 1). In this context, the variation in BMR is relevant because
endogenous heat generated by metabolic activity should only make a small contribution
to the total heat load, especially at high Ta. Unfortunately, there is a large knowledge
gap in intra-specific studies for tropical species. In perhaps the only case, BMR
measurements of Puerto Rican tody Todus mexicanus individuals from a lowland hot
and xeric habitat were lower than for individuals that lived in montane humid forests
(Merola-Zwartjes & Ligon 2000). Although Oniki (1975) recorded higher cloacal Tb in
xeric-habitat individuals, the Th measurements reported by Merola-Zwartjes & Ligon
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(2000) did not differ between both regions and, thus, no connection could be established
between Th, BMR and habitat. However, the generally low Tb observed in both studies
(~37 °C) seems to protect this species from becoming hyperthermic in either xeric or
humid environments (Oniki 1975; Merola-Zwartjes & Ligon 2000). Intra-specific
variation in physiological parameters can thus give an idea of how populations of the
same species may tolerate warming in different parts of their distribution.

Tropical xeric birds are adapted to endure heat in their habitats. For instance, some lark
species (Alaudidae) respond to increasing aridity along their distributions with lower
phylogeny-independent rates of EWL, suggestive of a plastic response among species
(Tieleman et al. 2002). Yet, how likely are such species to tolerate Ta even higher than
the ones currently experienced across their distributions? Some tropical xeric species
that frequently utilize surface water can tolerate experimental Ta above 45°C (similar to
the maximum Ta of the study areas at the time of the experiments) by increasing EWL
and dissipating all metabolic and exogenous heat (Dawson & Bennett 1973; Withers &
Williams 1990). A similar response to high heat was found in a species that relies on
succulent vegetation for water in dry ecosystems (Ehlers & Morton 1982). In all of
these cases, hyperthermia developed and was sustained from Ta 45°C upwards. It
appears that some tropical birds from extremely hot and water-limited environments can
tackle high Ta with efficient heat dissipation and body water conservation strategies, but
they may still be sensitive to heat waves and drought as it might push them beyond their
tolerance limits.

Heat stress in tropical birds has been measured mostly in species from lowland habitats.
Less is known about montane species. Metabolic measurements of three tropical
highland hummingbirds (Trochilidae) showed that at Ta of 36°C, which is well above
the local maxima of their habitats, Th was maintained at normothermic levels
(Lasiewski et al. 1967; Wolf & Hainsworth 1972). Presumably, such Ta would likely be
encountered by these hummingbirds in the lower margins of their highland distributions
(e.g. at ~2000 m) and would certainly be tolerated. Other hummingbird species, from
middle-elevations and lower, experienced mild hyperthermia when exposed to Ta of
33°C-35°C (Schuchmann and Schmidt-Marloh 1979a; Schuchmann and Schmidt-
Marloh 1979b). Evidently, more studies are needed to better understand the
physiological vulnerability of montane, and especially highland, species to warming.

Humidity and avian thermoregulation in the Tropics

Air moisture is a relevant factor in the avian thermoregulatory response to heat. For
example, humidity along with Ta can directly affect Tb regulation in birds (Gardner et
al. 2016). However, the combined effects of humidity and heat have not been as
exhaustively studied as the impacts of Ta alone (i.e. dry heat; Rogers et al. 2021).
Humid heat can severely hamper the efficacy of evaporative cooling in endotherms
(Buzan & Huber 2020) when the water vapour pressure in the surrounding air exceeds
that of the body surfaces from which water is used to dissipate heat at high Ta (Boyles
et al. 2011). Birds that mainly loose water through their skin seem to be more affected
than those which dissipate heat through the respiratory tract (e.g. by panting; Gerson et
al. 2014). Moreover, exposure to high humid heat could have a generalized effect across
avian taxa of generating more metabolic heat than can be lost through evaporative
cooling (van Dyk et al. 2019). Unfortunately, physiological studies that examine the
response of tropical birds to concomitant gradients of Ta and humidity are rare.
Lasiewski et al. (1967) recorded a steady decrease in EWL in the highland giant
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hummingbird Patagona gigas across an experimental range of relative humidity
reaching 90% at Ta of 25°C. More recently, Londofio et al. (2017) found that highland
birds from the Peruvian Andes were able to tolerate the 33°C Ta typical of the hot and
humid lowland rainforest; however, the experimental relative humidity reached a
maximum of only 45% during metabolic trials.

Because the combination of high humidity and high heat is more prevalent in the
Tropics than in other climatic zones, tropical birds might frequently resort to dissipating
heat convectively via facultative hyperthermia instead (Gardner et al. 2016; van Dyk et
al. 2019). In lowland areas with high dew points, facultative hyperthermia may
overcome the limitations of the diminished scope for evaporative dissipation of heat
loads (Weathers 1997). This strategy can allow tropical rainforest birds to remain active
(e.g. foraging or flying) when exposed to intense sun radiation (Weathers 1977). Non-
evaporative heat dissipation through body structures is an effective thermo-tolerance
mechanism to survive in tropical hot-humid habitats. For instance, the bill plays a key
role in the adaptive thermoregulatory response of birds (Tattersall et al. 2017). Large-
beaked species, such as toucans (Ramphastidae) and hornbills (Bucerotidae), dissipate
~20-60% of total body heat through the bill (Tattersall et al. 2009; van de Ven et al.
2016). Notably, the positive association between bill size and humidity appears to be
phylogenetically independent and more likely to be determined by environmental
conditions (Gardner et al. 2016). For example, larger bills have been measured in
individuals of temperate and migratory passerines that live in water-limited, humid and
hot habitats (Greenberg et al. 2012; Luther & Greenberg 2014). Finally, other avian
body structures can work for the same thermoregulatory purpose. For example, southern
cassowaries (Casuarius casuarius) dissipate more heat at high Ta through their head
casques than through their bills (Eastick et al. 2019).

Tropical birds show adaptations to thrive in hot and humid habitats but virtually nothing
is known about their potential response to joint variations in humidity and Ta. On one
hand, while non-evaporative heat loss can be highly advantageous in this context, there
might still be shortcomings. For example, the thermoregulatory advantage of larger bills
in 36 Australian passerines faded in highly humid sites that also experienced very high
maximum temperatures during the summer (e.g. above 40°C; Gardner et al. (2016). At
the same time, EWL in Australian budgerigars (Melopsittacus undulatus) can remain
constant along an experimental gradient of water vapour pressure at Ta reaching 30°C
(Eto et al. 2017). Undoubtedly, more research is needed to improve our understanding
of how the combined effects of heat and humidity can affect thermoregulation in
tropical birds.

Microclimate, land-use changes and thermoregulation

The combination of habitat loss and climatic stress may conduce to elevated chances of
biotic attrition and changes in elevational distributions (Guo et al. 2018). The loss of
natural habitat cover creates a thermal disequilibrium in which microclimate Ta
increases, influencing the responses of biotic communities (Zellwegger et al. 2020). For
instance, while conversion to agriculture can diminish total abundance in avian
communities, warming can alter species-specific abundances because of differences in
heat tolerance (Bowler et al. 2018). Even if species manage to survive habitat
conversion not only would they experience higher levels of local warming but further
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habitat loss may result in heat waves and drought challenging their thermal limits
(Senior et al. 2017). This scenario of high vulnerability might apply to tropical birds that
are partially or completely resilient to deforestation — e.g, those that manage to survive
in hot and dry lowland regions dominated by intensive agriculture (Frishkoff et al.
2016). Montane birds that survive in intensively cultivated lands do not seem to be as
severely affected from exposure to current disrupted microsite temperatures, but may be
physiologically challenged by warming in the upcoming decades (Monge et al. 2022).
Yet, what could the outcome be for species associated with the forest interior?

The “microclimate hypothesis” proposes that tropical birds choose cool, moist and dark
microsites within forests and that changes to these conditions bring physiological
vulnerability (Patten & Smith-Patten 2012). This hypothesis was formulated to explain
why terrestrial and understory insectivores are particularly vulnerable to the loss of
tropical forests, given that clearing and fragmentation create bright, warm and dry forest
edges (Pollock et al. 2015; Patten & Smith-Patten 2012; Jirinec et al. 2022). A recent
study that quantified the light and thermal niches of understory Amazon rainforest birds,
found that species indeed selected dark, cool microsites (Jirinec et al. 2022). However,
exposure to midday Ta of 34-36°C in tree gaps caused variation in Th among species,
averaging ~41°C but surpassing 43°C in some cases (Jirinec et al. 2022). The maximum
values could be interpreted as mild hyperthermia, plausibly resulting from a combined
exposure to heat and humidity. Yet, this was the condition in tree gaps at midday,
meaning that the species could move to close-canopy sites away from the gaps during
those hottest hours, especially considering that large natural gaps in the Amazon forest
can be <1 ha in area and total gap area be <2% of the entire forest tract (Hunter et al.
2015). Moreover, Ta and light intensity are often correlated (i.e. brighter sites are also
warmer). If this is the case, then the species may not be necessarily selecting cool sites,
but dimmer sites which turn out to be cool sites where solar radiation is low. In support,
eye size tends to be large in tropical forest understory birds conferring them high optical
resolution in the dark but increasing their susceptibility to light (Ausprey 2021). Indeed,
unravelling the degree of thermal stress, if any, of forest-dependent birds inside tropical
rainforests is a pending research avenue. More urgent is to investigate their
physiological response during exposure to conditions at the forest edges, where the most
drastic microclimatic changes take place.

Finally, a series of recent declines of terrestrial and understory insectivores and whole-
community turnover inside undisturbed tropical forests have also been observed but,
while intuitively linked to climate change, the proximate causes remain unknown (Blake
& Loiselle 2015; Curtis et al. 2021; Stouffer et al. 2021; Pollock et al. 2022). The
influence of negative indirect effects (e.g. variations in resource availability) offer a
plausible explanation for these patterns (Lister & Garcia 2018; Neate-Clegg et al. 2020),
especially if those resources are involved in maintaining effective thermoregulation
when climatic conditions harshen. For instance, the lack of permanent water sources
coupled with the intensity of the dry season could have fuelled the disappearance of
rainforest insectivores in an isolated lowland rainforest in Panama (Curtis et al. 2021).
In this study region, a >30-year trend in longer dry seasons also negatively affected
recruitment and population growth rates in 15 bird species (Brawn et al. 2017).
Hopefully, more work would help to unravel if, when and how thermoregulation is
related to these puzzling trends.
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Knowledge gaps and future research directions

There is a wealth of quantitative information on the thermal tolerance of many tropical
bird species. This empirical data allowed us to assess whether the physiological
response of birds matched the assumptions of thermal vulnerability to warming, thought
to underlie rearrangements in tropical biotic communities. In essence, a narrow thermal
tolerance and a proximity to thermal limits does not appear to be the prevailing pattern
in tropical birds, not even for high-elevation species which are also alarmingly
underrepresented in studies. The observed responses, from the individual to the
community level, may result from synergies between land-use change and microclimate
variation or from indirect effects of climate change on natural habitats and key
resources. Nevertheless, there are still unaddressed topics which limit our knowledge
about potential sources of thermal sensitivity (Summarized in Table 1).

First and foremost, most studies have focused on the BMR and the TNZ. For analyses
of vulnerability or flexibility to climate change to be complete, a close examination of
the abilities for heat dissipation is a requirement. Ideally, more data on the long-term
response should be produced because chronic exposure to heat can impair vital
functions over time when birds become unable to dissipate heat efficiently (Conradie et
al. 2019). Thus, future studies should consider a careful selection of key parameters to
measure vulnerability to warming and how these react to seasonal climatic variation and
anomalies. Of such, the EWL and the CTmax have informed assessments of the
probability of extirpation and survival in sub-tropical birds that inhabit arid zones in
which Ta variation has intensified as a consequence of climate change (Albright et al.
2017; Riddell et al. 2019). In the Tropics, humidity is an influencing factor for avian
thermoregulation but it is also highly variable, being dependant on patterns of
precipitation (Chadwick et al. 2016). Changes in rainfall could be particularly
problematic to small tropical birds given that their reliance on passive heat dissipation
could put them at risk during episodes of very high humid heat (Gardner et al. 2016;
Gerson et al. 2019). Researchers might analyse the combinations of humidity and Ta
that severely hamper effective heat dissipation and are detrimental to survival, to
determine species-specific degrees of vulnerability. Additionally, more intra-specific
studies of species that inhabit environmental gradients (e.g. Ta, precipitation, aridity)
could allow the identification of populations more vulnerable to warming as well as
physiological features which could make them more resilient (Tieleman et al. 2002;
Cavieres & Sabat 2008). Likewise, analysing plastic responses to heat stress of
populations along elevational gradients would provide greater insights into their
flexibility to warming, especially of those at middle and high elevations.

Finally, we would like to underscore the relevance of considering the human
disturbance of natural habitats as the leading cause of vulnerability for birds in the
tropical regions (Caro et al. 2022). Tropical birds have long been severely impacted by
deforestation, with long-term abundance declines of terrestrial and understory
insectivores of up to 95 % in isolated forest fragments in the Amazon region (Stouffer et
al. 2006). Unfortunately, recent estimations of deforestation across the Tropics are
alarming. Rapid clearing and degradation has resulted in great losses of lowland and
upper montane forests in Papua New Guinea (Shearman et al. 2009), of African
rainforest (Ernst et al. 2013), dry forest and woodlands (Bodart et al. 2013) and of
rainforest in the Amazon, largely occurring during periods of severe drought (Bullock et
al. 2020). Tropical birds are well adapted to the abiotic conditions of their natural
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habitats, but the changes in land use disrupt this balance. In fact, the combination of
habitat alterations and climatic variations can drive patterns of extinction and
colonization shifts in tropical birds (Beale et al. 2013). Therefore, we believe that the
key areas that need to be assessed in order to determine the physiological vulnerability
of tropical birds to warming are those directly affected by human activities.

Table 1. Knowledge gaps that hinder understanding of the physiological response of tropical
birds to warming and suggested lines of research to tackle those gaps. The column with example
references contain a sample of studies, mostly carried out on birds from extra-tropical regions,
that can help to guide research avenues in the Tropics.

Knowledge gaps

Suggested lines of research

Example references

More data on EWL
and Th

Move beyond solely analysing
BMR, the TNZ and its limits and
assess cooling capacities through
the quantification of EWL, heat
tolerance limits and resistance of
hyperthermia.

Identify areas that challenge
effective heat dissipation and
increase the risk of lethal
hyperthermia, resulting in
abundance declines and local
extinctions.

Cunningham et al. (2013);
Albright et al. (2017);
Conradie et al. (2020);
Riddell et al. (2019)

Long-term response
to sustained levels
of warming

Analyse the physiological effects
of sustained heat along with
survival estimates, changes in
body mass, risk of dehydration
over consecutive days, limits to
cognitive and motor abilities
relevant for survival, among
others.

Thompson et al. (2015);
Conradie et al. (2019);
Danner et al. (2021)

Assess thermal
tolerance along
mountain slopes

Intra- and inter-specific
comparisons of heat tolerance at
different zones along elevational
gradients.

Soobramoney et al. (2003);
Thompson et al. (2017)

Direct or indirect
drivers of
thermophilization

Consider assessing the directional
shifts in plant community
composition and changes to
habitat structure that promote
turnovers towards warm-adapted
plants and possible cascading
effects on bird communities.

Fadrique et al. (2018) and
Esquivel-Muelbert et al.
(2018) evidenced
thermophilization shifts of
Andean and Amazonian
forest plant communities,
respectively

The role of
humidity in
thermoregulation
during hot days

Quantify heat dissipation at joint
gradients of air humidity and
temperature above Th and
examine morphological
adaptations between populations
along ecological gradients to
tackle elevated humid heat.

Greenberg et al. (2012);
Gerson et al. (2014);
Luther & Greenberg
(2014); Gardner et al.
(2016) identified
combinations of humidity
and Ta that increased
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Knowledge gaps Suggested lines of research Example references
vulnerability for tropical
Australian passerines

Interactive effect of Measure heat tolerance across Monge et al. (2022)

land-use conversion treatments or gradients of human  measured the physiological

on microclimates disturbance along with response to heat and
microclimate variables. predicted consequences of

exposure to maximum
microsite temperatures on
tropical birds in forest,
low-, and high-intensity

agriculture
Physiological Test capacity for evaporative
response of cooling during acute and chronic
declining forest- exposure to heat, especially of
interior species understory insectivores.

Intra- and inter-specific analysis
including the forest interior as
well as forest edges.

Conclusions

We conclude that there is little empirical evidence in support of the assumption that
tropical birds have particularly narrow thermal tolerances. By contrast, based on our
literature review, we propose that many tropical birds are resilient enough to tolerate
thermal variation within the range of predicted future levels of warming. Thus, we
concur with Pollock et al. (2021) that tropical birds are no more physiologically
threatened by warming in the short-term than birds at other latitudes. Most likely, the
hotspots of direct avian physiological vulnerability reside in arid regions outside the
Tropics [e.g. southern Africa (Conradie et al. 2019); Australia (McKechnie et al. 2012);
North American southwest (Albright et al. 2017)]. However, this does not mean that
tropical birds are physiologically insensitive to warming in general. An increase of 5 °C,
as in worst-case scenarios, could prove challenging to birds from open areas who rely
on Th—Ta gradients for passive heat dissipation, as this strategy would demand higher
levels of hyperthermia. An equally vulnerable group are birds from xeric habitats if
water sources become absent or reduced during heat waves. Also, the consistent
changes in rainfall regimes, which can produce more intense wet and dry seasons
(Chadwick et al. 2015; Brawn et al. 2016), have the potential to alter the frequency of
stronger humid-heat events that have proven to be detrimental to small songbirds
(Gardner et al. 2016). Climate change is the world’s greatest concern at the scientific
and public-opinion level but this has taken the focus away from other, more imminent,
threats to biodiversity such as anthropogenic habitat loss and degradation (Caro et al.
2021). In fact, land-use change does not only affect tropical bird diversity directly, but
may reinforce climate-driven threats by altering the microclimate birds are exposed to
(Monge et al. 2022). Therefore, adaptive measures such as protecting vast areas covered
by forest (Stouffer et al. 2011), especially along ecological gradients (Brodie et al.
2012) or, alternatively, improving land management strategies (Oliver & Morecroft
2014) are the most promising approaches to safeguard the diversity of tropical birds.
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General conclusions

Apart from altering natural ecosystems, land use can strongly affect vertebrate diversity
via the intensity of management (Semenchuk et al. 2022). This work analyzed the
effects of coffee cultivation intensity on bird diversity at the community level as well as
on the ability of particular species to tolerate associated local temperature regimes. In a
general sense, the simplification of vegetation features in intensified farms resulted in a
reduction in species richness and altered phylogenetic and functional diversity. The
pervasive effect of intensification was boosted by a lessened capacity of intensified
farms to buffer microclimatic maximum temperatures. In other words, coffee cultivated
under intensified systems, with reduced vegetation structure and composition, offers
fewer resources and less suitable habitat as well as a thermally more hostile
environment for birds. Although tropical birds in general possess the capacities to
endure changing temperature conditions, these capacities are put to the limit when
persisting in simplified landscapes dominated by intensified agriculture.

It has been known for some decades, that the maintenance of heterogeneous vegetation
cover inside diversified coffee farms bolsters bird diversity (Perfecto et al. 1996;
Greenberg et al. 1997; Bakermans et al. 2012). Specific vegetation features, such as tree
height, canopy cover and the diversity of trees have been positively associated with bird
richness (Waltert et al. 2005; Gordon et al. 2007). The present work built on this
knowledge and investigated five measures of vegetation structure and composition in
relation to three dimensions of avian diversity (Chapter 1). The initial aim of linking
specific vegetation features to these dimensions was achieved by showing that bird
richness significantly increased with the amount of large trees that provided greater
shade cover, while phylogenetic diversity did so with increasing numbers of crop plants.
Also, bird communities tended to be more functionally clustered at sites with more large
trees, which means that they shared more traits among them than would be expected at
random, indicative of ecological stability at low levels of disturbance (Cooke et al.
2019).

Because tropical bird communities are structured along gradients of elevation, their
response to land-use change can also show elevational patterns (Sreekar et al. 2021).
Indeed, the effect of vegetation features on specific dimensions of bird diversity were
not present at all elevations but occurred at defined elevation zones. For instance, the
effect of large trees on functional clustering and positive effect of crop plants on
phylogenetic diversity were present at middle elevations only. Taken together, these
results underscore the importance of considering the impact of intensification indicators,
such as vegetation features, in a broader environmental context. In other words,
conservation measures developed for birds in tropical agricultural landscapes might
benefit from considering the larger environmental context.

In sum, land-use change reduces the availability of suitable habitat, with subsequent
declines in bird richness which then spill into a loss of functional traits and evolutionary
lineages as the land use intensifies. This tunes in with the notion that habitat loss and
degradation is the biggest threat for biodiversity in the Tropics (Caro et al. 2022).

To recognize the potential mechanisms involved in the loss of avian diversity in
intensified agricultural landscapes is a most needed step forward to develop more
effective mitigation measures. Habitat loss and degradation can lead to a non-random
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decline in functional traits and evolutionary lineages in tropical disturbed landscapes
(Bregman et al. 2016; Luther et al. 2020). This means that some birds might be more
affected than others by land-use change and they might just be functionally and
phylogenetically distinct species. Besides the negative effects of habitat loss on forest-
dependent birds (e.g. loss of phylogenetic lineages; Frishkoff et al. 2014; Morante-Filho
et al. 2017), the increasingly hot and dry conditions of tropical deforested areas (Sales et
al. 2020) could further the loss of avian diversity in a similar non-random manner.
Indeed, land-use conversion alone can reduce overall bird abundance but differences in
heat tolerance can drive abundance declines of specific species (Bowler et al. 2018).
This opens an exciting and hitherto unexplored avenue of research; that is, how can heat
tolerance determine the loss of functionally and phylogenetically distinct avian taxa in
intensified agriculture.

For the time being, this work intended to unravel the capacity of tropical birds that live
in diverse and intensified coffee farms to handle high levels of heat and how this
capacity match the daily temperature conditions of the farms (Chapter 2). The focus
here was on the maximum microclimatic temperatures because these significantly
differed between intensified and diverse farms, while there was no significant
differences between the latter and the nearest forest patch. Birds had no problem dealing
with experimental temperatures that represented the thermal conditions present below
that canopy of forests or those at diverse farms. Maximum temperatures in intensified
farms increased to such an extent that it was predicted that birds would spend up to
three times more of their time during the day cooling down their bodies through
evaporation of water from their respiratory tract, than at diversified farms. However,
despite this higher demand, the birds were in neither case at an immediate risk of
suffering from lethal dehydration. Sub-lethal (i.e. chronic) dehydration, on the other
hand, might be possible if birds fail to acquire enough water to replenish the losses,
resulting in the decline of body condition and reproductive failure (Conradie et al.
2019). This might seem an unlikely scenario in the moist and cool understory of lush
tropical forests or even under the canopy of trees in diversified farms but perhaps not in
the most intensified farms, which are completely devoid of trees. Therefore, because
many bird species can survive initial destruction and fragmentation of natural habitats,
land-use change amplifies the pervasive effects of warming because these species would
then have to face altered microclimatic conditions in the newly-created open, drier and
hotter converted areas. If vital resources for thermoregulation, such as food items or
water sources (Riddell et al. 2019), are lacking then it is likely that only the most heat-
tolerant species would be able to persist in intensified coffee-dominated landscapes in
the future.

Given that the study sites where the thermal tolerance experiments and measurements of
microclimatic temperatures were located at ~1800 m of elevation, it was also possible to
analyze the response of the four involved species in the context of their elevational
distribution. In essence, tropical montane birds are thought to possess a narrow thermal
tolerance, because of the narrowness of the vertical distributions (Janzen 1967; Colwell
et al. 2008; Tewksbury et al. 2008). In this case, the distribution of three of the four
studied species extended into the lowlands and was only slightly less broad in the fourth
of them. Thus, it is likely that these species experience and tolerate temperatures close
to the maximum at 1800 m in the lowest parts of their vertical distribution. What are the
implications of this? Are other bird species limited to narrower vertical bands indeed
less tolerant to heat? Are lowland birds more at risk from warming? Tropical birds
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whose distributions does not include warm areas might possess truncated thermal
niches, which means that they could tolerate hot conditions in certain areas but these do
not currently occur within the species’ range (Freeman & Beehler 2018; Burner et al.
2019). Accordingly, tropical birds, especially those in the lowlands, might possess the
physiological capacity to withstand current and future warming (Pollock et al. 2021).
The review that | performed of literature about the physiological features that may
explain vulnerability or resilience to warming in tropical birds, appears to point in this
direction (Chapter 3).

There is a wealth of studies that document the responses of tropical birds to warming in
terms of distribution shifts and local extinctions, but the mechanisms behind these
responses are not well understood. As a very important first step, more empirical
research is needed to quantify the thermal tolerance of tropical birds across ecological,
elevational and land-use intensity gradients. Tropical birds possess the physiological
capacities to live with the climatic conditions of their natural habitats. If resources are
available and reachable, tropical birds may not be particularly threatened by warming
(Pollock et al. 2021). The problem arises when the natural climatic conditions of their
habitats are disrupted by land-use change. Thermoregulation would be challenged
because heat waves and drought are more severe in converted lands (Sales et al. 2020).
This situation, summed up to the loss of suitable habitat, might set the stage for local
extinctions and distribution shifts.

A general conclusion of this thesis work is that the same measures that can mitigate the
impact of agricultural use on the dimensions of avian diversity (e.g. agroforestry) could
also reduce the risk that climate change poses to birds that thrive in agriculture-
dominated landscapes. For instance, | found that native and crop trees, which are large
and provide canopy cover, promote several aspects of avian diversity within shaded
coffee farms and such features might also be crucial to maintain buffered microclimatic
temperatures for birds, namely shade and a variety of food resources. Low-intensity
agroforestry hence appears an appropriate means to lower the pressure that interacting
land use and climate change will pose on tropical bird diversity in the future
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Appendices

Appendix from Chapter 2
Unshaded coffee imposes a heavier load on thermoregulation than shaded coffee for
birds in a tropical mountainous region.

Table A.1. Points of inflection and the rate of change (i.e. slope) of the relation between RMR,
EWL, ECC, and Ty and the T. during metabolic trials. The inflection T, were estimated by
segmented regressions and slopes in linear-mixed effects model regressions conducted on data
below (Boelow) and above (Bavove) the inflection Ta. For both parameters, the 95% confidence
intervals are provided in parenthesis. The dashes indicate when the estimates could not be

computed.
Species RMR (W) (E(‘:]VXIZ‘O hrl) ECC Tp (°C)
Cabanis’s wren Inflection Ta ] ?;37928 ) ?;40602 ) _
0 . .
(C) 35.45) 41.39)
] 0.03 (0.02— | 0.01 (-0.00
Boctow (°C7) | - 0.03)( - o.oé) ]
Babove (OC-l) - 81?)(013 |- -
Silver-throated Inflection T 28.00 35.11 31.00 34.80
tanager C) *1(19.91- (32.33 - (27.06— | (29.58 —
36.09) 37.89) 34.94) 40.03
-0.02 (-0.05 | 0.03(0.02— | 0.03 (0.02 |-0.04 (-
Bhelow (°C1) | —0.01) 0.04) —0.03) 0.08 —
0.01)
Basoe (°C) 0.02 (0.01— | 0.17 (0.13— | 0.06 (0.05 |0.38 (0.13
above 0.05) 0.22) —0.10) —0.75)
Yellow-faced . 28.94 36.87 32.00 34.12
grassquit g,‘(‘;')ect'on Tel2378— | (3413- | (48— | (28.35-
34.10) 39.60) 39.12) 39.89
Buson (°C) -0.02 (-0.03 | 0.02(0.01— | 0.04 (0.04 |0.04 (0.01
below —-0.01) 0.02) —0.05) ~0.07)
Basoe (°C) 0.01(-0.01 |0.07 (0.05— | 0.05(0.04 |0.21(0.17
above —0.02) 0.10) —0.07) —0.24)
Lesser goldfinch Inflection T 26.00 33.07 37.69 24.22
C) | (18,57 - (30.15-36 |(33.33— | (1.84-
33.43) 42.06) 46.59
-0.01 (-0.02 | 0.02(0.01— | 0.04 (0.04 |0.28(-
Bhelow (°C1) | —0.01) 0.03) —0.05) 0.23—
0.56)
Basore (°CY) 0.01(-0.00 |0.07 (0.05— | 0.10(0.03 |0.20 (0.11
above —0.02) 0.09) —0.15) ~0.32)
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Summary

The conversion of natural habitats in the tropical regions of the world, boosted by the
intensification of the land management, promotes the decline in the richness and
abundance of birds. However, data on the effects that land use has on avian functional
roles, phylogenetic lineages and thermal stress is still scarce. The purpose of this Ph.D.
thesis was to assess the response of tropical birds to the separate and combined effects
of land-use change and climate warming, using the coffee crop in Costa Rica as the
study system. In Chapter 1, | analyzed the role of coffee cultivation intensity on the
taxonomic, functional and phylogenetic dimensions of avian diversity and determined
that the most contributing vegetation elements affected avian diversity differently at
specific elevations. In Chapter 2, | combined measurements of microclimatic
temperatures inside coffee farms cultivated at different levels of intensity and of heat
tolerance in four focal bird species to predict that exposure to heat increases ~3-fold in
farms lacking vegetation. However, even the maximum temperature reached in these
high-intensity farms were tolerated by all species. Finally, Chapter 3 consisted of an
integrative review of the physiological features of tropical birds related to vulnerability
or resilience to warming. | found that the most important knowledge gaps involve the
estimation of heat tolerance, especially the long-term response, in mountain and forest-
interior birds as well as those living in converted lands. This thesis work provides novel
information on joint assessments of avian diversity in coffee farms and heat tolerance in
agricultural lands with different intensity levels. All in all, areas under intensified land-
use are hotspots of decline of avian diversity in tropical landscapes. However, more
empirical evidence is needed to determine whether the causes of current and possible
future decline are related to habitat loss, intolerance of heat or both.
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Zusammenfassung

Die Umwandlung nattrlicher Lebensraume in den tropischen Regionen der Welt,
verstérkt durch die Intensivierung der Landnutzung, fordert den Rickgang der
Artenvielfalt und des VVogelreichtums. Daten zu den Auswirkungen von Landnutzung
auf die dkologischen Funktionen, phylogenetische Abstammungslinien und den
thermischen Stress bei Vogeln sind jedoch noch selten. Das Ziel dieser PhD-Arbeit
bestand darin, die Reaktion tropischer VVogel auf die getrennten und kombinierten
Auswirkungen von Landnutzungsanderungen und Erwdrmung zu bewerten, wobei die
Kaffee-Plantagen in Costa Rica als Studiensystem verwendet wurden. In Kapitel 1 habe
ich die Rolle der Bewirtschaftungsintensitat der Kaffee-Plantagen auf die
taxonomischen, funktionalen und phylogenetischen Dimensionen der VVogelvielfalt
analysiert. Es zeigte sich, dass verschiedene, zusétzliche Vegetationsstrukturen in
Kaffee-Plantagen die VVogelvielfalt in bestimmten Seeh6hen unterschiedlich
beeinflussten. In Kapitel 2 wurden Messungen der mikroklimatischen Temperaturen in
verschieden intensiv bewirtschafteten Kaffeefarmen in Beziehung zur Hitzetoleranz von
vier Vogelarten gesetzt. Die Ergebnisse zeigen, dass die Hitzeexposition in Kaffee-
Plantagen ohne zusétzliche Vegetationsstrukturen wie Schattenbdume etwa um das
Dreifache zunimmt. Selbst die maximale Belastung in den am intensivsten
bewirtschafteten Plantagen war allerdings fur alle Arten tolerierbar. In Kapitel 3 habe
ich die vorhandene Literatur ausgewertet, um die thermische Sensitivitat tropischer
VoOgel gegentber steigenden Temperaturen abzuschétzen und dabei auch Interaktionen
von Klimawandel und Landnutzung beriicksichtigt. Ich fand heraus, dass die
wichtigsten Wissensluicken die Schatzung der Hitzetoleranz, insbesondere der
Langzeitreaktion, bei Gebirgs- und Waldinnenvégeln sowie solchen, die in
umgewandelten Landern leben, betreffen. Diese Dissertation liefert neue Informationen
zur gemeinsamen Bewertung der Vielfalt von Vdgeln in Kaffeefarmen und der
Hitzetoleranz in landwirtschaftlichen Flachen mit unterschiedlicher Nutzungsintensitét.
Insgesamt sind Gebiete mit intensivierter Landnutzung Hotspots fiir den Riickgang der
Vogelvielfalt in tropischen Landschaften. Die vorliegenden Daten erlauben es allerdings
nicht, die aktuellen und vor allem auch die zu erwartenden zukinftigen Verluste
eindeutig dem Verlust von Lebensrdumen, der fehlenden Hitzeintoleranz oder einer
Kombination beider Faktoren zuzuschreiben.
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