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Abstract 

Forest degradation and changes in climatic variables can impact the visitation 

frequency of pollinator communities. This in turn can disrupt the pollen receipt and 

therefore fertilization of the plant, potentially limiting its fruit production. Obligate out-

crosser plant species have the highest risk, as they depend completely on animal-

mediated pollination. Such a species is the Brazil nut tree (Bertholletia excelsa), which 

depends on large-bodied bees for pollination. It is regarded as the most important non-

timber forest product (NTFP) in the Western Amazon, due to its economic value and 

importance for local livelihoods. Consequently, it is important to understand how the 

visitation frequency of Brazil nut pollinators responds to forest degradation and 

associated micro climatic conditions.  

Data on the visitation frequency was gathered through videos and direct observations 

with telescopes and a camera at three different sites, each divided into two degradation 

levels (i.e. degraded and old-growth forest sites). Climatic variables (i.e. temperature, 

relative humidity, rain, wind, cloud-cover, and sun exposure) and the genera of the bees 

(i.e. Xylocopa, Eulaema, and Centris) were also recorded. A generalized linear mixed 

effect framework was used for data analysis: 1) excluding the genera, 2) taking into 

account the interaction of the genera with temperature and degradation.  

Degradation level did not significantly influence visitation frequency when genus was 

not taken into account, but temperature did. However, when the interaction with the 

genera was accounted for, both degradation level and temperature showed to be related 

to visitation frequency.  Moreover, each genus responded differently to both variables. 

Xylocopa had the highest visitation rate between 30 and 35°C, while for Centris the 

relation between temperature and visitation frequency was negative. Visitation 

frequency was slighter higher in degraded areas than in old-growth forest, but the 

difference was small.  

The strong positive relation that was found between temperature and visitation 

frequency suggests that increases in local temperature (due to e.g. forest degradation or 

climate change) will not strongly negatively influence Brazil nut pollinator visitation 

frequency. Also, the small positive effect of forest degradation on visitation frequency 

implies that fruit set is not limited by a negative effect of degradation on pollination.  
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Resumen  

La degradación de bosques y cambios climáticos pueden tener un efecto en la frecuencia 

de visitas de las comunidades polinizadoras. Como consecuencia, esto puede 

interrumpir la transferencia de polen y por lo tanto la fertilización de la planta, 

potencialmente afectando la producción de frutos. Las especies que dependen de la 

polinización cruzada son las que poseen el mayor riesgo, ya que la mayoría depende 

completamente de animales como vectores de transferencia del polen. Una de esas 

especies es el árbol de castaña amazónica (Bertholletia excelsa), la cual depende de 

abejas de gran tamaño para su polinización. La castaña amazónica se considera como 

uno de los productos forestales no maderables (PFNMs) más importantes de la cuenca 

amazónica, por su valor en los mercados internacionales contribuye al sustento 

económico de las comunidades locales. Por lo tanto, es importante entender como la 

degradación de bosque y condiciones micro-climáticas, asociadas a la degradación, 

afecta la frecuencia de visitas de los polinizadores del árbol de castaña amazónica.  

Los datos sobre la frecuencia de visitas fueron recolectados a base de videos y 

observaciones directas, con telescopios y cámaras fotográficas en tres diferentes áreas 

de estudio, cada una divida en dos niveles de degradación (purma y monte). Variables 

climáticos (temperatura, humedad relativa, lluvia, viento, nubosidad, y luminosidad) y 

el género de las abejas (Xylocopa, Eulaema, and Centris) también fueron anotados. 

Utilicé un modelo lineal generalizado de efecto mixto para el análisis de datos: 1) sin 

tomar en cuenta el género, 2) tomando en cuenta la interacción de los géneros con 

temperatura y degradación.  

El nivel de degradación no influyó significativamente en la frecuencia de visitas cuando 

no se tuvo en cuenta el género, pero sí la temperatura. Sin embargo, cuando se 

incorporó la interacción con los géneros, tanto el nivel de degradación como la 

temperatura mostraron estar relacionados con la frecuencia de visitas. Además, cada 

género respondió de manera diferente a ambas variables. Xylocopa tuvo la tasa de 

visitas más alta entre 30 y 35°C, mientras que para Centris la relación entre la 

temperatura y la frecuencia de visitas fue negativa. La frecuencia de visitas fue menor 

en purma que en monte, pero la diferencia fue pequeña.  
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La fuerte relación positiva que se econtró entre la temperatura y la frecuencia de visitas, 

sugiere que los aumentos en la temperatura local (debido, por ejemplo, a la degradación 

de los bosques o al cambio climático) no influirán negativamente en la frecuencia de 

visitas de los polinizadores de castaña. Por otra parte, el efecto positivo de purma sobre 

la frecuencia de visitas implica que la producción de frutos no está limitado por un 

efectivo negativo de la degradación sobre la polinización.  
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1. Introduction  

Increasing deforestation coupled with climate change have resulted in habitat loss 

and forest fragmentation around the globe, which in turn affect forest dynamics and 

therefore ecosystem services (Hadley & Betts, 2012; Stangler, Hanson, & Steffan-

Dewenter, 2014). Worldwide, tropical regions are considered to have the greatest 

deforestation rates since the 1980’s, with the expansion of agriculture and pasturelands 

as the main pressures (Silva & De Marco, 2014). It is projected that with an increase in 

global population, the degradation of forests will increase as a result of a higher food 

demand and hence its pressure on forest dynamics will escalate as well (FAO, 2016). 

Despite the fact there has been extensive research done on the topic, it is still not well 

understood how singular ecosystem functions and services are impacted by 

degradation (Hadley & Betts, 2012; Neuschulz, Grass, Botzat, Johnson, & Farwig, 2013). 

Depending on the composition and configuration of a landscape, degradation can have 

both negative and positive effects on forest dynamics (Hadley & Betts, 2012; Korpela, 

Hyvönen, & Kuussaari, 2015). For example, different studies have shown that forest 

degradation can have negative effects on species distribution and micro climates 

(Lewis, 2006; Neuschulz et al., 2013). While on the other hand, studies have also has 

shown that forest degradation can have positive effects on resource availability and 

species richness (Lewis, 2006; Neuschulz et al., 2013). Due to the importance forests 

have at a local and global level further research is needed, in order to unravel the effects 

different magnitudes of disturbance have on ecosystem functions and services. It is 

especially important for future landscape-planning and forest management.  

One of the ecosystems services that can be affected is pollination. Animal mediated 

pollination is regarded as one of the most important ecosystem services in natural 

habitats and agricultural systems (Abrahamczyk et al., 2011; Neuschulz et al., 2013). 

Over 80% of the Neotropical plants depend on biotic pollination, many of which are 

regarded as obligate out-crossers that depend completely on pollinators for fruit set 

and gene flow, hence the viability of the plant species (Ghazoul & Sheil, 2010). The most 

important biotic pollinators are considered to be the bees, as they pollinate 

approximately 73% of the cultivated species in the world (Motta Maués et al., 2015).  

Insect communities can be affected by forest degradation and consequent changes in 

microclimatic conditions of their habitats (Stangler et al., 2014). Temperature, 
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luminosity, relative humidity and wind speed have been suggested to be important 

abiotic factors affecting the flight of bees (Polatto, Chaud-Netto, and Alves-Junior 

(2014). The degree to which human modified landscapes will disturb bees can depend 

on various factors such as social behaviour, foraging distance, food availability, and how 

specialized the bees are on a particular resource and/or habitat (Neuschulz et al., 2013). 

Thermoregulatory capacity and the body size of the bee are also important aspects that 

can determine how bees will respond to changes in the biotic and abiotic conditions, 

particularly the increase in mean global temperature and forest fragmentation 

(Kambach et al., 2013; Neuschulz et al., 2013; Paxton, Klee, Korpela, & Fries, 2007; 

Polatto, Chaud-Netto, & Alves-Junior, 2014; Silva & De Marco, 2014; Wikelski et al., 

2010). Food availability is also dependent on microclimatic conditions, as it can disturb 

phenological characteristics of the plant (i.e. timing in flower production) and therefore 

may cause modifications in plant-pollinator interactions (Memmott, Craze, Waser, & 

Price, 2007). Nevertheless, detailed studies on connecting disruptions of plant-

pollinator interactions with forest degradation and changes in climate conditions are 

still scarce or ambiguous, especially for natural systems (Memmott et al., 2007; 

Neuschulz et al., 2013).  

Understanding the effect of forest degradation on pollination is particularly  

important for non-timber forest producing species. One of the most important NTFPs in 

the Western Amazon of which the pollination could likely be affected by forest 

degradation, is the Brazil nut tree (Bertholletia excelsa). This species is regarded as an 

obligate outcrosser and is therefore dependent on pollinators, specifically bees, for 

reproduction and frui set (Cavalcante, Oliveira, Maués, & Freitas, 2012; Mori & Prance, 

1990; Zuidema, 2003). Brazil nut trees have high economic value both at  national and 

local level, as on one hand it significantly contributes to the GPD of the producing 

countries (i.e. Bolivia, Peru, and Brazil) and on the other it has been an essential income 

of local livelihoods since the early 1900s (Mori & Prance, 1990; Ribeiro, Jerozolimski, de 

Robert, & Magnusson, 2014; Rockwell et al., 2015; Zuidema, 2003). As it is harvested 

almost entirely from the wild, it can also play an important role in sustainable 

management of forests (Scott A Mori & Prance, 1990).  Although Brazil nut trees are 

legally protected from felling in Peru and Bolivia (Cronkleton, Guariguata, & Albornoz, 

2012; Mori & Prance, 1990; Rockwell et al., 2015), pressure on Brazil nut tree 

populations and harvesting is still present through forest degradation due to logging, 
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agricultural expansion, and mining. Possibly, forest degradation due to these activities 

causes an alteration on the visitation frequency of its pollinators, which may influence 

the fruit production and therefore the commercialization of the nut. Since, it is believed 

that the bees that pollinate the Brazil nut tree depend on old-growth forests (Zuidema, 

2003). Such variations in fruit production can have consequences on local livelihoods 

and regional economies, as shortfalls in production could be expected (Kainer, Wadt, & 

Staudhammer, 2007; Ribeiro et al., 2014). However, little is known on how the 

visitation frequency of Brazil nut pollinators are affected by forest degradation in 

natural systems. Without a synthesized understanding on how different ecological 

aspects of the tree affect the fuit production, the options on adaptive management plans 

are limited (Kainer et al., 2007; Ribeiro et al., 2014; Zuidema, 2003). 

In this study I explore how forest degradation and climate conditions affect the 

visitation frequency of Brazil nut pollinators in Madre de Dios, Peru. The main question 

this study addresses is, to what extent is pollinator visitation frequency of Brazil nut 

flowers influenced by forest degradation and climatic variables, and to what extent do 

these relations vary between pollinator genera?  

2. Methods & Materials 

2.1 Study Area 

The study was carried out in the Tambopata National Reserve (TNR) and its buffer 

zone (12° 55′ 14″ S, 69° 16′ 55″ W) in the Madre de Dios region of Peru. The reserve has 

an extension of 274,690 ha and the buffer zone of 187,450 ha (SERNANP, 2012) and are 

managed by the “Servicio Nacional de Áreas Naturales Protegidas por el Estado” 

(SERNANP).  

The forests in the area are classified as tropical moist forests (SERNANP, 2012). The 

climate in the area is characterized by a dry season from June to September and a wet 

season from November to March, with a mean annual precipitation of between 1,600 to 

2,400 mm (SERNANP, 2012). It is classified as a tropical monsoon climate as it features 

pronounce wet and dry seasons (Rubel, Brugger, Haslinger, & Auer, 2017; SERNANP, 

2012). The annual mean temperature lies at 26°C. Temperatures can reach up to 38°C 

during the driest months (September and October). The temperature minimum lies at 

15°C (SERNANP, 2012).  
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The main threats to the forest areas are, mining, illegal logging, agricultural 

expansion, and extension of pasture areas (SERNANP, 2012). According to FAO (2016), 

the net agricultural gain in Argentina, Brazil, Paraguay, and Peru amounted to 32,968 

ha. In the buffer zone of the TNR in July 2017 it was estimated that 490 ha of forest were 

lost due to gold mining (Novoa & Finer, 2017). While in Iberia, another Brazil nut 

harvesting area located in the Interoceanic Road, lost 453 ha between June and August 

of 2017 due to agricultural expansion (Finer, Novoa, & Olexy, 2017).  

2.2 Study Organisms 

2.2.1 Brazil nut Tree: General Information 

The Brazil nut tree is the only species of the Bertholletia genus in the Lecythidaceae 

family. It is considered to be the most economically valuable NTFP in the Neotropics, for 

the harvesting and commercialization of its nuts. It usually grows in areas that have a 

mean temperature ranging from 24.3 and 27.2°C and an annual rainfall of 1400 to 2800 

mm (Mori & Prance, 1990; Márcia Motta Maués et al., 2015; Zuidema, 2003). High 

densities of Brazil nut trees can be found on terra firme (i.e. non-flooded) areas at 

altitudes lower than 800 meters above sea level (Zuidema, 2003) in Brazil, Bolivia, and 

Peru, but they can also occur at lower densities in Colombia, the Guianas, and 

Venezuela.  

The Brazil nut tree is characterized for being an emergent tree growing up to 50 

meters high, for being unbuttressed and having conspicuous longitudinal fissures in its 

bark. The fruits can be as big as a coconut and can contain about 10 – 25 seeds, but the 

number of seeds varies with the size of the fruit (Figure A1 of the Appendix).  The 

formation of the seeds takes about 12 months from the time the flower has been 

successfully fertilized (Motta Maués et al., 2015). Once on the ground, animal-mediated 

seed dispersal plays an important role in the natural regeneration of the tree. The most 

important agent is the Agouti (Dasyprocta punctata) (Mori & Prance, 1990; Zuidema, 

2003).  

The fruits are harvested between January and April, although they start to fall as 

early as end of November. They are mostly gathered from the wild, either by the Brazil 

nut harvesters themselves or a person is hired to gather the fruits (i.e. referred to as 

“barriquero” locally). Once collected, the fruits are opened and the seeds are extracted 

and put to dry. After being processed, more than half of the nuts produced in Bolivia, 
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Peru, and Brazil are exported to Europe. The rest are exported to the United States, 

Australia, South Africa and a few Latin American countries import the rest (Zuidema, 

2003).  

2.2.2 Brazil Nut Tree: Flower 

The Brazil nut flowers are zygomorphic, in other words, they have a bilateral 

symmetry. At anthesis, the flower is three centimeters in diameter and has a 

characteristic yellow-to-white color. It has a calyx with two lobes and the flower has six 

petals that are up to 30 millimeters long (Mori & Prance, 1990).  Another important 

feature of the Brazil nut flower is the androecial hood (Figure 2.2a) that protects the 

androcium (i.e. group of stamens) and only allows large, strong insects to enter the 

flower. The nectar lies at the back of the hood, strategically placed to ensure that the 

pollen rubs into the head and thorax of the bee once it enters the flower to obtain the 

nectar (Figure 2.2b). 

  

Figure 2.2. (a) Androecial hood being lifted up in order to observe the underlying reproductive parts which 
it protects, (b) Inner part of the flower, specifically the nectar behind the hood and the androcium. 
 

The pollen’s viability varies between 76% to 86.5% and remains viable only until 

1400HR (Cavalcante et al., 2012).  Mori and Prance (1990) established that the 

strongest pollen viability is between 0600HR and 0900HR. This timeframe is therefore 

considered to be the most effective for cross-fertilization. The percentage of flowers 

that actually produce fruits is between 0.28% to 0.40% and if fertilization fails the pistil 

will fall after 48 h (Cavalcante et al., 2012; Motta Maués, 2002).   

2.2.3 Pollinators 

The Brazil nut tree depends on animal mediated cross-fertilization, as it is not able to 

perform self-fertilization. It specifically depends on large bodied bees that are strong 

enough to open the androecial hood. They are considered to be the only effective 
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pollinators of Brazil nut trees, as they are able to get into contact with the reproductive 

part of the flower (i.e. with the pollen). The most important genera of the Brazil nut 

pollinators are Xylocopa, Eulaema, Centris, Epicharis, Eufrisea and Bombus (Baldoni et 

al., 2017; Cavalcante et al., 2012; Márcia Motta Maués et al., 2015; Santos & Absy, 2010, 

2012b). The Eulaema and Eufrisea genera belong to a wider group of bees known as 

Euglossine or orchid bees. Both Cavalcante et al. (2012) and Maués et al. (2015) provide 

an extensive list of the bee species pollinating the Brazil nut flower (Table A1 of the 

Appendix).  Besides bees, butterflies, humming birds, and beetles have also been 

reported as pollinators. Nevertheless, they do not get in contact with the reproductive 

parts of the flower and therefore are not considered effective pollinators, instead they 

are classified as only flower visitors (Motta Maués et al., 2015).  

2.3 Study Design and Data Collection 

This study is part of a bigger project called SUSTAIN and therefore I selected three of 

their sites labeled B, C and D within the TNR and its buffer zone (Figure 2.4). The sites 

are part of Brazil nut concessions, from which permission to enter was obtained directly 

from the owners. Each site was divided into two degradation levels classified as 

followed:  

1. Old-growth forest (i.e. local name “monte”), with a low human impact in 

the form of selective logging. According to informal interviews done to the owners 

of the concessions, the sites within the TNR were last logged 25 – 47 years ago, 

while the one in the buffer area was logged 7 years ago. Most of the areas have been 

reforested by natural regeneration, although in the case of site B some tree species 

(i.e. Bertholletia excelsa and Cedrelinga catenaeformis) were planted.  

2. Degraded areas due to agriculture (i.e. cassava plantations, cattle 

ranching, and rice plantations) surrounded by patches of secondary forest. Slash 

and burn is used every year to prepare the land for cultivation. Referred locally as 

purma.  
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Figure 2.4. Map depicting study area with the study sites chosen by the SUSTAIN project. Each cluster of 
trees is a different site. The colors of the tree show the two degradation levels: red represents the degraded 
areas and green the old-growth sites. 

Within each site, 4 trees from each degradation level were chosen at random 

amongst the trees that were flowering, leading to a total of 24 observed trees.  Three 

rounds of observations were conducted between the 25th of November and 20th of 

December of 2018. In each round 4 points of observation were selected for each of the 

observed trees. The points were chosen at random between those that had good 

visibility and in which the inflorescences were blooming. The number of inflorescences 

observed was four, although in some occasions it was less due to a lack of visibility or 

number of inflorescences with open flowers. Figure 2.5 shows a graphical 

representation of the study design.  

Each point of observation was monitored through videos and direct observations. 

Two people observed two different points simultaneously during a 20-minute period. 

For the video monitoring and direct observations, a Vanguard Endeavor HD 65A 

spotting scope was used with a digiscoping adaptor in order to mount a DLSR camera, 

with a 52 mm lens (Figure A2 of the Appendix).  The second observer used a Canon 60D 

camera with a 600 mm lense (video footage example). During the observation period 

the number of flower visits were counted. A flower visit was recorded if the bee entered 

one of the flowers of the observed inflorescences and therefore came in contact with its 

reproductive parts. Maximum and minimum values for temperature and humidity were 

recorded during each 20-minute observation period using a Thermo-Hygrometer, 

model DTH16. Other weather variables that were taken into account were rain, wind, 

and cloud cover. Each variable was classified into different categories (e.g. rain was 

divided into strong, light, drizzle and none) and they were evaluated based on direct 

observations. Table A2 of the Appendix specifies more in detail the variables used and 

D 

B 

C 

https://www.youtube.com/watch?v=0lKbfSxo4Pc&frags=pl%2Cwn
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its classifications. During the observations the bees were classified into their respective 

genera, Xylocopa, Eulaema and Centris. Those that could not be recognized they were 

grouped together and labeled as unidentified. The latter was small bees that could not 

be distinguished and a few that due to blurriness of the video could not be classified. 

 

Figure 2.5 Conceptual map of the study design, depicting the levels of observation. Three sites were chosen 

from the ones of the SUSTAIN project, each divided into two degradation levels: old-growth (M) and 

degraded areas (P). Within each degradation level, 4 trees were chosen at random with each having four 

random observation points. Three rounds of observation were carried out, in which only the observation 

points changed, everything else remained the same. 

Since the points of observation were chosen in-situ, 10-minute breaks were taken 

between the observations, in order to find a new set of inflorescences to focus on and 

set up the equipment. Once all four observation points in the tree were monitored, the 

equipment was moved to the next tree. A 45-minute window was used to commute to 

the next tree and install the equipment for the next set of observations.  In total, 288 

observation points were monitored.  

The start time for the observations was 0540HR, since according Cavalcante et al. 

(2012) and More and Prance (1990), bees start to be active at 0530HR. The end time for 

the observations was at 1115HR, due to weather conditions, fruit fall and as most 

flowers fall before 1500HR (Cavalcante et al., 2012). However, in some cases the start 

and end time changed due to unforeseen challenges. During strong rainfall and winds, 

observations were stopped if the observers were located within the crown’s perimeter 

due to the risk of fallen fruits and branches. The observations were resumed only after 

light rain or drizzle. Since the fruits were already falling from the trees, a helmet was 

used at all times.   
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2.4 Data analysis 

An exploration of the data was performed prior to the statistical analysis, in order to 

understand better the data structure and the influence of the different variables. Scatter 

plots were created to look for possible correlations between the continuous variables 

(Figure A4 of the Appendix). This revealed that the maximum and minimum values for 

temperature and humidity were highly correlated, as well as for start time and end time 

of the observations. Consequently, only one of each was included in the statistical 

analysis. Measurement errors associated with direct sunlight hitting the thermo-

hygrometer during the observations and therefore suddenly spiking the maximum 

temperature and decreasing the minimum humidity therefore minimum temperature 

and maximum humidity were considered to be more accurate, they were therefore used 

in the analysis. In order to determine if forest degradation has an effect on micro 

climatic conditions, the relation between degradation level (DL), minimum temperature 

(MINT), and maximum humidity (MAXH) was analyzed using a linear mixed effect 

model (Equation 2.1 and 2.2).  

MINT ~ DL + ST + (1|round/tree_ID) 

MAXH ~ DL + ST + (1|round/tree_ID) 

2.4.1 Visitation frequency 

The relation between visitation frequency, degradation level and weather variables, 

was analyzed using generalized linear mixed effect models (GLMM) in order to account 

for both fixed and random effects. The data was analyzed using RStudio version 1.1.447 

(RStudio Team, 2016). The GLMM was constructed with the lme4 package (Bates, 

Maechler & Bolker, 2012) and Zuur’s et al. (2009) protocol on finding the optimal model 

was used. Since count data was analyzed, a Poisson distribution of the data was 

assumed.  

Round, site, degradation level (DL) and the tree ID were used as random variables 

and degradation level, minimum temperature (MINT), maximum humidity (MAXH), rain 

(R), sun (S), cloud cover (CC), wind (W), start-time (ST) of the observations, and 

quadratic start-time (QST) as fixed effects using the following formula: 

VS ~ DL + MAXH * MINT + R + S + CC + W + ST + QST + 

(1|Round/Site/DL/TreeID) 
(2.3) 

(2.1) 

(2.2) 
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This is considered to be the beyond optimal model (i.e. full model), as it includes all 

the original variables of the experimental method. In order to find the best model, first 

the random effects were selected and then the fixed effects. In order to select the 

variables, they were dropped from the beyond optimal model and the AIC values were 

compared between models. If the AIC difference was not high (Delta AIC <3), the 

variable was drop completely as it did not explain the variance and therefore 

considered to not be significant. This was done manually for the random effects, 

whereas for the fixed effects the dredge function in the MuMIn package (Barton, 2018) 

was used with Equation 2.4. This function returns a list of the best models ranked by 

AIC, with different arrangement of the fixed effects. Sun, cloud cover, and wind were 

previously dropped from Equation 2.4 due to their very low significance. The optimal 

model was chosen from this list based on the best AIC value and the lowest degrees of 

freedom. 

VS ~ DL + MINT + ST + QT + (1|Round/Site/ TreeID) 

Confidence intervals (CIs) were determined in order to plot the results. First, 

predicted values of the visitation frequency related to temperature and the best model 

were calculated with the predict function. Then the quantiles (i.e. 0.025and 0.095) were 

computed based on the predicted values with the apply function for temperature. 

2.4.2 Visitation Frequency and Pollinator Genera 

The relation between visitation frequency, degradation level, weather data, and the 

relationship of both with the different genera observed during the data collection was 

performed in a similar way as the previously described analysis, using a generalized 

linear mixed effect model framework.  

For the beyond optimal model, the random effects were round, site, degradation 

level, tree ID, and the observation point ID. For the fixed effects degradation level, 

minimum temperature, maximum humidity, rain, start-time of the observations, and the 

quadratic start-time were used with each having an interaction with genus (Equation 

2.5). Sun, cloud cover, and wind were not used due to convergence errors in the model.  

VF ~ DL*genus + MINT*genus + MAXH*genus + R*genus + ST*genus 

+ QST*genus + DL + MINT + MAXH*genus + R + ST + QST + 

(1|Round/Site/DL/ TreeID/PointID) 

(2.4) 

(2.5) 
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The same protocol for model selection was followed as in the previous analysis; 

therefore the dredge function was used to obtain a list of the best models ranked by the 

AIC values based on Equation 2.4. The quadratic minimum temperature (QMINT) was 

included at this stage in order to see if there are peak differences between each genus. It 

could not be included in the beyond optimal model due to convergence errors. The best 

model was then the one with the lowest AIC and degrees of freedom.  

VF ~ QMINT*genus + DL*genus + MINT*genus + R*genus + DL + 

MINT + I(MINT^2) + + (1|Round/Site/ TreeID/PointID) 

Confidence intervals (CIs) were determined in order to plot the results. First, 

predicted values of the visitation frequency related to temperature, genus, degradation 

level and the best model were calculated with the predict function. Then the quantiles 

(i.e. 0.025and 0.095) were computed based on the predicted values with the apply 

function for each genera and degradation level. 

3. Results 

3.1 Microclimate changes due to deforestation 

The linear mixed effect testing the relation between degradation level, minimum 

temperature, and maximum humidity showed that degradation does not have an affect 

on temperature nor humidity. Nevertheless, the relation of degradation with humidity 

was negative and with temperature positive.   

3.1 Visitation Frequency 

Visitation frequency in degraded areas was slightly higher than that of old-growth 

forests (n=186 and n=150 respectively, Figure 3.2a), but degradation level was not 

included in the best model (Equation 3.1) by the all subset regression (AIC = 843, df = 5, 

delta= 0.00) (Table B2 of the Appendix), and therefore no evidence was found for a 

significant effect of degradation level on visitation frequency. Temperature however, 

was included in the best model (z=3.182, p<0.001), and it was positively related to 

visitation frequency of Brazil nut pollinators (Figure 3.2b). Nevertheless, the second 

best model (AIC=844, df=6, delta=1.12) did include both degradation level and 

temperature (Table B1).  

VF ~ MINT + (1|round/site/ tree_ID)  

(2.4) 

(3.1) 
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Figure 3.2. a) Visitation frequency in old-growth forest (M) and degraded areas (P). The black error bars represent 95 
% and 25% confidence intervals obtained by bootstrapping. b) Predicted values of visitation frequency and minimum 
temperature from Equation 3.1 plotted against each other. The blue ribbon represents the 95 % and 25% confidence 
intervals obtained by bootstrapping.  

 

3.2 Visitation Frequency and Pollinator Genera 

Three different genera were found to frequent the flowers during the observation 

periods: Xylocopa, Eulaema, and Centris (Figure 3.4). Amongst all, Xylocopa was the 

most frequent visitor amounting to 67% of the total visitation frequency (n = 336). On 

the other hand the genera Eulaema, Centris, and those not identified was equivalent to 

11%, 3%, and 19% of the total visitation frequency, respectively.  

In all subset regression analysis (Table B2 of the Appendix) in which visitation 

frequency was separated per genus, temperature (z=-2.269, p > 0.05), degradation level 

a) 

b) 
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(z=1.758, p > 0.1), and the interaction of temperature and degradation level with the 

genera Xylocopa, Eulaema and the group of bees unidentified were present in the best 

model (Equation 3.2). Therefore, temperature and degradation level are considered to 

be good predictors of the visitation frequency of the different genera (Table B3 of the 

Appendix).  

VF ~ DL*genus + MINT*genus + DL + MINT + (1|Round/Site/ 

TreeID/PointID) 

 

Figure 3.4. a) Relative visitation frequency per observed genus. The error bars represent the confidence intervals at the 
95 and 25% by bootstrapping. b) Predictions of the visitation frequency in relation to the minimum temperature for the 
different genera and the two degradation levels (M=old-growth forest; P=degraded sites). The area around the line was 
obtained from a bootstrap function that calculates the 95 and 25% confidence intervals. 

a) 

b) 

(3.2) 
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In terms of the relations between temperature and the genera, temperature has a 

positive relation with all the genera except Centris (Figure 3.5). Xylocopa had the 

strongest positive interaction with temperature, while Centris was the only genus 

affected negatively by temperature. Eulaema had a slight positive relation with 

temperature, although it seems more neutral than the other two genera. With regard to 

degradation level, the interaction between the genera and the degraded level seems to 

be slightly more positive, than the old-growth forest. Since, the visitation frequency was 

higher for the degraded level. Nevertheless the difference is quite small as for most 

genera the confidence intervals of both degradation levels overlap. Xylocopa’s visitation 

frequency appeared to be unaffected by the degradation level, since the area of the 

confidence intervals of both degradation levels overlapped almost completely (Figure 

3.5).  

4. Discussion 

This study showed that forest degradation only has a limited effect on Brazil nut 

pollination frequency when genera is included in the equation, but that visitation 

frequency is influenced by temperature.  It is one of the first studies of Brazil nut 

pollinators in natural forest and the TNR, providing important information on how 

pollinator communities of Brazil nut trees respond to changes in their natural habitats 

and surrounding environments.  

4.1 Pollinator Genera 

 In this study, Xylocopa was the genus found to be the most frequent visitor of Brazil 

nut flowers, followed by Eulaema and Centris. Similar results were obtained by studies 

carried out in Brazil nut plantations, in which Xylocopa frontalis was the most abundant 

visitor and Eulaema mocsaryi the second (Cavalcante et al., 2012; Motta Maués, 2002; 

Motta Maués et al., 2015; Santos & Absy, 2012). Although Euleama meriana was only 

observed twice in our study, it was one of the most frequent visitors in other studies 

(Cavalcante et al., 2012; Motta Maués et al., 2015). Centris americana is usually present 

only in small numbers and at low frequency, as it was the case in our study. Centris 

denudans is considered to be one of the most frequent pollinators of Brazil nut trees 

(Cavalcante et al., 2012), but was not observed in our study. Nevertheless, it could be 

that Centris denudans individuals were present within the unidentified group of bees. 

Although Bombus species are often regarded as important pollinators (Mori & Prance, 
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1990; Motta Maués, 2002), none of the species were observed in our study. Cavalcante 

et al. (2012) also concluded that Bombus might not be relevant in the pollination of 

Brazil nut trees. 

Our study shows that the pollinators found in natural systems are similar to those 

identified in Brazil nut plantations (Cavalcante et al., 2012; Motta Maués, 2002; Motta 

Maués et al., 2015; Santos & Absy, 2012). Potentially, the similarity in the results are 

due to the proximity of the plantations to forest areas (Motta Maués et al., 2015). This 

could have provided the pollinators with viable nesting sites and the variety of food 

source, which are important factors to maintain a healthy pollinator community 

(Cavalcante et al., 2012; Motta Maués et al., 2015). Nevertheless, it is important to 

integrate pollen studies to test if natural areas are better for reproductive purpose than 

plantations, as this could be a limiting factor for the former due to neighboring related 

trees. 

4.2 Climate factors influencing the visitation frequency 

It was found that temperature had a significant positive effect on the visitation 

frequency of Brazil nut pollinators. Other studies support the results obtained in this 

study, in which warmer temperatures strongly explained the variation in the visitation 

frequency of the observed pollinators (Aguiar & Gaglianone, 2012; Bennett, Gensler, & 

Cahill, 2014; Castro, Garófalo, Serrano, & Silva, 2013; Korpela et al., 2015; Stangler et al., 

2014). Specifically, Polatto, Chaud-Netto, and Alves-Junior (2014) found that the bees’ 

foraging activity was greater at higher temperatures(Polatto et al., 2014) and 

luminosity conditions (i.e. improves visibility). The positive correlation between 

temperature and the foraging activity could also be regarded as an “established pattern 

for most bees” (Polatto et al., 2014). Nonetheless, Carvalho, Presley and Santos (2014) 

found food availability to be the determining factor in explaining the foraging activity, 

instead of temperature. 

Furthermore, as stated by Scaven and Rafferty (2013) the response to temperature 

will vary according to the physiological characteristics of the bee, which corresponds 

with the results that were obtained in our study. All of the genera, except for Centris, 

responded positively to temperature. Moreover, there were slight differences on how 

each genus responded. Xylocopa was the one frequenting the most inflorescences 

during the hottest hours (i.e. 30°C – 35°C) of the day. Potentially, this is due to tolerance 
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carpenter bees have towards high temperatures as a result of their thermoregulatory 

capacity. According to Gerling, Velthuis, and Hefety (1989) the Xylocopa’s thoracic 

temperature is independent from the ambient temperature, as they are able to 

thermoregulate even at 40°C. In fact the Xylocopa olivieri can withstand up to 35°C, the 

maximum temperature recorded during our study (Keasar, 2010). Generally, large body 

sized bees are better suited to higher temperatures than small ones.  

In contrast, Eulaema seemed to prefer medium ambient temperatures (20°C – 25°C). 

A similar observation was expressed by Traill et al. (2010), in which either warm 

temperatures or really low ones restricted the Eulaema’s foraging activity. Although 

Armbruster et al.’s (2014) results support this statement as Eulaema species can be 

considered to have high risk of overheating, they conclude that further research is 

needed to proof their findings. It should also be taken into account that physiological 

traits are species dependent and the results cannot be generalized for the whole genera. 

For example, in another study (Nemésio & Silveira, 2006) the species Eulaema nigrita 

and Eulaema cingulata responded positively to warm temperatures and lower humidity 

levels, making them tolerant to open spaces. It is likely that the species observed in our 

study (E. mocsaryi and E. meriana) respond differently to temperature and are more 

tolerant to warmer conditions. However, no literature was found specific to these 

species. Moreover, the influence of temperature on Eulaema species is still 

understudied and hence it is difficult to infer how they will respond to warmer 

environmental conditions (Armbruster et al., 2014; Nemésio & Silveira, 2006). Other 

factors such as the flower’s fragrance strength has also been suggested to determine the 

foraging activity of Euglossine species, such as those belonging to the Eulaema genus 

(Melo, Gimenes, & Oliveira Neto, 2009).  

In terms of Centris, it has been observed that Centris species (e.g. C. varia) can 

respond positively to temperature (Polatto et al., 2014). Moreover, there was another 

study (Roberts & Harrison, 1998) that observed that the C. pallida was capable of 

decreasing its thoracic temperature by 40% during a 10° increase (26° to 36°C) of the 

ambient temperature. According to Giannini et al. (2012), the response also strongly 

depends on the species. Nevertheless, not many studies were found in order to support 

a general trend for the genus. Also, no study was found specifically about those species 

that pollinate the Brazil nut tree.  
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Our study suggests that temperature positively affects the visitation frequency of 

Brazil nut pollinators. Temperature optimas were tested through a quadratic term was 

tested in our study, but did not show to be significant in our best model. Therefore, it 

suggests that there are no temperature thresholds to which bees respond. Nevertheless, 

further research is needed, as temperature thresholds may exist (Polatto et al., 2014; 

Selwood, Mcgeoch, & Mac Nally, 2015). If this holds true, warmer temperatures could 

limit the foraging activity of bees, causing a disruption in plant-pollinator interactions 

and hence the pollination success. Bees would start foraging earlier to avoid the warmer 

temperatures during the day, resulting in changes in plant pattern pollen flow and the 

likelihood of pollen receipt (Scaven & Rafferty, 2013). Therefore, it should not be taken 

for granted the importance forests may have on maintaining suitable microclimatic 

conditions favorable for bees. 

Humidity, luminosity, cloud cover, and rain are other climatic variables that have 

been considered as good predictors. However, only humidity was significant in our 

study but was dropped due to a high correlation with temperature. The relationship 

between humidity and visitation frequency was negative, which is similar to the results 

obtained in other studies (Aguiar & Gaglianone, 2012; Polatto et al., 2014; Stangler et al., 

2014). Luminosity, which in our study was measured as sun exposure, has resulted in a 

positive correlation with the foraging activity of bees (Polatto et al., 2014). Potentially 

as it provides a better visibility and sun exposure is needed by some bee species in 

order to achieve the necessary temperature to initiate flight (Roberts & Harrison, 1998). 

As mentioned before, cloud cover can enhance the foraging activity of some bees, 

especially those that have a risk of overheating. Lastly, Castro, Serrano and Silva (2013) 

obtained the highest number of bee species and individuals during the warmest and 

rainiest months (i.e. October – March) in a Brazilian forest. However, it could be related 

to the floral resources rather than the direct effect on the foraging activity, as rain is 

usually a cue for Neotropical plants to flower (Abrahamczyk, Gottleuber, Matauschek, & 

Kessler, 2011; Castro et al., 2013).  

4.3 Impact of degradation   

Forest degradation had in our study a small positive effect on pollinator visitation 

frequency, depending on if the genera was taking into account in the analysis. A reason 

for this could be that the trees in the degraded areas were located within the foraging 
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distances of the bees. Regardless of the species, bees usually prefer areas where the 

flower abundance is high, but it is still close to its nesting sites and therefore forest 

patches (Bennett et al., 2014; Ferreira, Boscolo, & Viana, 2013; Hadley & Betts, 2012; 

Viana et al., 2012). As long as fragmented areas are in close proximity with natural ones, 

then a positive effect could result from forest degradation on the bees’ visitation 

frequency (Viana et al., 2012). Similar results have been obtained by other studies, in 

which degraded areas tend to have higher visitation frequencies of pollinators than 

forest sites (Hadley & Betts, 2012; Schleuning et al., 2011; Winfree, Bartomeus, & 

Cariveau, 2011).  

The effect of degradation on visitation frequency differed between genera. For 

Xylocopa the difference was not major, as the areas within the confidence intervals (i.e. 

95 and 25 %) of both degradation levels overlapped. This could be explained by the 

robustness Xylocopa seems to show towards forest fragmentation, as it has been 

observed that this genera adapts well to changes in pollen availability and temperature 

(Gerling, Velthuis, & Hefety, 1989; Junqueira, Rabelo, Bastos, & Augusto, 2017). 

Additionally, large-bodied bees are highly mobile within fragmented landscapes, as they 

can cover foraging distances of up to 10km (Zurbuchen et al., 2010). Forest sites on the 

other hand, are important for Xylocopa species, since they construct their nests on 

already existing wood cavities or decay wood material within natural or secondary 

forests (Gerling et al., 1989). Therefore, forests are essential to maintain viable habitats 

for these genera. 

Although the areas within the confidence intervals for both degradation levels also 

overlapped for the Eulaema, the visitation frequency in the degraded sites was slightly 

higher than that of the old-growth forests. As established by Nemésio and Silveira 

(2006), some Eulaema species prefer forest edges where the temperature is usually 

higher and the humidity lower, which are the conditions that were observed in our 

degraded areas. Also, according to Cameron (2004), species richness of Euglossine bees 

(i.e. orchid bees) is higher in secondary forest than old-growth ones. Moreover, 

Euglossine bees are also very mobile as their foraging distances can reach up to 5 km 

(Janzen, 1971; Wikelski et al., 2010). This corresponds to the distances between the 

trees and the nearest standing forest patch in our study. Nevertheless, as it was the case 

for Xylocopa, some Eulaema species (i.e. E. nigrita, E. meriana, E.cingulata) also depend 
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on forests for nesting sites, as they prefer hollow logs aboveground (Cameron, 2004). 

However, they also prefer in ground cavities to construct their nests, which could give 

them more flexibility within fragmented landscapes.  

As for Centris, it was the genera with the lowest visitation rate. Degraded areas had a 

slightly higher visitation frequency than the old-growth forest sites. However, the 

difference is not significant and the amount of data might not be enough to cross-

validate this observation. Nevertheless, it is important to mention that they prefer 

shaded areas and decay wood cavities in the canopy to construct their nests (Thiele, 

2005). Therefore, it could be a possibility that they actually would prefer forest sites 

over degraded areas. Further research would be needed to cross-validate the results, 

especially for C. denudans that is considered to be one of the most important pollinating 

species of the Brazil nut tree (Cavalcante et al., 2012; Márcia Motta Maués et al., 2015). 

As our results showed that forest degradation did not have an impact on micro 

climatic conditions, the difference in visitation frequency between degraded and old 

growth forest sites could be attributed to flower abundance and higher luminosity. 

Although foraging activity can be explained by abiotic factors, most bees are attracted to 

the areas with the highest amount of resources produced by the flowers (Polatto et al., 

2014). As discussed by Korpela, Hyvönen, and Kuussaari (2015), degradation of the 

forest may increase the availability of floral resources and therefore nectar and pollen, 

attracting more bees. Forest edges have been hypothesized to have higher flower 

densities and as they have similar climatic conditions to clear-cut sites, it could be 

expected that the same applies for degraded areas (Hadley & Betts, 2012). Luminosity, 

on the other hand, increases the visibility of the flowers for the bees and hence it could 

be responsible of increasing visitation frequency in degraded areas (Korpela et al., 

2015; Polatto et al., 2014). Lastly, open areas can in a way facilitate the movement of 

bees, reducing obstacles while foraging and increasing the visibility of flowers (Korpela 

et al., 2015).  

4.3 Scientific and management implications 

This study can be considered as a pilot project for future and more elaborate 

monitoring of plant-pollinator interactions. It is one of the first field studies of Brazil nut 

pollinators that have been carried out in a natural system, rather than a plantation. The 

results showed that Brazil nut pollinator species observed were quite similar in both 
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contexts, suggesting that the pollinator communities in plantations and natural systems 

are similar. Furthermore, our degraded areas showed a slightly higher visitation 

frequency than forest sites. Therefore, as both the plantation and degraded areas were 

in proximity of forest areas, it could be argued that maintaining a landscape matrix with 

a high connectivity can be important to sustain pollinator communities. It is also 

important to stress that even though degraded areas showed a slight positive effect on 

visitation frequency of the pollinators, forest areas are most likely still essential. Not 

only because they provide nesting sites, but also food and other resources which are 

needed for the survival of the bees (Cavalcante et al., 2012; Motta Maués et al., 2015). 

Due to the positive relation temperature had with visitation frequency in my results, 

it is inferred that Brazil nut pollinators can also be quite robust to warm conditions and 

therefore might not be affected by changes in climatic conditions. Our results are also 

indicative that most genera respond positively to temperature, nevertheless it can be 

expected that within the genera itself each species might respond differently and 

therefore our results cannot be generalized. Hence, it is recommend that further 

research be done at the species level, in order to better understand how global warming 

might affect individual bee species based on physiological traits, specifically 

temperature thresholds. This recommendation is based on the lack of literature I was 

encountered with in regards of many of the bee species. 

As both temperature and degradation levels resulted in positive relations with 

visitation frequency, it could be considered that pollination by itself might not be a 

limiting factor for Brazil nut production in our study area. However, further research 

would be needed on experiments involving pollen manipulation (e.g. pollen exclusion 

and hand pollination) and visitation duration of the different species in order to test on 

effective pollen dispersal. It could also be that the changes in Brazil nut production are a 

result of the interplay of pollination with other variables that were not included in this 

study, such as flower predation and the smoke from slash and burn practices. Since, the 

predation of flowers can reduce the plant’s fitness and fruit set (Galetti, 1993) and 

smoke may affect the foraging activity of bees (Scott A Mori & Prance, 1990). The 

suggestion of flower predation stems from the observation made during our study, as in 

several occasions parrots (i.e. dusky-headed parakeet and white-bellied parrot) were 

seen predating on Brazil nut flowers (Figure A3 of the Appendix). Consequently, it could 
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be interesting to do further research on this aspect and see if this factor is inhibiting 

fruit production of Brazil nut trees. It is also recommended, based on the results, that 

close attention should be paid on landscape management in order to maintain the 

connectivity of the landscape matrix of the study area. Participatory research could be 

beneficial for the long-term monitoring of Brazil nut pollinators in order to understand 

better how they respond to changes in climatic conditions and further forest 

degradation.  

In conclusion, the strong positive relation that was found between temperature and 

visitation frequency suggests that increases in local temperature (due to e.g. forest 

degradation or climate change) will not strongly negatively influence Brazil nut 

pollinator visitation frequency. On the other hand, the small positive effect of forest 

degradation on visitation frequency implies that fruit set is not limited by a negative 

effect of degradation on pollination. Hence, our results suggest that Brazil nut flower 

visitation frequency is not limited in the current landscape matrix with associated 

climatic variables. 
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7. Appendix-A 

Tribe Genus Species Body size (mm) ± s.d. 

Xylocopini Xylocopa Xylocopa frontalis 34.60 ± 0.10 

Xylocopini Xylocopa Xylocopa aurulenta NA 

Bombini Bombus Bombus transversalis 16.40 ± 2.86 

Bombini Bombus Bombus brevivillus NA 

Euglossini Eulaema Eulama meriana 33.40 ± 1.20 

Euglossini Eulaema Eulaema mocsaryi 15.60 ± 0.84 

Euglossini Eulaema Eulaema cingulata 14.60 ± 0.93 

Euglossini Eulaema Eulaema bombiformis NA 

Euglossini Eulaema Eulaema nigrita NA 

Centrini Centris Centris americana 35.10 ± 0.88 

Centrini Centris Centris denudans 34.20 ± 1.75 

Centrini Centris Centris carrikeri 5.50 ± 1.04 

Centrini Centris Centris ferruginea* 7.80 ± 0.45 

Centrini Centris Centris similis* NA 

Centridini Epicharis Epicharis flava 17.40 ± 0.26 

Centridini Epicharis Epicharis conica* 12.30 ± 0.97 

Centridini Epicharis Epicharis umbraculata 28.70 ± 1.10 

Centridini Epicharis Epicharis zonata* 15.20 ± 0.75 

Centridini Epicharis Epicharis rustica NA 

Centridini Epicharis Epicharis affinis NA 

Euglossini Efriesea  Eufriesea flaviventris 15.30 ± 1.33 

Euglossini Efriesea  Eufriesea purpurata 10.80 ± 0.89 

Table A1. List of bee species that pollinate Brazil nut flowers, observed by Cavalcante et al. (2012) and Motta Maués et 
al. (2015) in studies undertaken in different sites in Brazil. All the species identified by the (*) are considered as 
occasional pollinators, meaning that they do not always get in contact with the reproductive parts of the flowers and 
are not present during the whole flowering period. Whereas all the others are regarded as effective pollinators and 
usually have high abundances (Motta Maués et al., 2015). Body sizes where not available for all the species, only for 
those observed in Cavalcantes et al.’s (2012) study.  
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Climate Variable Measurement 
Method 

Classifications 

Temperature (°C) Thermo-Hygrometer Maximum  Minimum 

Relative 
Humidity (%) 

Thermo-Hygrometer Maximum Minimum 

Rain Direct Observations None  Drizzle Light Strong 

Cloud Cover Direct Observations None Scattered Partly Full 

Sun Direct Observations None Scattered Partly Full 

Wind Direct Observations None Light Strong 

Table A2. Climate variables measured in the field and its respective classifications and measurement methods. 

 

 

Figure A1. The fruit of the Brazil nut tree with the seeds. It can be as big as a coconut and can have up to 25 seeds in it. 
It takes 12 – 14 months to develop and it falls to the ground by itself ones it is mature. ©JuanCarlosHuayllapuma - P4C 

 

 

Figure A2. Materials used for the observations: Vanguard Endeavor HD 65A spotting scope with a digiscoping adaptor 
in order to mount a DLSR camera, with a 52 mm lens. ©JuanCarlosHuayllapuma - P4C   
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Figure A3. Dusky-headed parakeet predating on Brazil nut flowers during one the observations in our study. They were 
only observed in the degraded areas.  Min 1:41 of this video. ©JuanCarlosHuayllapuma - P4C 
 

 
 
Figure A4. Scatterplot of the visitation frequency in relation to maximum and minimum values of temperature 
and humidity, as well as for start time and end time of the observations. High correlations are evident for the 
different the two values in temperature, humidity and observation time. Hence, one of each was drop out of the 
model. As temperature and humidity have a strong negative correlation, only the latter was used during the 
analysis. 

https://www.youtube.com/watch?v=0lKbfSxo4Pc&frags=pl%2Cwn
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8. Appendix-B 

Model variables df AIC delta 

 temp_min 5 843.0 0.00 

Deg_lev + temp_min 6 844.1 1.12 

Start_time + temp_min 6 844.4 1.43 

Start_time^2 + temp_min 6 844.5 1.57 

Start_time  5 844.8 1.83 

Start_time^2 5 845.2 2.28 

Deg_lev + start_time 6 845.3 2.30 

Deg_lev + start_time + temp_min 7 845.3 2.35 

Deg_lev + start_time^2 + temp_min 7 845.5 2.51 

Deg_lev + start_time^2 6 845.7 2.75 

 
Table B1. List of models obtained by the dredge function based on the formula: vis_freq ~ deg_lev + 
temp_min + start_time + I(start_time^2) + (1|round/site/tree_ID). Only the first 10 models are shown in 
this table. 
 
 

 

Model variables df AIC delta 

 Deg_lev + temp_min + deg_lev:genus + 
genus:temp_min 

5 843.0 0.00 

Deg_lev + temp_min + deg_lev:genus  6 844.1 9.60 

Temp_min + genus:temp_min 6 844.4 11.90 

Deg_lev + Temp_min + genus:temp_min 6 844.5 13.00 

Deg_lev + deg_lev:genus  5 844.8 16.44 

Temp_min 5 845.2 319.60 

Deg_lev + temp_min 6 845.3 320.71 

Table B2. List of models obtained by the dredge function based on the formula: vis_freq ~3.01 deg_lev + 
temp_min + start_time + I(start_time^2) + (1|round/site/tree_ID). Only the first 10 models are shown in 
this table. 
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Variable Estimate z-value p-value 

Intercept 5.54 1.352 0.17637 

Deg_levP 1.23 1.732 0.08325 . 

Temp_min -0.3927 -2.268 0.02331 * 

Deg_levM:genusEulaema -10.5292 -2.451 0.01424 * 

Deg_levP:genusEulaema -10.5292 -2.366 0.01796 * 

Deg_levM:genusOther -8.5228 -2.025 0.04286 * 

Deg_levP:genusOther -9.1926 -2.109 0.03490 * 

Deg_levM:genusXylocopa -9.2109 -2.238 0.02524 * 

Deg_levP:genusXylocopa -10.5876 -2.482 0.01307 * 

Temp_min: genusEulaema 0.4683 2.610 0.00905 ** 

Temp_min: genusOther 0.4316 2.441 0.01466 * 

Temp_min: genusXylocopa  0.5198 2.994 0.00275 ** 

Table B3. Summary of the results obtained from the best model represented by Equation 2.4. Significant 
codes:  0 ’***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1’ ‘. The model had an AIC of 1408.5 and 5 degrees of freedom. 
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