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Aboveground biomass accumulation and carbon sequestration in old-growth neotropical 
cloud forests by Alejandra Wait 

 
Abstract 

Carbon is only one of the many contributors to greenhouse gases, but it is an important 
element in climate change mitigation. We have a lot of information about some methods of 
carbon sequestration, such as tree plantations and successional forests. However, that still 
leaves many tropical life zones to be studied in terms of old-growth forest carbon sequestration. 
Old-growth forests are important carbon sinks and sites of carbon sequestration, so this carbon 
(including soil carbon) will be emitted into the atmosphere if these forests are disturbed. This 
study aims to understand aboveground accumulation and carbon sequestration in old-growth 
neotropical cloud forests in Costa Rica. We used allometric models and Diameter at Breast 
Height (DBH) measurements from an old-growth permanent plot to estimate Above-Ground 
Biomass (AGB). From AGB, we calculated carbon capture of the permanent plot to compare 
with a plot of higher elevation, and to observe patterns of carbon sequestration between species 
and between years within the plot. Similar continual carbon sequestration was observed in old-
growth forests, in terms of AGB or carbon sequestration, confirming previous research that old-
forests continue to have net positive productivity but not as much as secondary forest regrowth. 
There were no statistically significant differences between time or location of plot measurements 
due to a large standard error. This demonstrates the importance of protecting old-growth forests 
as they continue to have net positive productivity and undergo carbon sequestration. 
 
1. Introduction 

Carbon is only one of many greenhouse gases increasing global warming (Gibbs, 2007). 
Deforestation continues to be a prevalent contributor to climate change as it emits carbon 
dioxide into the atmosphere while also decreasing the carbon capturing capacity of the land 
area by trees through photosynthesis (Gibbs, 2007). Hence, forest regeneration and carbon 
sequestration have been gaining more recognition by governmental and non-governmental 
actors considering forests key as a major potential greenhouse gas mitigation method (Brown, 
1997). Forest carbon sinks are an effective potential method for countries to meet Kyoto 
Protocol commitments regarding greenhouse gas emissions and reductions (Missfeldt et al., 
2001). Tropical areas are most vulnerable to the impacts of climate change, and they are an 
important factor in climate change mitigation because they are carbon-dense in terms of forest 
area and very productive (Lewis et al., 2009). Therefore, reforestation and conservation in 
tropical ecosystems is a top priority in our efforts to slow down the processes that contribute to 
climate change while also mitigating its effects. Estimating biomass can also allow us to 
calculate carbon sequestration in forests (Brown, 1997). This information will let us understand, 
and, therefore, predict how much carbon dioxide can be captured from the atmosphere through 
forest regeneration (Brown, 1997).  

There is a knowledge gap in the continual growth and dynamism of old-growth tropical 
forests. Plot monitoring and research is often carried out on carbon sequestration in tree 
plantations and successional forests. Natural secondary forests in Costa Rica are an effective 
and low-cost method to sequester carbon and create benefits related to biodiversity, habitat 
restoration, and ecosystem restoration (Chazdon, 2016). This is one way to offset carbon 
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emissions from previous deforestation, fossil fuel burning, and other harmful human activities 
through low-cost natural regeneration or assisted regeneration. In the span of 40 years, tropical 

secondary forests in Latin America can sequester an amount of carbon that is equivalent to 

fossil fuel and industrial carbon emissions from 1993 to 2014 in Latin America and the 

Caribbean (Chazdon, 2016). Hence, the knowledge gap is how carbon sequestration occurs in 
tropical old-growth forests. There is research on Amazonia tropical old-growth forests and  
African tropical old-growth forest plots showing that there is a pantropical phenomenon of 
continual carbon sequestration in old-growth forests. However, that still leaves many 
Neotropical life zones to be studied in terms of their old-growth forest carbon sequestration. For 
example, Costa Rica has twelve different life zones (Costa Rica Information, n.d.), each with 
potentially own carbon sequestration patterns. Assessing carbon sequestration across many life 
zones  is critical for carbon sequestration and climate change mitigation. 

Old-growth forests are also carbon sinks, but they are not considered as important as 
other forests by international treaties because they are not considered to be actively 
sequestering carbon (Luysaert, 2008). In reality, old-growth forests continue to accumulate 
carbon, as net ecosystem productivity in forests from 15-800 years old is positive (Luysaert, 
2008). Some hypotheses and models even propose that an increase in carbon dioxide in the 
atmosphere could be causing an increase in the rate of carbon sequestration among tropical 
forests (Lewis et al., 2009). Another study showed that Amazonia and African tropical old-
growth forests continued to capture and accumulate carbon in the past few decades (Lewis et 
al., 2009). In fact, the 15% of forested areas globally that is made up of old-growth forests 
provides at least 10% of the global net productivity across all ecosystems (Luysaert, 2008), but 
that is currently not considered in carbon sequestration calculations due to the belief that forests 
cease to actively sequester carbon once they reach “old-growth” age. Underestimation of old-
growth forests is dangerous because they are massive and continuously increasing carbon 
sinks, so this carbon (including soil carbon) will be emitted into the atmosphere if these forests 
are disturbed (Luysaert, 2008). 

In this study, we use allometric models and Diameter at Breast Height (DBH) 
measurements from trees within a permanent plot located in an old-growth premontane tropical 
wet forest on the Pacific slope of Costa Rica to estimate Above-Ground Biomass (AGB) and 
carbon sequestration (Chave et al., 2014). We also determine carbon sequestration patterns 
between species and between years within the plot. Finally, we compare AGB and carbon 
sequestration to another plot located in an old-growth lower montane tropical wet forest, a 
different life zone within the study region. Our objective is to have a better understanding of 
carbon sequestration in old-growth forests on the Pacific slope of Costa Rica. Comparing 
biomass and carbon sequestration from two different life zones in the same study region gives 
us insight about which particular species are driving carbon sequestration in old-growth tropical 
forests and how that might change by lifezone. Information generated by this study can 
contribute to larger data on old-growth tropical forests, contributing to relevant knowledge for 
climate change mitigation efforts around the world. 
 
2. Materials and methods 

Every tree over 10 centimeters Diameter at Breast Height (DBH) was measured on the 
Zapote plot at the CIEE Monteverde Global Campus, Puntarenas, Costa Rica. This is a 
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permanent plot located in an old growth Premontane Moist Forest on the Pacific slope (Figure 
1). The plot was established in 1997 and has been used as a site for monitoring forest 
dynamics. DBH measurements have been taken in 1997, 2000, 2004, 2018, and now 2021. The 
plot is divided into 25 subplots, each of 20m2, which together adds up to one hectare (Figure 2). 
Trees that have grown to be over 10 centimeters DBH since the last measurements in 2018 
were marked with flagging tape so that they can be tagged and added as recruitments.  

 

 
Figure 1. Location of the CIEE plot labelled as “Zapote” with a red box showing the perimeter and a yellow pin in the 
middle. Surrounding lines show the trails and roads in the area. Image retrieved from Google Earth. 

 

 
Figure 2. Subplots within the Zapote permanent plot in San Luis. Origin GPS coordinates: 10.284225, -84.799728. 
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Figure 3. Comparison plot at the Monteverde Biological Station represented as a blue square amongst trails and 
(further away) buildings. Image retrieved from Dan Swann’s independent research project paper (2015).  
 

 
Figure 4. From left to right: a) tree recruitment marked with 
flagging tape, b) tree with tag on it, c) subplot corner marker. 

 
Figure 5. Sideways-growing tree measured with 
DBH tape. Notebook to write down measurements.  
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Figure 6. Small representation of trees that were marked with flagging tape because they lost their tags. This 
particular patch of trees acts as a windbreak at the top edge of the slope, causing them to lose lots of tags. 
 

DBH measurements were calculated into AGB (kilograms) using an equation from Brown 
1997  shown below. DBH is bolded in the equation to show how our measurements from each 
plot were factored into the calculations.  

AGB= 21.297- 6.953(DBH) + .740(DBH2) 
 

We then use the AGB values to calculate carbon sequestration (kilograms) for each tree 
using an equation from Walker et al. 2011. AGB is bolded in the equation to show how the 
values from the AGB calculations were factored into the final carbon sequestration calculations. 

 
CO2 = AGB * MWCO2 / MWC 

Molecular weight of CO2 (MWCO2) = 44  
Molecular weight of C (MWC) = 12 

 
Total plot AGB and carbon capture were calculated for the CIEE plot. We estimated AGB 

and carbon sequestration for an area of 600 m2 in order to compare with a 600 m2 plot located 
at the Monteverde Biological Station in premontane wet forest. AGB and carbon capture values 
were then used to calculate total sums for each species and each plot in total.. These values 
were then summed to find the total AGB and carbon capture for each plot. We extrapolated 
values from the Biological Station’s 600 m2 plot to a hectare in order to make the numbers 
comparable.  
 Using the AGB and carbons sequestration values from our calculations, we ran several 
ANOVA tests to compare the plots by life zone and time. We ran an ANOVA test to compare the 
biomass of the CIEE plot and the Monteverde Biological Station plot. We ran an ANOVA test to 
compare the carbon sequestration of the CIEE plot and the Monteverde Biological Station plot. 
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We ran an ANOVA test to compare the biomass of the CIEE plot in 1997 and 2021. We ran an 
ANOVA test to compare the carbon sequestration of the CIEE plot in 1997 and 2021. 
 
 
3. Results 

We completed DBH measurements for 23 of the 25 subplots, amounting to a total of 660 
trees representing 72 species of trees and 24 trees of unknown species, and 47 families of 
trees. Analysis on AGB and carbon sequestration showed that there were no significant 
differences between age and location of the plots being compared, but that carbon 
sequestration was continuing to happen in these old-growth forests. There is an overall trend in 
the data that the campus is capturing more carbon with bigger trees, although that trend is non-
significant. AGB and carbon sequestration totals were calculated for the CIEE plot (1997 and 
2021) and the Monteverde Biological Station plot (2015) (Table 2). 

 
Table 2. Total Above-ground biomass and Carbon sequestration by Monteverde Biological Station plot in 2015 and 
CIEE plot in 1997 & 2021 
 Above-ground biomass Carbon sequestration 

CIEE (2021)  810,682.472 2,972,502.397 

Monteverde Biological Station (2015) 796,288.658 2,922,379.376 

CIEE (1997) 740,406.248 2,714,822.910 
 
 
3.1 Species dominance by carbon sequestration in the CIEE plot (2021) 
  
There are five dominant species in the CIEE plot that are currently sequestering the most 
carbon based on DBH measurements in 2021 (Figure 7). 
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Figure 7. Sum of carbon sequestration by species for the CIEE plot (Zaopte) 
 
3.2 Above-ground biomass accumulation by life zone and year 
  
AGB was similar between plots from different life zones (Zapote CIEE plot and the Monteverde 
Biological Station plot) (F = 0.669, df = 1,113, p = 0.415) (Figure 8a). 
AGB was similar between years 1997 and 2021 in the Zapote CIEE plot (F = 1.499, df = 1, p = 
0.221) (Figure 8a). 
 
 

 
Figure 8a. Mean AGB at the Monteverde Biological Station and the 
CIEE plot.  

 
Figure 8b. Mean AGB at the CIEE plot in 1997 vs 2021.  
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3.3 Carbon sequestration by life zone and year 
 
Carbon sequestration was similar between the Zapote CIEE plot and the Monteverde Biological 
Station plot (F = 0.663, df = 1,113, p = 0.417) (Figure 9a).  
Carbon sequestration was similar between years 1997 and 2021 in the Zapote CIEE plot (F = 
1.499, df = 1, p = 0.221) (Figure 9b). 
 

 
Figure 9a. Mean carbon sequestration in the Monteverde 
Biological Station and the CIEE plot.  

 
Figure 9b. Mean carbon sequestration at the CIEE plot in 1997 vs 
2021. 

 
 
The CIEE plot and Monteverde Biological Station plot had different dominant species. There is 
no overlap between the five species currently capturing the most carbon in each plot (Table 3).  
 
Table 3: Species with the highest carbon sequestration within plots from different life zones in the 
Monteverde region. 

 CIEE Monteverde Biological Station 

1 Sideroxylon portoricense Conostegia oerstediana 

2 Diospyros spp. Bourreria costaricensis 

3 Myrcianthes spp. Weinmannia werklei 

4 Eugenia guatemalensis Pouteria spp. 

5 Nectandra salincina Hampea appendiculata 
 
 
3.4 Additional observations 

While most of our research was centered around measuring DBH of trees and analyzing 
that data, qualitative observations of this old-growth forest are insightful to study forest 
dynamics. Some parts of the plot were more open with larger trees, while other parts were 
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dense with understory and smaller trees. Dense understory with smaller trees is indicative of 
more recent tree fall gaps. Throughout the entire plot I observed lots of vines and lianas on 
trees, tree fall gaps with decaying trees as well as standalone decaying trees, saplings, and 
fauna interacting with trees (e.g. Nasua narica, Cebus imitator, Dasyprocta punctata, 
arthropods, reptiles). All of these observations point to the continuously changing nature of old-
growth forests and their importance as habitats. Even as old-growth forests, the existing trees 
are always growing and there are constantly new trees establishing.  
 
 
4. Discussion 
 Our research used DBH tree measurements from two old-growth forest plots in different 
life zones of the cloud forest on the Pacific slope of Costa Rica. We used DBH measurements 
from the CIEE plot in 1997 and from 2021 to compare AGB and carbon sequestration by time. 
We used DBH measurements from the Monteverde Biological Station plot in 2015 and from the 
CIEE plot in 2021 to compare AGB and carbon sequestration by life zone. These comparisons 
are important because they point to the continual growth and change of old-growth forests in 
multiple life zones in the cloud forest on the Pacific coast of Costa Rica. Trees found in data 
collection were useful to fauna as well, and important resources for wildlife which points to the 
importance of old-growth tropical forests as habitats. Our “Additional Observations” in the 
results section shows how trees in the CIEE plot are habitats and food sources for fauna. 
Additional evidence can be gleaned from research done on species interactions with the top 
carbon sequestering tree species in the CIEE plot. For example, the seeds of Sideroxylon 
portoricense (tree species sequestering the most carbon in the CIEE plot) are eaten by 
mammals (Holl, 1999). Additionally, the seeds of Diospyros spp. (tree species sequestering the 
second most carbon in the CIEE plot) are eaten by primates (Tutin, 1996).  

Despite visual and numerical differences between years and locations, there were no 
statistically significant differences between compared locations or time frames due to the large 
standard errors. The wide standard errors are a result of variation between DBH measurements 
across many trees. Variation in DBH across many trees in the plot is due to the fact that the 
trees are all different ages, species, and size because it is a naturally growing plot and not a 
plantation. In tree plantations, where there is existing research on carbon sequestration, the 
trees are the same or similar species and they are the same or similar ages. We had a large 
sample size of 660 trees, but the variability of a naturally growing forest might require an even 
larger sample size to show significant differences in carbon sequestration between years or 
plots. Alternatively, this could contribute evidence to the hypothesis that old-growth forests are 
continuing to grow and sequester carbon, but not as drastically as primary or secondary 
succession forests (Wheeler, 2016). Hence, the numerical differences between AGB and 
carbon sequestration without any statistically significant differences in the ANOVA tests.  
 Continual carbon sequestration in old-growth forests confirms previous research that 
old-growth forests continue to have net positive productivity but not as much as secondary 
forest regrowth (Wheeler, 2016). While primary and secondary succession forest regeneration is 
beneficial for carbon sequestration overall and exhibits higher net productivity, the importance of 
equal protection for old-growth forests is understated. Therefore, studies such as this one are 
necessary to demonstrate the importance of old-growth tropical forests and inspire advocacy on 
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behalf of their conservation. “Deforestation pressure” indices are useful in Costa Rica to better 
understand which areas are more at risk of deforestation based on socio-economic factors and 
biophysical factors, and they can be used to determine where future reserves should be placed 
as well (Pfaff, 2004). It is important to know which areas are more at risk because this impacts 
biodiversity, habitat loss, and ecosystem services (Pfaff, 2004). Old-growth tropical forests act 
as carbon sinks, important habitats, and carbon sequestration sites which is why research on 
these forests is important in order to influence conservation efforts through methods such as 
“deforestation pressure” indices. Old-growth forests are uniquely important in conservation and 
climate change mitigation efforts, and they should be treated as such in policy-making and 
research initiatives. 
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Forest disturbance and neotropical understory lichen diversity and abundance  
Beth Kutina 
  
Abstract:  
It has been found that after a human disturbance such as deforestation or a natural disturbance such as 
tree-fall gaps, lichen communities take a long time to reestablish in the new habitat, which could cause 
long-term changes in lichen community composition between old-growth, less disturbed habitats and 
younger secondary forest. To test whether or not disturbance plays a significant role in lichen species, I 
analyzed the species richness, diversity, and composition of epiphytic lichen on the trunks of sixty trees 
over three habitats with different disturbance levels (young, old-open, and old-closed) at the CIEE 
campus in San Luis, Costa Rica, by measuring the area of trunk covered by lichen morphospecies on a 
12cm x 12cm sampling grid. I also looked at DBH and canopy cover at the individual tree level as those 
have both been frequently assessed and found as significant to lichen diversity in similar studies. I found 
the old-closed habitat had 40-45% more morphospecies richness than the other plots, and that the plots 
closest together (old-closed and young) had the highest similarity (Morisita Index of Similarity: 0.93). 
Canopy cover had no effect on morphospecies, or area covered and DBH only had a negative significant 
relationship for number of morphospecies in the old-closed plot. The results of this study imply that 
microclimate habitat changes due to disturbance cause differences in lichen species richness and diversity 
and suggest further studies should be made on dispersal abilities of lichens due to the similarity of 
diversity in plots of close proximity.  
  
Introduction: 
Human disturbance in forested areas is becoming more and more prevalent in tropical areas, oftentimes in 
the form of deforestation. Deforestation often targets old-growth forests, leaving areas where secondary 
succession can occur. Primary forests tend to have significantly different higher species richness, 
especially in trees, when compared to secondary forests and pastures (Barlow et al., 2007). Secondary 
forests and fragmented forest edges resulting from deforestation typically are more open to elements such 
as sunlight and wind ((Essen & Renhorn, 1998). 

It has also been found that after a disturbance such as deforestation, lichen communities take a 
long time to reestablish in the new habitat (Holz, 2005), which could cause long-term changes in lichen 
community composition between old-growth, less disturbed habitats and younger secondary forest 
(Benítez et al., 2012). Lichens are a symbiotic relationship between a photobiont such as cyanobacteria or 
green algae, and a fungus (Barr, 2007). Forest disturbances will inevitably change some aspects of forest 
microclimate, such as the amount of humidity, wind protection, and openness of canopy coverage as trees 
fall or are removed. The forest microclimate has been widely concluded as having an effect on lichen 
species richness (Benítez et al., 2012; Gradstein, 2008; Holz & Gradstein, 2005; Nöske et al., 2008; 
Wolseley & Aguirre-Hudson, 1997) however, the conclusions on how they affect lichen are varied. Many 
of these conclusions are based upon whether the species of lichen was “shade-adapted” or “sun-loving” 
species; classifications that are differ on a species basis. In temperate forests, it was found that lichen 
abundance decreased on trees on forest edges compared to the internal forest trees due to edge effects 
such as more wind exposure (Essen & Renhorn, 1998). Because human impacts resulting in forest 
fragmentation and deforestation have become so prevalent in the tropics in the past decades (Holz & 
Gradstein, 2005), it is important to focus our studies on effects of disturbance within the tropics. 
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In the particular case of the Neotropical region, in tropical montane forests of Southern Equator, 
drier habitats caused by forest disturbance from logging showed a significant decrease in shade-adapted 
lichen and an overall reduction in species diversity (Benítez et al., 2012). Conversely, in other part of 
Equator, lichen species richness did not show any change along a human disturbance gradient (Nöske et 
al., 2008). In Costa Rica, species richness in lichen was significantly higher in pastures and forest edges 
compared with inner forest (Hosford, 2005), implying a positive relationship between disturbance and 
lichen species richness. However, in temperate forests of Sweden, lichen abundance decreased at the edge 
of forest sites compared to the interior forest, implying that edge effects are negative for lichens (Essen & 
Renhorn, 1998).  Differing results between studies could be attributed to the discrepancy in what 
variables of the microclimate and the site itself were controlled for. Based on former studies, edge effects, 
humidity, DBH, canopy cover/light exposure, wind direction and intensity, bark type, and dispersal rate 
(though no studies have been done within the neotropics for dispersal) are all variables that have been 
assessed or controlled for in regard to lichen diversity and abundance along a disturbance gradient 
(Benítez et al., 2012; Gradstein, 2008; Holz & Gradstein, 2005; Nöske et al., 2008; Wolseley & Aguirre-
Hudson, 1997). Out of all of these variables, DBH and canopy cover seem to be consistently studied at 
the tree level.  

 To test whether or not disturbance plays a significant role in lichen species, I analyze the species 
richness, diversity, and composition of epiphytic lichen in three habitats with different disturbance types 
in a neotropical forest. I focused on DBH and canopy cover to continue the consistency found in previous 
studies, and because prior studies have found a negative correlation between DBH and lichen coverage 
(Barr, 2007), and many studies have found that open canopies create differences in species richness (Holz 
& Gradstein, 2005; Nöske et al., 2008). By testing for these variables, and controlling for edge effects and 
wind direction, my goal is to have a better understanding of what causes lichen richness and abundance to 
vary in different kinds and intensities of disturbance.  
  
Methods and Materials 
  
Study Site: 

The data for this study was collected between March 26th and April 29th at the CIEE Global 
Institute in San Luis, Costa Rica in the Tropical Premontane Moist Forest Holdridge life zone. Three 
different forest habitats were studied (Fig. 1); young secondary forest (young), old-growth forest with 
small treefall gaps (old-closed), and old-growth forest with larger tree fall gaps (old-open). Both old-
growth plots were approximately 100m x 100m. According to local residents Eladio Cruz Leitón, Julio 
Rodríguez Cruz, and Félix Araya Leitón, the two old plots have never been cut down and are primary 
forest. Félix said that the young plot was farmed about thirty years ago by his father. The old-closed plot 
is adjacent to the young plot and visually had less tree-fall gaps than the old-open plot. The old-open plot 
is steeper in elevation than the other plots, has more tree-fall gaps, and is above a large river valley. 
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Figure 1: Approximate location and size of three sampling plots on CIEE Global Institute Property in San 
Luis, Monteverde, Costa Rica. Trees were sampled in transects within the plots. Transects for young plot 
started at the SE corner of the border and went toward the northern edge at 15ºN, transects at Zapote (old-
closed) started at the NE corner of the plot and went towards the SW corner at 205ºN, and transects at 
Camino Real (old-open) started at the western corner of the plot and went at 30ºN towards the E side of 
the plot 
 

Three transects were established at each plot that were at least ten meters away from each other to 
avoid sampling trees twice, and the first tree on each plot was measured five meters from the established 
transect start. Each tree sampled on the transect was five meters away from each other, and the tree 
chosen every five meters was the one closest to the transect line. I sampled six trees on the first transect 
and seven trees on the second and third transect, sampling a total of twenty trees per plot. All transects 
were at least twenty meters away from the forest edge to control for edge effects. Trees within five meters 
of a tree fall gap were excluded from sampling to control for conditions mirroring edge effects as well. 
For each plot, roughly an equal number of trees in three different DBH ranges were sampled in order to 
include the full potential range that exists in the field. Diameter categories were 7.0cm to less than 
15.0cm, 15.0cm to less than 30.0cm, and greater than 30cm.  
 
Data Collection:  

Lichen abundance was quantified as area covered by each morphospecies of lichen found in the 
sampled areas. Area covered was quantified by counting the covered grid cells (1cm x 1cm cells) of a 
12cm x 12cm transparent grid. For practicality, lichens were only counted if they had clear borders (Fig. 2 
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& 3) and were not diffuse on the tree.  For each tree, the middle of the sampling grid was placed facing 
90º N, to control for wind direction, and 1.20m up from the base of the tree trunk (Fig. 3). Before 
counting, I identified all morphospecies observed in the area covered by the grid. Starting from the top-
left of the graph, I counted the grid cells filled by one morphospecies from left to right, down until the 
bottom of the grid (Fig. 4). This process was repeated until the area covered by all morphospecies was 
quantified. I used a headlamp while counting to control for the potential of morphospecies looking 
different under variable light conditions. I also tried to sample under the same weather conditions as I 
observed that rain makes lichen look darker. 

 

 
Figure 2: Photo of an acceptable morphospecies that would have its area counted. Criteria for 
morphospecies is as follows: clear, defined edges of the growing structure, solid coloration distinct from 
bark, and non-diffuse growth over tree.  
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Figure 3: Grid placement on trunk to quantify area of lichen coverage. Red squares indicate 12cm x 12cm 
sampling area made up of one-hundred and forty-four 1cm x 1cm squares. Area was determined by the 
number of half squares and whole squares that each morphospecies covered. Number of morphospecies 
was assessed visually looking within the sampling area. 
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Figure 4:  Quantification of area of lichen coverage within 1cm x 1cm grid cells. Grid cells were divided 
into four smaller sub-squares. Colored shapes represent lichen, with different colors representing different 
species. The green lichen in square I and square II, and lichen in square V show coverage considered as a 
value of 0.5. Lichen covering cell area greater than 75% (square III) would be considered as 1 full square. 
Green lichen in square IV and square V would not be counted, as the area of lichen coverage is <50% of 
total square.  
 

DBH was collected at 1.20m from the base of the tree, around my breast height. Canopy cover 
was assessed by walking backwards from sampling area and taking a photo at a distance where the trunk 
was just outside of the frame but not visible. Images were assessed using ImageJ (Appendix B) by 
changing image to binary, adjusting threshold to make canopy and sky black and white, and measuring 
percent area of sky. Total value was subtracted by 100 to get canopy cover.  
 
Results 
 

Diversity at the plot level 

A total of fifteen morphospecies were found in the study across sites (Appendix A). The old-
closed plot had 4-5 more morphospecies (40-45% more) than old-open (Table 1, permutations test: p = 
0.0001) and young (permutations test: p = 0.0002). Number of morphospecies was similar between old-
open and young (p = 0.087). The old-open plot was significantly less diverse as measured by the 
Shannon-Wiener Index (Table 1), than both old-closed (permutations test: = 0.0001) and young 
(permutations test: p = 0.0002). The old-closed and young plot did not differ significantly in diversity 
(permutations test: p = 0.076). In terms of evenness (Table 1), the young plot had significantly higher 
evenness than both the old-open plot (permutations test: p = 0.0063) and old-closed plot (permutations 
test: p = 0.0093). The old-open plot and the old-closed plot had similar evenness (permutations test: = 
0.952). The old-closed plot had several morphospecies that were absent in the other two plots (Fig. 6; H, 
K, L, and Q), one morphospecies that was found abundantly in old-closed and minimally in the other 
plots (Fig. 6; G) and three morphospecies that were more in abundance compared to other morphospecies 
within the plot (Fig. 6). Both the old-closed and young plot had two shared morphospecies that were not 
present in the old-open plot (Fig. 6; F and J), one of which was a foliose species (Appendix A). The old-
open habitat had one morphospecies that was noticeably more abundant on sampled trees within the 
habitat (Fig. 6). There was one shared morphospecies between the two old plots that was not present in 
the young plot (Fig. 6; N). The young plot had the lease number of morphospecies taxa (Table 1) and they 
were more evenly distributed in total abundance (Fig. 6).  

Old-closed and young plots were very similar (>90%) in relative species composition (Morisita 
Index of Similarity: 0.93; Fig. 6). In comparison, old-open and young plots, and the two old plots were 
less than 80% similar to each other in relative species composition (Morisita Index = 0.83, and 0.78, 
respectfully).  
 

Table 1: Number of morphospecies, area represented in number of 1cm x 1cm squares covered on a grid, 
diversity (H) calculated by Shannon Wiener index, and species evenness between three sites. Twenty tree 
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trunks per each site were sampled. Number of morphospecies were assessed visually, and area covered 
was assessed using a 12cm x 12cm grid made up of one-hundred and forty-four 1cm x 1cm squares. Area 
was determined by the number of half squares and whole squares that each morphospecies covered. 

 Young Old-open Old-closed 

# of Taxa 10 9 14 

Squares 318 430 425 

Shannon_H 2.03 1.79 2.14 

Evenness 0.88 0.81 0.81 

 

 

 
Figure 6: Actual abundance of different morphospecies from twenty trees at each habitat; 60 trees in total. 
Habitats from left to right increase in disturbance level; old growth with minimal tree fall gaps, old 
growth with more tree fall gaps, secondary forest that was cut down thirty years ago. Morphospecies were 
assessed visually, and area was assessed using a 12cm x 12cm grid made up of one-hundred and forty-
four 1cm x 1cm squares.  
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Diversity at the tree level:  

The area of lichen covered on each tree was not related to canopy cover (Analysis of Covariance: F = 

0.5305, df = 2, 47, p = 0.59); (Fig. 7) or tree DBH (Analysis of Covariance: F = 0.1504, df = 2, 47, p = 

0.861; (Fig. 8). For most trees, canopy cover was above 90%, regardless of the type and intensity of the 

disturbance. 

 

 

 
Figure 7: Relationship between area of grid covered by lichen (out of one-hundred and forty-four 1cm x 

1cm squares) on tree trunks and variable canopy cover at three habitats with differing disturbance 

intensities. Area covered was assessed using a 12cm x 12cm grid made up of one-hundred and forty-four 

1cm x 1cm squares. Canopy cover was assessed using ImageJ software. Old closed = old growth, least 

disturbance with minimal tree gaps, Old-open = old growth, more tree fall gaps, Young = secondary 

forest.  
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Figure 8: Relationship between area of trunk covered by lichen, and tree diameter at breast height of sixty 

trees at three habitats with differing disturbance intensities. Area covered was assessed using a grid of 

one-hundred and forty-four squares. Old closed = old growth, least disturbance with minimal tree gaps, 

Old-open = old growth, more tree fall gaps, Young = secondary forest. 

 

 

The number of morphospecies at each tree was not related to canopy cover (Analysis of Covariance: F = 

1.44, df = 2, 47, p = 0.25; Fig. 9). The number of morphospecies at each tree was significantly negatively 

related to DBH only at the old-closed plot (Analysis of Covariance: F = 3.19, df = 2, 47, p = 0.05; Fig. 

10). 
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Figure 9: Relationship between number of morphospecies within sampling area and variable canopy 
cover of individual trees in three habitats with differing disturbance intensities. Number of morphospecies 
was assessed visually on tree trunk, and canopy cover was assessed using ImageJ. Old closed = old 
growth, least disturbance with minimal tree gaps, Old-open = old growth, more tree fall gaps, Young = 
secondary forest. 
 

 
Figure 10:  Relationship between number of morphospecies within sampling area and tree diameter at 
breast height (DBH) at three habitats with differing disturbance intensities. Number of morphospecies 
was assessed visually on tree trunk. Old closed = old growth, least disturbance with minimal tree gaps, 
Old-open = old growth, more tree fall gaps, Young = secondary forest. 
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The pattern described above for the old, closed site (many morphospecies in young thin trees and few 
morphospecies in old thick trees), could be caused by dominance of a few morphospecies over time in 
large trees. Analysis of covariance between area covered and DBH conducted at the morphospecies level 
(morphospecies with at least 3 samples per site) show a lack of correlation between area and DBH at any 
site for all morphospecies (p > 0.16 in all cases). 
 
Additional observations  
I noticed that the larger trees in both the old-closed plot and the young plot had lots of bryophyte cover on 
them. I also noticed that older trees had diffuse lichen in large patches that were not fully established.  
 
Discussion: 
 The results of my study show that the old-closed habitat harbored the most morphospecies of 
lichen, and that as tree DBH increases on that plot, the number of morphospecies decrease. In 
comparison, the old-open forest had less morphospecies than the other two plots, as well as the least 
diversity. One explanation for this could be that as bryophyte cover increased, lichen cover decreased on 
large trees (Barr, 2007). In both the young and the old-closed plot, larger trees had noticeable heavy 
bryophyte coverage, whereas the old-open plot did not. The young and the old-closed plot also were the 
most similar to each other based on species composition. This could be due to microclimate habitats being 
similar as both areas had less tree fall gaps within their plots and were more closed overall, even though 
most of the canopy cover on individual trees across all plots was greater than 90%. The old-open plot is 
located on a steeper slope and above a river canyon, which would make it more likely to have treefall 
gaps and be exposed to more wind. More wind exposure due to habitat openness has been found to 
damage lichen by increasing fragmentation of its ‘vegetative’ part called the thallus (Essen & Renhorn, 
1998), potentially explaining why the old-open plot had the lowest lichen diversity with the other two 
plots.  
 The old-closed plot had the most morphospecies out of all plots, due to two accounts of distinct 
morphospecies that only occurred on one tree within the old-closed plot. Longer colonization timing and 
high shade tolerance (Nöske et al., 2008) in these could explain the presence of these morphospecies in 
the old-closed but not in the other two colonies. However, this would only be able to be confirmed if I 
knew the actual species of lichen. The two types of foliose were only found in the older-closed and the 
young plots, which are adjacent to each other in location suggesting that dispersal could be a limiting 
factor in lichen movement (Hosford, 2005). 

Canopy cover did not seem to significantly influence the area covered by lichen or number of 
morphospecies at any of the plots, however this measurement may not be a good assessment of 
differences in site openness since the majority of canopy cover was above 90%. It is important to note 
that openness at a site level can still cause changes in microclimate level, such as less atmospheric 
humidity in those places (Holz & Gradstein, 2005). DBH also did not seem to influence the area covered 
by morphospecies, but did have a negative effect on the number of morphospecies on bigger trees only in 
the old-closed plot. A previous study in the cloud forest concluded that lichen decreased on tree with 
increasing DBH, due to increasing bryophyte coverage (Barr, 2007). This fits with my observation that 
bigger trees in both the young and old-closed plots had noticeable bryophyte coverage, unlike the old-
open plot which showed no noticeable bryophyte coverage. Bryophytes require a humid environment to 
successfully grow (Barr, 2007), which leads me to believe that the young and old-closed plots which are 
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close together have a similar microhabitat with higher humidity than the old-open plot. However, it is 
difficult to know if this is the direct cause, as I only controlled for wind direction and did not measure 
humidity directly. 
 My results confirm with established literature (Benítez et al., 2012) that lichen diversity does 
decrease with human disturbances, and suggests that more open, drier habitats will harbor less diversity 
and less richness of lichen, potentially due to the effects of wind and humidity though those were not 
directly studied. However, the similarity between the site with least disturbance (old-closed) and most 
disturbance (young) that were geographically adjacent to each other, may provide insight regarding the 
importance of keeping primary forest intact adjacent to plantations, as it could provide a source for 
lichens to disperse from. Studies that show no significant negative correlation between the abundance and 
diversity of lichen and the amount of disturbance in a forest may have tested sites differing in disturbance 
that were still close to each other, allowing lichen to disperse. Given my results, it appears that individual 
tree canopy cover does not vary significantly between sites along a disturbance gradient, and that it would 
be important to directly assess lichen on trees near the natural disturbances or human cut, to get a broader 
range of canopy cover. It would also be important to conduct a study on dispersal ability of lichen, in 
order to better know whether different microclimates is the main driver of lichen abundance and diversity, 
or whether it is dispersal ability.  
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Appendix A: Lichen Morphospecies Types 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
White Crustose - Wcr (A)    Green Crustose Gcr (B)    
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Blue/Green Crustose - BGcr (C)    Dark Green Crustose (D)  
   
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Pale Crustose  (E) 
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Light Green dotted Crustose (F)      Light Green Flat Crustose (G) 
 
 
 
 
 
 
 
 

 Squiggly CR (H)       Has black dots  (I) 
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 Green foliose (J)      Veiny CR (K) 

Purple Foliose (L)       Grey CR (M) 
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Black Cr (N)        Mustard Yellow Cr (O) 
 
 
 

 

Appendix B: Canopy Cover Example Photo 
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Delayed greening and herbivory defense in Neotropical understory plants 
Sylvie Martin-Eberhardt  

 
ABSTRACT 

Delayed greening of young leaves is a striking phenomenon in which high levels of anthocyanin are 
found in some species¶ young, tender leaves, causing them to turn orange, red, or purple. Delayed 
greening presents a potential paradox as it may make young, vulnerable leaves more visible to potential 
herbivores, or may serve as a chemical defense against herbivory in expanding leaves. While this 
hypothesis has been tested in Paleotropical systems, no taxonomically broad study examining the 
relationship between anthocyanin concentration and herbivory has been conducted in the Neotropics. To 
study this phenomenon in Costa Rican understory plants, I selected six woody species showing a gradient 
of anthocyanin concentration in young leaves, and measured anthocyanin concentration of young leaves 
and percent herbivory of young and mature leaves. Young leaves of delayed greening species sustained 
1.3 ± 8 times less herbivory than mature leaves despite lacking physical defenses, supporting the 
hypothesis that delayed greening may offer chemical defenses to young leaves. Additionally, there was no 
difference in herbivory between young and mature leaves in a non-delayed greening control species; its 
young leaves were not better protected from herbivory than mature leaves. Furthermore, species 
experiencing lower herbivory of young leaves showed almost twice as much anthocyanin in their leaves 
compared with species experiencing high herbivory. By comparing herbivory and anthocyanin 
concentration across multiple species displaying delayed greening, this study presents a preliminary 
survey of delayed greening in Neotropical forests, and supports the hypothesis that higher concentrations 
of anthocyanin signal better defenses against herbivory.  

 

INTRODUCTION 
Delayed greening is a visually striking phenomenon in which newly flushed young leaves 

contrast in color with surrounding mature leaves due to high concentrations of red pigments, or 
anthocyanins (Gong et al., 2020). The young leaves of plants exhibiting delayed greening will flush bright 
red, pink, or even purple before eventually greening due to increasing chlorophyll content and decreasing 
anthocyanin concentrations (Coley & Aide, 1989; Kursar & Coley, 2006; Hertel, 2010). This process 
causes young leaves of delayed greening species to contrast with the surrounding foliage, potentially 
making delayed-greening leaves easy to detect (Manetas, 2006). Young leaves expand quickly and cannot 
be tough and lignified like mature leaves, making them more susceptible to herbivory (Kursar & Coley, 
2003). Additionally, many folivorous insects have color receptors that allow them to detect red 
wavelengths, and primates, another important group of Neotropical herbivores, have good color vision 
(Manetas, 2006). Therefore, delayed greening presents a potential paradox: anthocyanins and other 
chemical compounds may make young, vulnerable leaves easier for herbivores to detect, or these 
compounds may defend them from herbivory when their physical defenses are lowest.  

One metric for the trade-off between increased visibility and increased defense is the relative 
herbivory of young leaves as compared to mature leaves. If the anthocyanins causing delayed greening 
are defensive compounds, young red leaves should experience reduced herbivory as compared to mature 
leaves, even if they have lower physical defenses such as toughness. This hypothesis has not been tested 
in Neotropical plants; previous studies have only examined herbivory in young leaves of all colors as 
compared to mature leaves, finding that young leaves experience higher herbivory than mature leaves 
(Ernest, 1989; Coley & Barone, 1996). On the other hand, a more recent broad spectrum study from the 
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Chinese tropics found herbivory to be higher in mature leaves as compared to young red leaves (Gong et 
al., 2020). The general trend in herbivory of different leaf ages and colors in Neotropical systems remains 
unresolved, and represents an important way to investigate the adaptive significance of delayed greening.  

An additional test of the apparent conflict presented by delayed greening is the relationship 
between anthocyanin concentration and herbivory in young leaves. Intensity of young leaf color has been 
found to correlate with anthocyanin concentration, with paler red leaves containing less anthocyanin and 
darker, more purple leaves containing more anthocyanin (Coley & Aide, 1989). If delayed greening 
represents visual evidence that young leaves are chemically protected, species with higher levels of 
anthocyanin in their leaves should experience reduced herbivory. This effect was found in a survey of 
delayed and non-delayed greening plants in the Chinese tropics, in which non-delayed greening species 
experienced higher herbivory of young leaves as compared to delayed greening species (Gong et al., 
2020). The effects of anthocyanin as an anti-herbivore compound have been tested in several specific 
plant-insect interactions in Neotropical systems, but no survey study across multiple species has been 
carried out. Leaf cutter ants have been used to examine the anti-fungal properties of anthocyanin in 
Neotropical forests, by testing their preferences to use leaves of variable anthocyanin concentration in 
farming their fungal symbionts (Coley & Aide 1989; Colombo, 2014; Hertel 2010). These studies used 
herbivory choice tests by leaf cutter ants and found that anthocyanin strongly deters fungal-farming ant 
herbivory, likely because anthocyanin has antifungal properties. Additionally, in an insect choice test 
using a single Rubiaceae species exhibiting delayed greening, beetles were found to prefer young red 
leaves over mature green leaves (Ernest, 1989). Such studies expand our knowledge of the ecology of 
specific insects or even plant-insect relationships, but are unable to examine the broader pattern of 
herbivory across the forest in relation delayed greening and plant defenses; such a survey of herbivory 
and delayed greening is still lacking in the Neotropics (Gong et al., 2020). 

To help resolve these conflicts and examine the adaptive significance of delayed greening, I 
designed a study with two parts. The first compares herbivory of young and mature leaves across species 
with and without delayed greening. The second uses differences in delayed greening leaf color between 
species to establish a gradient of anthocyanin concentrations, and compares this gradient to observed 
herbivory in young leaves of those species. If anthocyanin has a role in herbivory deterrence, young 
leaves with reduced herbivory should contain higher concentrations of anthocyanin as compared to young 
leaves experiencing higher herbivory. To test these hypotheses in a system where herbivory pressure 
should be particularly high, and thus potential benefits of delayed greening should be particularly 
important to plant fitness, I conducted the study in Neotropical understory woody plants. Tropical leaves 
experience higher rates of herbivory and delayed greening as compared to temperate species, and 
Neotropical understory leaves in particular experience higher rates of herbivory than leaves in the canopy 
(Kursar & Coley, 2006). Examining general herbivory pressure and anthocyanin concentration in a 
variety of Neotropical species showing delayed greening helps to resolve this conflict in experimental 
data, as well as contributes to the greater understanding of the role of anthocyanin and red coloration in 
young leaves in Neotropical understory plants by testing a relationship between herbivory and varying 
anthocyanin concentrations.  
 
METHODS 
Research Site 
The study was conducted at the Council for International Exchange Global Institute property located in 
Monteverde, Costa Rica during the end of the dry season in April. The property is a pre-montane moist 
forest at 1,100 meters of elevation; it is a secondary forest that has had approximately 30 years of 
regeneration. In order to obtain enough leaves exhibiting delayed greening, leaves for herbivory analysis 
and anthocyanin extraction were collected along trails, roads, and forest edges. 
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Plant Selection 
To create a gradient of anthocyanin concentrations ranging from anthocyanin absent to high anthocyanin 
concentration in young leaves, I selected five species of woody plants displaying differing colors of 
delayed greening and included a sixth species without delayed greening as a control (Table 1 and 
Appendix A). The control species had very soft young leaves like those of the delayed greening species, 
but with no apparent reddening of young leaves even in full sun conditions. In order to achieve sufficient 
replication, species were selected based on abundance in the study area. Species were assessed using 
qualitative color intensity of young leaves; this method is supported by the finding that in Neotropical 
understory species, relative color perceived by researchers correlates with anthocyanin concentration 
(Coley & Aide, 1989).  
 
Measuring Herbivory 
I examined percent herbivory in five individuals of each of the six study species. Per the methods of Gong 
et al. 2020, I considered young leaves as the 1st and 2nd leaves and mature leaves as the 7th and 8th leaves 
from the apex of the branch. These four leaves from each of three randomly selected branches displaying 
delayed greening were harvested and imaged in the field. Herbivory was analyzed using ImageJ to 
determine the proportion of the leaf missing. All missing portions of leaves were assumed to be due to 
herbivory. Leaves and leaflets that were missing entirely were scored as 100% herbivory. Percent 
herbivory across all leaflets was averaged to a single herbivory value for species with compound leaves 
(Lonchocarpus oliganthus, Inga punctata, Serjania racemosa).  
 
Anthocyanin Extraction 
I quantified anthocyanin from 10 individuals of each species; one leaf from each of three branches per 
individual were pooled to form a single replicate. To extract anthocyanin for analysis spectrophotometry, 
I measured a total 0.40 grams fresh weight of this pooled leaf tissue sample, per the methods of Coley & 
Aide (1989); 10 total individuals were sampled for anthocyanin concentration per species. I ground them 
in a mortar and pestle with 5 mL of a solution of 80% methanol and 1% HCl. 2.5 mL of the resulting 
methanol solution were centrifuged for 10 minutes at 4000 rpm to eliminate turbidity. Their absorbance 
was measured using a spectrophotometer. Because 80-90% of anthocyanins in young leaves are cyanidin 
(Coley & Aide, 1989), absorbance was measured at 535 nm, the peak absorbance for cyanidin. In 
addition, chlorophyll and its degradation products contribute to the total absorbance reading at 535 nm, 
and thus the following equation was used to account for this (Rabino & Mancinelli, 1986):  
A535 – .25(A650) = Atotal. The resulting absorbance, Atotal was used for all statistical analyses as the output 
variable quantifying relative anthocyanin; hereafter, “anthocyanin concentration”. Atotal is reported as the 
adjusted absorbance of 0.40 g fresh weight tissue homogenized in 5 mL of MeOH solution.  
 
Statistical analysis 
To compare herbivory between species, the data were normalized using a logit transform and analyzed 
with a linear mixed model with branch and individual sources of dependency between samples (i.e. as 
random effects, branch nested within individual). A generalized linear model with beta distribution was 
used to compare anthocyanin concentration between species. Using a regression analysis, average 
anthocyanin concentration with average herbivory in each species were compared. Because the data split 
naturally into high and low herbivory, I also compared the anthocyanin concentrations of the three high 
herbivory species and three low herbivory species using a generalized linear mixed model with beta 
distribution with species as a source of sample dependency (random effect).  
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RESULTS 
The sampled species occurred across a wide color gradient that correlated positively with anthocyanin 
concentration (R2 = 0.7261, t = 3.2563 df = 4 p = 0.0312) (Table 1).  
 
Table 1. Qualitative coloration and average relative anthocyanin concentration (displayed as absorbance 
of a sample from a uniform leaf area) of young leaves of each of the six study species. Myrica sp. refers 
to a specific, undescribed species in the Monteverde region, termed “Fuzzy Myrica” by botanists in the 
field (Eladio Cruz, pers. com.).  

Species name Family Color Average Anthocyanin 
Concentration 

Lonchocarpus oliganthus Fabaceae Pale green 0.1103 

Bilia rosea Sapindaceae Brownish orange 0.0521 

Inga punctata Fabaceae Red to tan 0.0782 

Nectandra membranacea Lauraceae Orange to red 0.1302 

Serjania racemosa Sapindaceae Scarlet edges 0.1426 

Myrica sp Myricaceae Red-pink 0.2122 
 
In general, herbivory was higher in young leaves compared to mature leaves (LMM, age term: F = 43.5, 
df = 1,264, p < 0.001) but this pattern was not consistent between species (LMM, age*species term= F = 
2.28, df = 5,264, p = 0.047). Specifically, herbivory was higher in young leaves in all but the control and 
the species with the highest anthocyanin concentration (Figure 1). Within young leaves, herbivory was 
about 4 times higher in a group of three species compared to the rest (Figure 2), splitting herbivory levels 
naturally in 2 groups, high (above 10%) and low (below 10%) herbivory.  
 

 
Figure 1. Herbivory of young and mature leaves measured in six woody understory plants in San Luis, 
Monteverde, Costa Rica, showing a gradient of red coloration in young leaves (delayed greening).  Mean 
values are presented with 1 standard error. Brackets indicate significant differences in post-hoc 
comparisons (p < 0.05).  
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Figure 2. Herbivory of young leaves in six woody Neotropical understory plants clusters into two general 
categories of high and low herbivory. Abbreviations of taxa are as follows: Lonchocarpus = 
Lonchocarpus oliganthus, Bilia = Bilia rosea, Inga = Inga punctata, Nectandra = Nectandra 
membranacea, Serjania = Serjania racemosa, and Myrica = an undescribed Myrica species. Error bars 
indicate ± 1 standard error. Letters indicate significance; asterisk indicates marginal significance (.10 < p 
< 0.05).  
  
Anthocyanin absorbance of young leaves was different between species (X2 = 45.706, df = 5, p < 
0.00001). Species fell along a general gradient from lowest (B. rosea) to highest (Myrica sp.) 
anthocyanin. L. oliganthus was included as a non-delayed greening control, but showed an intermediate 
level of anthocyanin rather than the lowest anthocyanin concentration (Figure 3). 

 
Figure 3. Anthocyanin concentration differs between woody Neotropical understory plants showing 
different colors of delayed greening. Anthocyanin concentration is reported as adjusted absorbance of a 
constant dilution ratio of tissue fresh weight to solution volume. Abbreviations of taxa are as follows:  
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Lon = Lonchocarpus oliganthus, Bil = Bilia rosea, Ing = Inga punctata, Nec = Nectandra membranacea, 
Ser = Serjania racemosa, and Myr = an undescribed Myrica species. L. oliganthus was included as a 
control species showing no delayed greening. Anthocyanin is plotted as absorbance per extract from 0.4 g 
of fresh tissue. Letters indicate significance. Error bars indicate ± 1 standard of deviation.   
 
At the species level, herbivory decreased with increased anthocyanin concentration, but the trend was 
marginally non-significant (slope = -1.11040, t = -2.086, p = 0.105). The small sample size of the analysis 
meant that the regression had only moderate power (power = 0.42). Additionally, species grouped into 
two distinct categories of high herbivory (Lonchocarpus oliganthus, Inga punctata, and Bilia rosea) and 
low herbivory (Myrica sp, Nectandra membranacea, and Serjania racemosa) (Figure 4.).  
 
 

 
 
Figure 4. Average anthocyanin concentration is inversely related to average herbivory per species of 
woody understory species in Monteverde, Costa Rica. Relative anthocyanin concentration is reported as 
adjusted absorbance for a constant dilution ratio. Regression equation equals y = -1.0316x + 0.2445, (R2 = 
0.5259). Abbreviations of taxa are as follows: Lon = Lonchocarpus oliganthus, Bil = Bilia rosea, Ing = 
Inga punctata, Nec = Nectandra membranacea, Ser = Serjania racemosa, and Myr = an undescribed 
Myrica species.  
 
Using the grouping revealed in Figure 4, anthocyanin concentrations of high herbivory species was twice 
as high in species with low herbivory compared to species with high herbivory (df = 1 X2 = 11.492 p < 
0.001; Figure 5). This analysis shows the same negative relationship between anthocyanin concentration 
and herbivory of young leaves as the regression in Figure 4.  
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Figure 5. Herbivory and anthocyanin concentration are inversely related when species are categorized into 
two groups, high and low herbivory. Anthocyanin concentration is reported as adjusted absorbance for a 
constant dilution ratio. Error bars indicate ± 1 standard error. 
 
DISCUSSION 

Delayed greening is a striking phenomenon causing young leaves to contrast with surrounding foliage. 
This contrast may make soft, rapidly expanding young leaves more visible to potential herbivores 
(Manetas, 2006), or the compounds that cause bright coloration of young leaves may chemically protect 
leaves during a period of low physical defenses (Gong et al., 2020). Here, I tested this hypothesis in 
Neotropical understory species comparing both 1) herbivory between young red and green leaves and 
mature leaves and 2) anthocyanin concentration and herbivory of young leaves. The data support the 
hypothesis that young leaves showing delayed greening are better protected against herbivory, and thus 
chemical compounds involved in the delayed greening phenotype, including anthocyanin, may act as 
herbivory deterrents.  

Anthocyanin concentrations between species occurred over a general gradient, with B. rosea at 
the low extreme and Myrica sp. at the high extreme. Like previous work, visual assessment of leaf color 
predicted anthocyanin concentration well (Coley & Aide, 1989). However, the species selected as a 
control showed intermediate absorbency for anthocyanin, yet its young leaves did not show delayed 
greening. Low levels of anthocyanin have been found in other species with no apparent delayed greening 
(Gong et al., 2020; Hertel, 2010). However, the control L. oliganthus was found to have significantly 
higher anthocyanin concentrations than several species that clearly exhibit delayed greening, raising 
questions about additional compounds or other factors that were erroneously measured as anthocyanin by 
the extraction or spectrophotometer methods.   

Across four of five delayed greening species, herbivory in mature leaves was higher than young 
leaves of the same species, supporting the hypothesis that despite their vulnerability, young leaves are 
well defended by delayed greening. The fifth delayed greening species experienced overall low herbivory, 
perhaps due to the abundant trichomes acting as an additional physical defense for “Fuzzy” Myrica sp that 
was present even in young leaves. The control species, however, did not exhibit different amounts of 
herbivory in mature and young leaves, showing that the young leaves of the non-delayed greening species 
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was not as well protected as those with delayed greening. This finding aligned with a study from the 
Paleotropics showing that older leaves of both delayed greening and non-delayed greening woody species 
experienced higher herbivory (Gong et al., 2020) and contrasted with previous work in the Neotropics 
examining herbivory across leaf age regardless of young leaf color (Ernest, 1989). It should be noted that, 
in addition to differing defenses, mature leaves have been exposed to potential herbivory for a longer 
period than young leaves, allowing them to accumulate more damage; the cross-sectional nature of the 
present study may limit the applicability of the results. Nonetheless, herbivory was not higher in young 
leaves, which supports the hypothesis that delayed greening reduces herbivory through defense rather 
than exacerbates it through advertising.   

Greater concentrations of anthocyanin appeared to decrease herbivory of young leaves. Although 
it was not significant, the trend of the regression analysis between average herbivory and average 
anthocyanin for each species showed higher anthocyanin concentrations in species experiencing reduced 
herbivory as compared to those experiencing high herbivory. This preliminary study may not have the 
statistical power to yield a significant result with the number of species analyzed, but indicates a negative 
relationship between leaves with low herbivory and anthocyanin concentration in the leaf. Herbivory 
naturally fell into two broad categories, high or low. Three species, L. oliganthus, B. rosea. and I. 
punctata had much higher herbivory on both mature and young leaves than the other three species, S. 
racemosa, N. membrancaea, and Myrica sp. Between two natural categories of herbivory, anthocyanin 
concentration was significantly lower high herbivory species than in low herbivory species. This analysis 
provides further support for the role of anthocyanin as a defensive compound in young leaves. 

These results should be evaluated in the context that anthocyanins are regulated by the same 
larger biochemical pathway as more potent anti-herbivore compounds, including phenolics and tannins 
(Ishikura, Hayashida, & Tazaki, 1984). Therefore anthocyanins themselves may have little general or 
direct anti-herbivore value (Manetas, 2006), but instead serve as an indicator of a variety of anti-herbivore 
compounds present in the young leaves of delayed greening species. Additionally, anthocyanin has been 
suggested as an anti-fungal compound in a study on leaf cutter ants (Coley & Aide, 1989). Anthocyanin 
has a wide variety of demonstrated eco-physiological roles; anti-fungal properties do not preclude the 
possibility that anthocyanin may have other adaptive significance for plants (Manetas, 2006). 
Nonetheless, the potential detriment of making young leaves especially visible is clearly offset by defense 
provided by the process of delayed greening.   

This study represents the first test comparing herbivory in delayed and non-delayed greening 
Neotropical species reveals some trends of herbivory, leaf age, and anthocyanin content. Using only six 
species of woody plants, it shows how young red leaves experience reduced herbivory compared to 
mature leaves, and that herbivory and anthocyanin concentration have an inverse relationship, suggesting 
an anti-herbivore function of anthocyanin. The data support the hypothesis that delayed greening in young 
leaves serves a protective function against herbivory physical defenses are not yet in place.  
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APPENDIX A  

Figure 6. Representative young leaves of each of six woody understory plants of Monteverde, Costa Rica. 
From left to right: Lonchocarpus oliganthus, Bilia rosea, Inga punctata, Nectandra membranacea, 
Serjania racemosa, and Myrica sp. Species show different colors of delayed greening leaves, with 
Lonchocarpus included as a control.  
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Caste Roles and Responses to Fungal Contamination in Atta cephalotes
Leaf-Cutter Ants

Abstract
One of the key characteristics of leaf-cutter ant species is the mutualistic relationship

with fungus they farm for food. Since they are solely dependent on this food source, leaf-cutter
species must avoid introducing any contamination into their gardens. As eusocial insects, the
ants are assigned different roles in the colony based on their morphologies. In this paper I
examined two castes’ roles in preventing outside contamination of fungal spores: the workers
that cut the leaves, and the hitchhikers that ride the leaf fragments back to the nest. I test the
leaf cleaning hypothesis that states that hitchhiking ants clean leaf fragments, which has been
supported by previous studies. This study consists of two experiments designed to test these
two castes’ response to different levels of spore concentrations. Cornflakes were treated with
three different concentrations of mold spores and a control. In the first experiment, worker ants
were presented with the different treatments and they took on average 1.5 less cornflakes of the
highest concentration, but there was no difference among the other treatments. In the second
experiment, flakes of different treatments were set on the trail and observed after being picked
up. The number of hitchhikers that climbed on over a set time and distance was recorded. There
was no significant difference found although there was a weak trend observed an average of 0.5
ants hitchhiking on the Control flakes compared to 1.4 for the contaminated flakes. These
results show that workers do respond to a certain threshold of contamination, but that
hitchhikers do not appear to respond more strongly to higher concentrations of spores.

Introduction
Leaf cutter ants are remarkable eusocial insects that have evolved an unusual

mutualism with the fungus Leucocoprinus gongylophorus they grow for food (Weber, 1972).
Since they feed on only one specific species of fungus, the ants must have a carefully refined
system for maintaining their fungal farms without introducing other contaminants that can kill or
outcompete their food source (Hölldober & Wilson, 2010). As a result the leaves are
meticulously cleaned (Hölldober & Wilson, 2010; Aylward et.al, 2012). Ants have even formed
another type of symbiotic relationship with bacteria that secrete antibiotics that suppress growth
of the ant garden parasite Escovopis (Currie et.al, 1999).  The colonies have been historically
divided into different castes, each morphologically distinct from the other. They were originally
defined to be four main castes: gardeners, within nest generalists, defenders, and workers
(foragers) (Hölldober & Wilson, 1990, Wilson, 1980). The three main castes that leave the nest
in order of largest to smallest are: the soldiers who protect the nest, the workers who cut the
leaves and take them back to the nest, and the minima. Some minima are “gardners”  that tend
to the fungus inside the nest, but other minima have been observed outside the nest and on the
foraging trail. While their purpose inside the colony is well understood, their roles outside the
nest are often unclear and likely have multiple functions (Weber 1972; Wilson 1980; Hughes
et.al, 2003; Viera-Nieto et.al, 2006). An interest in the different roles of these castes and how
they work together to practice efficient agriculture has produced several studies investigating the
different jobs of each caste for many different leaf cutter ant species. There has been evidence
to support the hypothesis that minima have multiple roles within the colony, and that the
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divisions that have been traditionally used as a basis for investigating roles in colonies could be
greatly oversimplified.

Foraging substrate choice has also been a popular topic of study for leaf-cutter species.
It has often been observed that ants will favor different individuals and species to forage from,
even if the leaves they are cutting are farther from the nest. It is unclear why they favor farther
individuals over other closer sources of material that may present less of a foraging risk
(Rockwood,1976). It can be concluded that leaf selection is based on more than just the species
of leaf, but rather several underlying factors. It has been hypothesized that workers contribute to
a clean nest by choosing leaves to forage based on the relative level of contamination (De Fine
Licht & Boomsma, 2010; Griffiths & Hughes, 2010; Viera-Nieto et.al, 2006 ). It has also been
proposed that the minima caste help to identify or clean contaminated leaf fragments by
hitchhiking on leaves being carried by the workers (known as the Leaf Cleaning Hypothesis or
LCH).

Two key previous studies found that when the microbial load is increased on leaf
fragments, many more hitchhikers are observed compared to leaves with a low dose or control,
indicating strong support for the LCH (Griffiths & Hughes, 2010; Viera-Nieto et.al, 2006 ) and
that leaves with hitchhikers had three times the amount of fungal colonies when grown on agar
(Wiltse, 2016). However, one study found significantly weaker trends (Linksvayer & McCall
2002) regarding the cleaning hypothesis than one would expect given the results of the previous
two studies and another found that there is no significant difference in leaf contamination when
comparing a leaf taken at the foraging site to a leaf taken near the nest entrance (Enrici, 2017).
The LCH only concerns hitchhiking ants and as a result, there have been few studies
investigating the role of the foragers in preventing contaminated fragments from reaching the
colony garden, with most studies choosing to focus on factors like leaf toughness or nutritional
content (Nichols-Orians & Schultz, 1990; O’Donnell et.al, 2010; Mundim et.al, 2008) when
evaluating substrate choice. It is not known if foragers evaluate the material they are taking or if
they place the burden of decontaminating anything they are transporting on other members of
the nest, like the minima gardeners or other ants close to the entrance. However, they may be
able to distinguish a certain amount of spore contamination and reject these leaves individually.
Even if the LCH is correct in regards to hitchhiking minima, it may not affect whether the worker
caste will respond to different degrees of contamination.

The goal for this study was not only to investigate the role of worker choice in substrate
selection, but also to determine if there was an approximate limit to how much fungal
contamination the ants will tolerate, and to what degree different castes would respond.
Previous studies have recorded a clear response of the hitchhikers to a high level of
contamination vs an inert control or very low level of contamination. Previous studies have only
compared responses between extreme doses of contamination or control. The aim of these
experiments is to observe if ants are able to evaluate and respond differently to different levels
of contamination. For this study I performed two separate experiments: the first on workers, and
the second on hitchhikers. For my first experiment, I attempt to evaluate whether workers will
assess and make foraging decisions that differ based on the level of fungal contamination. For
the second, I follow flakes with different degrees of contamination after they have been picked
up by foragers and determine if different spore concentrations correspond to more or less
hitchhikers climbing on the flake, indicating different degrees of cleaning or inspecting behavior.
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If foragers do make selections based on the relative level of contamination, I would expect to
see the flakes with less spores be taken more readily than those with more.  If the LCH is
correct, I would expect to observe more hitchhikers on the more highly contaminated flakes and
see a clear positive correlation of the number of hitchhikers and degree of contamination.

Methods

Study organism
In this study I will be investigating the responses of the Neotropical leaf-cutter species Atta
cephalotes.

Study Site
Study was performed across five different colonies of Atta cephalotes located in the

CIEE Monteverde Campus in San Luis, Puntaneras, Costa Rica in the tropical lower montane
wet forest. Four of the five colonies were located in secondary forest and the fifth colony was
located on the forest edge, with the trail studied crossing a relatively open road area. Data were
collected in the mornings between April 19th and May 1st of 2021, during the end of the dry
season.

Experiment 1: Investigating worker substrate choice according to degrees of fungal
contamination

Preparation of flakes
Mold was allowed to grow on preservative free bread for 10 days. The topmost layer of

each part of the bread that was evenly covered with mold was cut and pulverized into smaller
pieces. The moldy bread was then mixed with approximately 200ml of distilled water and
strained through a sieve to create a mold solution. This solution was later quantified with a
haemocytometer to have a concentration of 5.45 X 109 spores ml-1. Two ten fold serial dilutions
were completed to make three different concentrations of spores/ml, categorized as “High,”
“Medium”, and “Low” respectively. Gluten free corn flakes were separated into four categories
with four separate treatments. Each flake was soaked with 100ul (0.1 ml) of either high,
medium, or low mold solution, or distilled water mixed with fresh, mold-free bread strained
through a sieve for the control flakes. They were allowed to dry overnight and were cut into
sixths (approximately 0.8 by 0.5 centimeters), so that each cornflake yielded six experimental
flakes (Fig. 1). They were cut into smaller pieces to make them readily available to multiple
sizes of ants based on observations of the average sizes of foragers.
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Figure 1. Diagrams of how the cornflakes were cut for the first (left) and second (right) experiments. Each fraction of the whole
cornflake was considered to be a separate “flake” for the purposes of this experiment, so that each cornflake yielded 6 or 4 flakes to
be used in experiments 1 and 2 respectively.

Experimental setup

Data were collected from five distinct ant colonies. For each colony, the most visible and
active trail was chosen. Four trials were performed per colony. Each trial was run for 20 minutes.
For each trial, 5 of each category of flake (high, medium, low, and control) were placed on the
trail (Fig.2), for a total of 20 flakes being offered per trial. The flakes were placed across from
each other on the sides of the trail, about five centimeters apart lengthwise on the trail. Each
time a flake was taken, it was immediately replaced with a flake from the same category so the
ants were consistently able to choose from 20 flakes. Each trial the placements of each
category were rotated clockwise to avoid location bias.

Data were analyzed using a Generalized Linear Mixed Model with Poisson distribution
with trial within colony as random effects to control for dependency of samples taken within the
same trial, as the ants were being presented simultaneously with the different flake treatments.

Figure 2. Diagram of flake placement on the trail to test for leaf-cutter forager choice according to degree of fungal
contamination. Flakes were placed in four positions spanning the width of the trail, and about 5 cm apart lengthwise.
Flake treatments were rotated between the four positions clockwise each trial to avoid location bias.
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Experiment 2: Testing the response of hitchhikers to different degrees of fungal contamination

Flakes were prepared using the same method described above for Experiment 1, but the
flakes were cut into fourths (approximately 1.4 by 0.9 centimeters) instead of sixths (Fig.1), in
order to provide a larger surface area for hitchhikers to climb onto.

For this experiment, only one colony’s response was measured. This colony was the
most active in the previous experiment Flakes were placed one at a time on a spot determined
to be 2 meters from the trail’s nest opening. This distance was based on the distance it took for
the average laden ant to walk for 10 minutes, an observance period that was based on a
previous study conducted in Monteverde regarding hitchhikes (Wiltse, 2016). After each flake
was placed on the trail, it was followed from the moment it was picked up until it reached the
colony entrance, or the ant had been walking for a total of 10 minutes, whichever came first.
This time limit was imposed after it was observed that some ants were significantly slower than
others, depending on their size. The number of hitchhikers that climbed on the flake were
recorded for each flake. The ant had to remain on the flake for a minimum of ten seconds for it
to be considered hitchhiking, to ensure that ants that were simply crawling across the flake were
not counted. One flake from each category was followed per trial. There were ten trials total.
Data was analyzed using a General Mixed Model with Poisson distribution since flakes were
placed and followed independent of one another.

Results
Experiment 1: Worker substrate choice according to degrees of fungal contamination

In general, the workers took less of the High treatment flakes compared to the other
three treatments but did not discriminate between these treatments (GLMM, Chisq=13.7, df=3,
P-value<0.001, Fig. 3) . This general trend was not consistent across all colonies, with some
colonies demonstrating opposing trends, but this was not enough to affect the overall
significance (Fig. 4).

Notably, one colony was much more active and took much more flakes compared to the
other four. When this colony was removed, the data was no longer statistically significant
(Chisq=2.53, df=3, P-value=0.4697).
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Figure 3. Corn flake removals by individual leaf cutter ants on their foraging trail when presented with four
treatments of spore concentration (High, Medium, Low) and Control (no spores). Letters over bars indicate significant
differences in pairwise post-hoc tests (p<0.05). Means are presented with 1 standard error.
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Figure 4. The average number of flakes taken for each individual colony studied. Three of the colonies (colored red)
followed the significant trend of less High treatment flakes being taken. Two colonies (colored blue) opposed this
trend, with either no significant difference or more High flakes being taken. One colony (top) was significantly more

Experiment 2: Response of hitchhikers to different degrees of fungal contamination
There was a positive data trend indicating that the Control treatment flakes had less

hitchhikers on average compared to all the spore treatments, but it was marginally
non-significant (GLM, Chisq=7.22, df=3, p=0.065, Fig. 5). The trend was not very strong and the
pattern was also inconsistent between trials. Originally there were only 8 trials for this
experiment; after noting there was a positive trend, two more trials were added. With the
addition of two trials the trend weakened as the pattern disappeared and became more random.
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Figure 5. The average number of hitchhikers that climbed on each flake treatment over 6.5 ft distance or a 10 minute
period. Ants were counted as hitchhikers if they remained on the flake for more than 10 seconds.

Additional Observations
There were some flakes that were removed by ants. This behavior was defined as an ant

picking up a flake and dropping it immediately off to the side of the trail. Flakes that were
removed were almost entirely from Medium or High concentration categories. The removal did
not happen consistently enough to produce data to analyze, and removal behaviors seemed
largely dependent on both the colony and the individual ant.

There were flakes of all levels of contamination that entered the nest without a single
hitchhiker, but most notably I observed several High contamination flakes enter the colony
without ever being investigated by hitchhikers.

The amount of time that hitchhiking ants spent on the flake was inconsistent. Some
would climb on the flake and remain on it for a few minutes; others for a maximum of twenty
seconds.

Ants that were seen hitchhiking on flakes were the same size as ants that were observed
actively foraging. Additionally, ants of many different sizes would readily pick up the flakes, a
fact that had to be taken into consideration after it was observed that the smaller ants took
significantly longer to pick up the flake and to move towards the nest. Smaller ants would
frequently pick up flakes that were noticeably too heavy for them to efficiently carry.

Discussion
My results suggest that foragers do indeed discriminate when choosing substrate to take

back to the colony, but it seems like there is a minimum amount of contamination that is needed
to be present for the ants to modify their selection behaviors. The ants did not discriminate
between Control, Low, or Medium in a statistically significant way, suggesting that there is a
threshold that needs to be crossed before workers will recognize that the flake is “contaminated”
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and adjust their behavior accordingly. However, it is important to note that the concentration of
the High flakes were likely much higher than would be found naturally at a foraging site,
indicating that worker choice may not be very important and is only engaged when the
contamination levels are much higher than normal. Additionally, this data ceases to be
significant when the colony with abnormally high activity relative to the other four is removed
from the data set, indicating this is ultimately not definitive and that individual colonies’
behaviors need to be taken into consideration when studying A. cephalotes and other species of
leaf-cutter ants. Colonies vary greatly in both activity level and individual responses, even in the
same region. Some of the colonies studied were more willing to pick up flakes than others. It
has been hypothesized that hitchhikers try to increase forager efficiency by not exceeding a
maximum load on their leaf fragments (Rudolph & Loudon, 1986); however, I have observed
that small ants will pick up flakes that are visibly too large and/or heavy for them, significantly
decreasing not only their efficiency, but also impeding traffic flow. This could indicate that
foragers do not discriminate well among their substrate in general; however the removal
behavior observed by individual foragers could suggest otherwise. Some ants exhibited removal
behaviors when confronted with flakes, notably mostly flakes in the High or Medium category;
these behaviors were not consistent enough to be analyzed but there is a trend worth
investigating further regarding removal behavior.

The data collected regarding hitchhiker behavior had a weak trend suggesting there may
be more hitchhikers on flakes with a higher degree of contamination. Contrary to what was
expected, the flakes with the Medium level of contamination had the most average hitchhikers.
The Control flakes had the lowest, which was expected given the previous studies )Griffiths &
Hughes, 2010; Viera-Nieto et.al, 2006; Enrici, 2017; Wiltse, 2016) regarding the LCH; however
this is the only data point that favors this hypothesis. I only observed a single colony for this
experiment, but it did not appear that flakes had significantly more or less hitchhikers based on
the level of contamination, an observation that is supported by the data. With the addition of
more trials, the pattern grew weaker, suggesting that the data is becoming increasingly random.
The first experiment confirms that some colonies will respond to fungal contamination levels, so
the lack of significant data does indicate that hitchhikers do not change their responses based
on concentration of spores or if they do, it is not a strong response. The hypothesis that minims,
or more generally hitchhikers, ride on leaves to clean them before entering the nest has been
supported by previous studies (Griffiths & Hughes, 2010; Viera-Nieto et.al, 2006; Enrici, 2017;
Wiltse, 2016), but my data does not support the LCH.

There may exist a “lag” of communication within the nest regarding the foraging of a new
source of substrate, known as ‘avoidance learning’ (Saverschek & Roces, 2011). Further studies
may investigate the way that foraging patterns change over time as a result of foraging
substrate that have unusually high levels of contamination. The ants that tend to the fungal
garden may be able to more closely analyze the substrate they are presented with from foragers
and determine if it is acceptable. By passing these results along to the rest of the colony, there
may be a noticeable change in foraging patterns. It is possible that had I run my first experiment
on a single colony for more consecutive days there would have been a significant shift towards
Control or Low contamination flakes, or the ants would have started ignoring the flakes
altogether.
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It should be noted that there is a limitation inherent in using cornflakes in experiments,
because there are possibly lots of processes occurring at the site of leaf cutting regarding
recruitment of hitchhikers such as vibrational communication (Roces & Hölldober, 1995),
pheromone trails (Jaffe & Howse, 1979), and forager choice that can not be replicated by
placing flakes on a trail. Hitchhiking has been observed to occur both at the cutting site and
along the foraging trail, so this climbing and riding behavior is not restricted to just the foraging
site, but it may change depending on the location the substrate is picked up. If the flake is
picked up in the middle of the trail, the hitchhikers will have less time before the fragment
reaches the nest, for example. It is possible that it can take time for the ants to recognize and
communicate any issues with the substrate and respond accordingly.

It is worth investigating further if the time the hitchhikers spend on the leaf matters as
well, since they will climb on and off and the time spent riding the leaves is variable. Ideally,
further study in the field would involve working directly with the leaves each individual colony is
foraging from. Additionally, it would seem that there should be more skepticism regarding the
strict labor divisions and the caste system that is frequently used in the scientific community
when studying leaf-cutter species. The observation that hitchhikers and foragers were often very
similar in size supports the claim made by several papers that roles in the nests are not as
tightly linked to ant size as once claimed and that minima will forage (Tilyou, 2017; Dupuis &
Harrison, 2017).

Several studies have investigated and compared multiple hypotheses regarding
hitchhiker behavior (Linksvayer et.al, 2002; Viera-Nieto, 2006 ) but few have been conclusive,
with many showing weak trends and concluding that the specific functions for these hitchhikers
exist even if they are not immediately apparent. (Van Bael et.al, 2012; Linksvayer et.al, 2002).
Not every laden ant has hitchhikers; in fact it has been found that about 10-40% of laden ants
have hitchhikers (Linksvayer et.al, 2002). In this study, highly contaminated flakes were
observed entering the nest without ever having a single hitchhiker, suggesting that even if
mimins are cleaning the leaf fragments, it is not consistent. This further supports the theory that
hitchhiking has many functions. It is possible that in addition to cleaning, ants are hitchhiking at
random to check and/or signal and communicate data to other members of the colony. They
could function similar to a quality control test in which leaves are randomly selected and
evaluated, in addition to other functions that have been observed (Folgarait 2013; Feener &
Moss, 1990, Viera-Nieto, 2006).

Conclusion
Ultimately, the data suggests that some colonies’ workers are able to recognize and

respond to relatively high levels of mold concentration. The workers’ responses to it on their
natural foraging substrate, where the levels of contamination are considerably lower is less
clear. Workers may avoid cutting from leaves that have an unusually high level of contamination,
but it is still inconclusive as to how hitchhikers respond.
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