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ABSTRACT 

 

 

MACROINVERTEBRATE DIVERSITY AND FOOD WEB DYNAMICS  

IN A GUANO SUBSIDIZED CAVE ECOSYSTEM:  

BRACKEN BAT CAVE 

 

 

by 

 

 

Goniela Iskali, B.S. 

 

 

Texas State University-San Marcos 

 

May 2011 

 

 

SUPERVISING PROFESSOR: YIXIN ZHANG 

 

Caves are generally oligotrophic ecosystems and highly limited by energy sources 

due to the lack of primary productivity within the system. Therefore cave ecosystems rely 

almost entirely upon allochthonous energy supplies originating from surface ecosystems. 

Bracken Bat Cave is unique in terms of the magnitude of allochthonous energy resource 

input in the form of guano, which is provided by the largest bat community in the world 

(a colony of more than 20 million Mexican free-tail bats (Tadarida brasiliensis)). For this 

reason it is important to gain an understanding of food web dynamics within Bracken Bat 

Cave. The objectives of this study are: 1) provide baseline biological information of the 

macroinvertebrate taxa richness and abundance of the cave, 2) quantifying the importance 

of other environmental factors such as distance from entrances, depth within the guano 



 

 

x 

substrate of the cave floor, or seasonality on macroinvertebrate abundance and richness, 

3) investigate how anthropogenic disturbances affect macroinvertebrate abundance and

richness, 4) examine the key nutrient relationships in this ecosystem, the nutrient 

properties of the guano subsidy and its effect on the macroinvertebrate populations, and 

5) investigate the food web interactions of the cave macroinvertebrates through stable 

isotope analysis. Our results indicate that seasonality does not have a major effect on 

macroinvertebrate abundance and richness, despite the fact that guano deposition 

significantly varied between months. An estimated dry weight total of 50,521.72 kg of 

guano were deposited in the cave (3078 m
2
) August 2009-August 2010, with the highest 

guano deposition rate being recorded in September and the lowest deposition rate in 

January-March. On the other hand, macroinvertebrate abundance and richness were 

significantly correlated with guano depth and distance from the entrance. In addition, 

disturbances such as large amounts of guano removal led to an increase in 

macroinvertebrate abundance and richness. Nutrient analyses indicated that guano 

nutrient properties remained constant with respect to seasonality and guano depth, with 

the exception of carbon content, which decreased with guano depth. Lastly, the stable 

isotope analyses suggested that guano has a high range of variability in carbon and 

nitrogen stable isotope ratios. More specifically, δ
13

C only varied with respect to sample 

type (guano, hair, macroinvertebrates) and δ
15

N varied with respect to sample type and 

guano depth. Our findings thus describe Bracken Bat Cave as a relatively stable 

ecosystem that experiences few fluctuations with seasonality, and can withstand the 

effects of disturbances due to the large amount of guano subsidy found in the cave. The 

information gained from our study increases our knowledge of such cave ecosystems and 
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has ecological implications on the conservation of such a distinctive ecosystem and bat 

community. 



 

 

1 

CHAPTER I 

 

INTRODUCTION 

 

Caves are usually oligotrophic ecosystems and limited by energy resource 

availability (Culver 1982, 1985). Most caves are also characterized by other unique 

conditions such as stable temperatures, stable but high humidity (over 80%) and the 

absence of light. Troglobites or obligate cave organisms have thus developed adaptive 

strategies to withstand energy deprivation and the dark conditions of caves (Culver 

1982). Some of these adaptations include loss of eyesight and body pigmentation, 

elongation of sensory organs, low reproductive rates, and longer life spans in comparison 

to their above-the-ground counterparts or related organisms (Culver 1982, Culver et al. 

2000). In addition, subterranean cave ecosystems often have a lower abundance and 

diversity of organisms when compared with surface ecosystems (Holsinger 1998). The 

unique conditions of cave ecosystems have created special niches and led to specific 

adaptations for the organisms occupying these habitats. However, the adaptations of cave 

biota to these specific conditions have also exposed them to vulnerabilities when 

conditions are altered. This consequently can diminish cave organisms and biodiversity 

(Culver 1982, Biswas 2010). 

Although the fragility and vulnerability of subterranean ecosystems are widely 

acknowledged, the impacts of human disturbances on cave ecosystems are poorly 

understood when compared with surface ecosystems (Dickson 1979, Wood et al. 2008). 
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There is limited data available that summarizes the magnitude and possible lasting effect 

of anthropogenic disturbances on subterranean environments, despite the increase of 

disturbances (Hancock 2002, Wood et al. 2008). This is unfortunate because subterranean 

ecosystems may be more sensitive than surface ecosystems, due to their relatively short 

food-chains and low diversity of food resources (Marmonier 1993, Taylor & Webb 

2008). Subterranean and surface ecosystems can also react differently, even if affected by 

the same disturbance, because of the responses and the adaptations of organisms to resist 

disturbances are different in the two ecosystem types (Wood et al. 2008). Wood et al. 

(2008) also concluded that the degree of the initial disturbance effects, and recovery time 

after a disturbance, are just two of the many factors that can differ between subterranean 

and surface ecosystems. Lastly, subterranean ecosystems are monitored less frequently 

than surface ecosystems and therefore the long term effects of disturbances can go 

unnoticed (Wood et al. 2008). The combination of these characteristics of subterranean or 

cave ecosystems potentially make them some of the most threatened types of ecosystems. 

The Edwards Plateau eco-region and its associated aquifers in central Texas has 

been recognized as a biodiversity hotspot for troglobitic organisms, and it ranks first in 

the US in diversity in terms of stygian (aquatic cave-adapted) organisms (Culver 2000). 

The karst aquifers of the Edwards Plateau are the source of thousands of springs (Brune 

1981) and are also home to approximately 90 endemic animal species, including 

subterranean and surface-dwelling invertebrates, salamanders, and several fish species 

(Bowles & Arsuffi 1993). Further investigations on the distribution and range of these 

species and their sensitivity to disturbances are required in order to assess the full effect 

of urban disturbances upon them. This ecoregion, however, is experiencing widespread 
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challenges from increased anthropogenic disturbances. Urbanization is currently 

recognized as one of the major threats to the Edwards Plateau aquifer region and the 

expansion of urban areas has numerous potential effects on the surrounding karst and 

cave ecosystems. Urbanization can affect local cave ecosystems negatively through other 

factors such as the decrease of water quality and quantity, general habitat pollution and 

increase of erosion (TPWD 2005). Conservation of these subterranean ecosystems is only 

possible through our understanding of their ecosystem functioning and community 

structure. 

Nevertheless, not all cave ecosystems are energy deprived. Some cave ecosystems 

rely on allochthonous energy inputs from cricket and colonial bat guano (Fenolio et al. 

2006, Ferreira et al. 2007). Caves of this type, including Bracken Bat Cave, the focus of 

this study, can support large populations of bats or crickets and therefore receive a large 

quantity of allochthonous energy in the form of guano. The guano, in turn, acts as the 

resource base of ecosystem food webs and support relatively large populations of 

invertebrates, fungi, bacteria and other microorganisms (Ferreira et al. 2007). Ferreira et 

al. (2007) for example, found that cave organisms had specifically adapted to a reliable 

resource of bat guano in a Brazilian cave and had become dependent upon the 

microenvironment and food resource provided by the guano. Due to this direct 

dependence of cave organisms upon guano, and the uniqueness of these types of cave 

ecosystems, food web patterns of high energy caves can be as unique as their 

circumstances. Additionally, caves with high quantities of guano have historically 

experienced anthropogenic disturbance in the form of guano removal. The use of guano 

as fertilizer or to extract saltpeter has commonly occurred in the south-central area of 



4 

 

 

Texas for centuries (Hutchinson 1950). More specifically, guano has been historically 

removed for commercial purposes from Bracken Bat Cave on a bi-yearly since the early 

1990s (Hutchins pers. conv.). However, there has been limited research conducted on 

these types of caves and the potential disturbances that may affect them.  Thus the 

goals of this study are to investigate the food web structure and dynamics of invertebrates 

in Bracken Bat Cave by testing the following hypotheses: 1) Cave invertebrate abundance 

and richness will fluctuate with seasonality as guano quantity varies due to the changes in 

bat population densities. There is a significant difference in population densities between 

the summer-roosting bat populations and the overwintering bat populations of Bracken 

Bat Cave.  2) Cave invertebrate abundance and richness will vary with distance from 

entrances and depth within the guano substrate, as both of these factors can modify 

physical habitat characteristics or create a gradient of abiotic conditions. This gradient in 

abiotic conditions will thus create different niches for organisms and/or create a gradient 

of abundance of macroinvertebrates. Cave entrances also provide an opportunity for 

surface organisms to enter the cave, either accidentally or intentionally, and this may 

affect macroinvertebrate community assemblages in the cave. 3) Cave invertebrate 

abundance and richness will be significantly affected by anthropogenic disturbances such 

as commercial guano removal. We predict that the removal of guano will reduce the 

amount of available subsidy and thus negatively affect macroinvertebrate abundance and 

richness. 4) Nutrient quality (carbon: nitrogen: phosphorous ratios) of guano will vary 

with respect to seasonality and guano depth. We predict that changes in micro-climate 

conditions of the cave due to seasonality and the age of the guano will translate to 

changes in the guano nutrient content. Consequently we predict that guano with higher 
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nutrient content will positively correlate with macroinvertebrate abundance and richness 

and. 5) Carbon stable isotope ratios will not significantly differ between the guano and 

cave macroinvertebrates because we predict that this ecosystem guano is the base of the 

food web, and thus succeeding trophic levels should retain the same carbon stable isotope 

signature as the guano. This is because the ratio of the carbon isotopes should not change 

significantly as carbon moves through the food web (Roudnick & Winterbourn 1986, 

Peterson & Fry 1987, Post 2002). On the other hand, we expect that the nitrogen stable 

isotope ratios will change significantly between the guano and cave macroinvertebrates, 

signifying the various trophic levels of the food web. Research shows that an enrichment 

by 3-4‰ of nitrogen stable isotopes occurs with each increasing trophic level (DeNiro & 

Epstein 1981, Peterson & Fry 1987, Post 2002).   
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CHAPTER II 

METHODS 

This study was comprised of two parts spanning a two year period. The goals for 

the first part of the project were to describe macroinvertebrate species composition in 

Bracken Bat Cave and understand the factors that drive their population density 

variations. We used macroinvertebrate abundance and richness as indices of the 

macroinvertebrate population compositions. Abundance was defined as the total number 

of macroinvertebrates per sample and richness was defined as the total number of 

different taxa per sample. The second part of the project examined the effects of guano 

quality or nutrient content on cave organisms. The second chapter of this study also used 

stable isotopes (δ
13

C and δ
15

N) in order to understand trophic positions and food web 

interactions of the main invertebrate species at Bracken Bat Cave. 

Study Site 

Among the caves in the Edwards Plateau is Bracken Bat Cave, located near 

Garden Ridge, Texas. This cave provides a seasonal habitat for an estimated 20 million 

bats, mainly Mexican Free-tailed bats (Tadarida brasiliensis). Bracken Bat Cave is 

recognized as the cave that hosts the largest known population of bats in the world (Bat 

Conservation International 2009). Large chambers and low water availability make 

Bracken Bat Cave an ideal habitat and hibernacula for the bats (Glover & Altringham 

2008). These large bat populations occupy the cave for 9 months each year and consume 

large numbers of airborne insects across a variety of landscapes from limestone hills to 

agriculture lands (McWilliams 2005, Bat Conservation International 2009).  
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As a result of the large consumption of insects, the Mexican Free-tailed bats 

(Tadarida brasiliensis) in Bracken Bat Cave also provide a large amount of guano to the 

cave, supporting the food web within this cave ecosystem (Bat Conservation International 

2009). An unusually high abundance of invertebrates cover the cave floor at varying 

densities throughout the cave. The high quantity of guano has also created a unique but 

harsh environment for any non-cave adapted organisms. High levels of carbon dioxide, 

ammonia, and guano particulates in the air have created a toxic environment for non-

adapted cave organisms. The combination of these unique biotic and abiotic conditions in 

this ecosystem, make Bracken Bat Cave a natural phenomenon that is ideal for study and 

exploration.  

Guano Deposit Survey (September 2009-August 2010) 

 Guano is the base food-resource of the food web in Bracken Bat Cave. For this 

reason, determining the quantity of the guano that is being deposited is essential to 

understanding this ecosystem. Six raised plastic containers (0.34 m × 0.21 m × 0.12 m), 

two per zone, were randomly placed in the cave and collected each month (September 

2009-August 2010). Therefore we assessed the quantity and seasonal variation of the 

guano being deposited by performing the monthly guano collections. I then dried the 

guano at 60º C for 72 hours and weighed each sample to the nearest 0.1 g. 

Macroinvertebrate Abundance and Richness Dynamics 

To monitor macroinvertebrate population differences due to proximity from a 

cave entrances, the cave was divided into three regions of relatively equal area at 

increasing distance from the natural entrance: entrance zone, twilight zone, and dark 

zone. However, a smaller, artificial ceiling entrance also exists in the third zone of the 
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cave (Figure 1). Each region was approximately 45 m in length. Regions were used for 

analyzing richness and abundance of invertebrate taxa encountered with respect to 

distance from the entrances. I collected three core samples from each region on a monthly 

basis for 5 months (August-December 2009). This was accomplished by randomly 

inserting a PVC pipe (0.08m diameter × 0.91m height) of 0.08 m diameter into the cave 

floor and determining the taxa richness and abundance of organisms present between the 

surface and 0.91 meters of guano depth.  The random locations were selected by dividing 

the cave map into relatively equal area quadrants, numbering the quadrants per each cave 

zone and then generating random numbers that corresponded to the numbered quadrants.  

The method for extracting stratified guano for this study is one that was used by 

Altenbach and Petit (1972) in order to study the effects of pollution and heavy metals on 

the environment through studying yearly guano deposits. The methodology involved 

inserting a pipe into the guano, digging a trench around it in order to place a stopper at 

the bottom of the pipe and then extracting the pipe (Figure 2). This method was modified 

slightly by using all plastic seals and dividers to contain the guano, rather than paraffin or 

cardboard seals which were originally used in this method. More specifically, I inserted 3 

plastic dividers into the PVC pipe in order to divide the guano into four layers and 

prevent guano and organism displacement during the extraction. Each divider was placed 

through the pipe at 0.15 m increments. The division of the layers and length of the pipe 

used was determined through preliminary data collection, where 0.91 meter depth of 

guano was examined using the same pipe-trench method described above. Preliminary 

data collection illustrated that guano layers were significantly different in texture and 

color approximately every 0.15 m in depth. These layers represent yearly deposits of 
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guano (Wurster et al. 2007). Consequently, the guano mixture was consistently darker 

and soil-like after approximately 0.69 m. For this reason I decided to examine the first 

four apparently distinctive layers of guano (0.15 m each) to see if differences in guano 

layer composition yield differences in invertebrate distributions. 

January-March 2010, 47 tons of guano was removed from all areas of the cave for 

commercial purposes by “Gardenville Nursery Fertilizer”.  Due to the relatively large 

scale of this disturbance, in December 2010 we ceased sampling using the 

aforementioned method of guano core sampling. Instead, we continued to core sample 

only the top layer of the guano, up until 0.15 m of depth, in order to monitor 

macroinvertebrate abundance and richness after the disturbance. We accomplished this 

by comparing the top layers of guano sampling extracted August-December 2009 to the 

top layers of guano extracted after the disturbance, March-May 2010. 

The samples contained within each compartment of the core samples were placed 

into zippered plastic bags until they arrived in the lab. Upon arrival in the lab, samples 

were placed in the freezer to halt the biological activity and decomposition until the 

processing of the samples. Macroinvertebrates were separated from the guano mixture 

using a 1 mm sieve, picked and placed in 70% ethanol for preservation and later 

identified to the lowest taxonomic level possible (typically family or genus level). In 

other words, organisms smaller than 1 mm were ignored during this type of sampling. 

In addition to core sampling, we also employed pitfall trap sampling to measure 

macroinvertebrate abundance and richness. The purpose of the pitfall traps was to 

account for all sizes of macroinvertebrates because species smaller than 1mm were 

ignored during core sampling. Furthermore, certain macroinvertebrate species might not 
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be detected during core sample surveying since the core samples focus on collecting only 

ground-dwelling organisms from relatively portions of guano, when compared to the 

entire quantity of guano found in the cave. In other words, the pit fall traps were used to 

supplement the invertebrate core-sampling method and ensure that our samples contained 

a more comprehensive representation of the cave organisms. Three pitfall traps (6 cm 

diameter) were installed in each zone of the cave for 48 hours every 3 month period 

(November 2009, April 2010, July 2010).The pitfall trap containers were filled with 50% 

water and 50% ethanol (70%). Ethanol has been shown to be an effective pitfall trap 

preservative; however we mixed it with water to reduce evaporation (Aristophanous 

2010). Afterwards, pitfall trap specimens were preserved in 70% ethanol and identified to 

the lowest possible taxonomic level. During macroinvertebrate identification, the samples 

were sub-sampled to ¼ for macroinvertebrates larger than 1 mm and 1/12 for 

macroinvertebrates smaller than 1 mm. Sub-sampling was conducted because of the large 

number of macroinvertebrates contained in each pitfall trap sample. 

Carbon, Nitrogen and Phosphorous Nutrient Content in Guano, Bat Hair and 

Macroinvertebrates 

 Guano collected during core sampling were examined with respect to nutrient 

content. To accomplish this, 36 samples (9 replicates × 2 seasons (summer vs. winter 

differences in bat populations) × 2 guano depth layers (top vs. bottom) were analyzed in 

order to determine the content of carbon, nitrogen, and phosphorous in guano samples 

from different depths and seasons. Preliminary data analyses of macroinvertebrate 

densities suggested that macroinvertebrates found in core samples are not affected by the 

proximity of distance from entrance. Therefore we did not determine quality with respect 
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to this variable. In addition to determining guano nutrient quality, I also analyzed the 

nutrient quality of macroinvertebrates (10 replicates) and bat hair (10 replicates) to 

further examine the cave nutrient cycles. 

To determine carbon and nitrogen content, samples were processed using the 

Flash EA 1112 Elemental analyzer (Thermo Fisher Scientific 2011). Samples were 

analyzed for phosphorous content by the Soil Testing Services at the University of 

Missouri. The samples were dry-ashed using an adaptation of AOAC 985.01 (Isaac 2009) 

and phosphorous content was determined through inductively coupled plasma-atomic 

emission spectroscopy (US EPA 1992). 

Stable Isotope Analysis 

 In addition to determining the types, abundances, and distribution of 

macroinvertebrates found in Bracken Bat Cave, stable isotope analysis was conducted to 

determine the trophic positions and to confirm that guano is the base of the food web of 

this ecosystem. For this reason, guano, bat hair, and different taxa of macroinvertebrates 

were analyzed for ratios of carbon (δ
13

C) and nitrogen (δ
15

N) isotopes. Carbon isotope 

analysis can determine if guano is the base of the food web in the cave ecosystem. If all 

analyzed samples display similar values of carbon isotopes as the guano, then this is 

evidence that guano is the carbon source. This is because the ratio of the carbon isotopes 

should not change significantly as carbon moves through the food web (Roudnick & 

Winterbourn 1986, Peterson & Fry 1987, Post 2002). Nitrogen fractionation, on the other 

hand, can determine the trophic position of the analyzed macroinvertebrate taxa. The 

ratio of nitrogen isotopes is typically enriched by 3-4‰ with each increasing trophic level 

(DeNiro & Epstein 1981, Peterson & Fry 1987, Post 2002).   
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The samples analyzed included 36 bat guano (2 seasons × 2 guano layers × 9 

replicates), 3 bat hair samples, and samples of them most abundance taxa or invertebrates 

found in the cave, which included 9 Dermestidae adult , 11 Dermestidae larvae, 12 

Tenebrionidae adult, 12 Tenebrionidae larvae, and 8 mite samples. These samples were 

processed in the Stable Isotope Facility located in the University of California at Davis.  

This laboratory analyzes solid materials for δ
 13

C and δ
 15

N isotopes using a PDZ Europa 

ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass 

spectrometer. The obtained delta C and N values are expressed relative to international 

standards V-PDB (Vienna PeeDee Belemnite) and Air for carbon and nitrogen, 

respectively (UC Stable Isotope Facility 2010). 

Statistical Analyses 

An unbalanced ANOVA was used to estimate if there are any significant 

differences between the guano tray deposits, where weight of the samples was the 

response variable and distance from the entrances and seasonality were the two predicting 

factors. To investigate the variability from the core samples data with respect to distance 

from the entrances or cave zone, guano depth, and seasonality, we employed two linear 

mixed-effects (LME) models. Seasonality was the random predictor variable, while cave 

zone and guano depth were the fixed predictor variables in the models. The guano depth 

data was organized to compare the two top layers of guano with the two bottom layers of 

guano. Macroinvertebrate abundance was the response variable in one of these regression 

models, and macroinvertebrate richness was the response variable in the other model. The 

abundance data was log10 (n+1) transformed in order to meet the normality and 

homoscedasticity assumptions. Core samples collected after the commercial guano 
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removal were analyzed using 2 unbalanced ANOVAs. Macroinvertebrate abundance and 

richness were the response variables of these ANOVAs, while seasonality and cave zone 

were the predicting factors for both ANOVAs. Since only the top layers of guano were 

collected post-guano removal, only top layers of pre-guano removal core samples were 

used in this analysis in order to have an unbiased comparison. The pitfall traps were 

analyzed in the same manner, using unbalanced ANOVAs. The macroinvertebrate 

abundance data from these samples was natural log (ln) transformed in order to achieve 

normality and homoscedasticity.  

In addition, we used two-way balanced ANOVAs to compare the carbon, nitrogen 

and phosphorous content in the samples. We used one ANOVA for each nutrient (carbon, 

nitrogen and phosphorous) where seasonality and guano depth were used as factors for 

each of the tests. We also used unbalanced ANOVAs to determine if there are significant 

differences in the nutrient content (carbon, nitrogen and phosphorous) of the guano, hair 

and macroinvertebrate samples, while also taking into consideration seasonality.  

In order to compare the carbon (δ
13

C) and nitrogen (δ
15

N) isotopes ratios between 

the guano and various types of macroinvertebrates, we used LME models to determine if 

there are any differences between the different types of samples. Sample type was the 

random predictor variable, while seasonality and guano depth were the fixed predictor 

variables. We also created a bi-plot where carbon (δ
13

C) values were listed in the x-axis 

and nitrogen (δ
15

N) values were listed in the y-axis for each sample, in order to visually 

assess the trophic positions of the analyzed macroinvertebrates. Lastly, unbalanced 

ANOVAs were conducted to compare the differences in stable isotope ratios (δ
13

C and 

δ
15

N) with respect to life stages (larvae vs. adult) and species. All the aforementioned 
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analyses were performed using the statistical program R (R Development Core Team 

2005). 
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CHAPTER IV 

RESULTS 

 

Guano Deposit Comparison 

Dry mass of the guano deposition samples varied significantly with seasonality 

(F1,27 = 16.87, P< 0.001*) (Fig. 7), but did not differ with respect to distance from the 

entrances, when comparing the three cave zones (F2,27 = 2.68, P= 0.09) . There was also a 

significant interaction between the two factors (F2,27 = 4.61, P= 0.02*). 

 September 2009 displayed the highest amount of guano deposition of (Mean+/-

SE) 3.68 +/- 0.20kg/m
2
, compared to the yearly average of 1.49 +/- 0.32 (Mean+/-SE) 

kg/m
2
.  When taking the total area estimate of Bracken Bat Cave into account (3078 m

2
), 

we estimated that the amount of guano deposition into the cave per month ranged from 

11,336.81 +/- 636.59 kg (September) – 65.95 +/- 49.45 kg (January-March). The average 

guano deposition in Bracken Bat cave was approximated to be 4,210.14 +/-988.96 

kg/month and the total estimated guano deposition in the cave was 50,521.72 +/- 

11,867.51 kg in August 2009-August 2010. 

Macroinvertebrate Population Trends 

In the 9 months of collecting core samples at Bracken Bat Cave, 4510 

macroinvertebrates were collected and identified. These invertebrates were classified into 

4 orders (Coleoptera, Pseudoscorpionida, Dermaptera, Hymenoptera), and 7 families 

(Table 1). Coleoptera was by far the most abundant order since it contained 99.27 % of 

the individuals observed belonging to this order.  The most abundant families of 
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Coleoptera were by far the Dermestidae and Tenebrionidae families, representing 98.55 

% of the total number of invertebrates observed in core samples.

Linear mixed-effect (LME) model analyses revealed that monthly seasonality only 

explained 28% of the variation in macroinvertebrate abundance and 2.4% of the variation 

in macroinvertebrate richness from core samples, collected August-December 2009. The 

highest abundance (Mean+/-SE= 59.0+/-15.08) and richness (Mean+/-SE= 2.22+/-0.09) 

were encountered during the month of September, while the months of August, October, 

November and December displayed similar values in macroinvertebrate abundance and 

richness (Fig. 3).  In addition, distance from entrances or cave zone did not significantly 

affect macroinvertebrate abundance (F 1, 115= 1.66, P= 0.19) and richness (F1,117= 0.17, 

P= 0.67). Zone 2 or the middle of the cave displayed the highest abundance (Mean+/-

SE= 30.51+/-0.78) and richness (Mean+/-SE= 1.82+/-0.02), however this was not 

significantly higher than zone 1 and 3. Lastly, guano depth did show a significant 

correlation with abundance (F 1, 117= 8.56, P= 0.004*) but not richness (F 1, 117= 3.46, P= 

0.07) (Fig. 4). The top two layers of guano displayed significantly higher abundance 

(Mean+/-SE= 22.54+/-0.46) when compared to the bottom two layers of guano (Mean+/-

SE= 14.73+/-0.65). However, richness was slightly but not significantly higher in the top 

layers of guano (Mean+/-SE= 1.80+/-0.01) vs. the bottom layers of guano (Mean+/-SE= 

1.57+/-0.02). 

 On the other hand, the data analysis shows that abundance (F1,63= 6.87, P= 0.01*) 

and richness (F1,63 = 6.81, P= 0.01*) were significantly higher after the guano removal 

(Fig. 5).  Sample abundance prior to the guano removal was (Mean+/-SE) 23.16+/-4.32 

and (Mean+/-SE) 76.27+/-27.02 after the removal. On the other hand, sample richness 
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prior to the removal was (Mean+/-SE) 1.89+/-0.12 and (Mean+/-SE) 2.42+/-0.47 after the 

removal. This increase in species richness does not indicate that new species were 

observed post-removal, but rather that mean richness per sample increased after the 

guano removal.  

 The abundance of organisms found during pitfall trap sampling was insignificantly 

correlated to seasonality (F2,13= 3.17, P= 0.07) and cave zones (F2,13= 3.16, P= 0.07). The 

highest abundance of macroinvertebrates was collected during the month of July 

(Mean+/-SE= 56722.75 +/- 27137.42), compared to the average seasonality abundance 

(Mean+/-SE= 29451.32 +/- 14658.76). In addition, the highest abundance of 

macroinvertebrates was collected in zone 3 (Mean+/-SE= 55069.63+/- 27416.79), 

compared to the average zone abundance (Mean+/-SE= 32003.61+/- 16745.21). In this 

data analysis we also observed a significant interaction between cave zone and 

seasonality (F4,13=  4.17, P= 0.02*). 

On the other hand, we found a significant correlation between organism richness 

and cave zones (F1,13= 8.91, P= 0.004*) (Fig. 6), but not seasonality (F1,13= 3.48, P= 

0.06). Zone 2 (Mean+/-SE= 4.75 +/- 0.37), or the middle zone of the cave, displayed 

significantly lower macroinvertebrate richness than zone 1 (Mean+/-SE= 6.50 +/- 0.56) 

and zone 3 (Mean+/-SE= 6.63 +/- 0.53). Additionally, the highest macroinvertebrate 

richness was observed in April 2010 (Mean+/-SE= 6.40 +/- 0.98), compared to the 

seasonal average (Mean+/-SE= 5.97 +/- 0.64). A significant interaction was also 

observed between cave zone and seasonality in this analysis (F1,13= 3.89, P= 0.03*).  

Guano Nutrient Content and Nutrient Flow in Cave Ecosystem 
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 Carbon concentrations (moles/g) significantly differed between layers of guano 

depth (F1,32= 7.04, P= 0.01*) but did not differ with seasonality (F1,32= 1.40, P= 0.25). 

Moles of carbon/g were significantly higher in the top layer of guano (Mean+/-SE= 

0.0348+/-8.19x10
-5 

mol/g) versus the bottom layer (Mean+/-SE= 0.031+/-3.27x10
-4

). The 

mean overall carbon content found in the samples was 0.033+/-0.0008 mol/g.  On the 

other hand, nitrogen (moles) did not differ significantly differ with respect to guano depth 

layers (F1,32= 0.02, P= 0.9) and seasonality (F1,32= 2.41, P= 0.13).  The mean nitrogen 

content estimated from the samples was 0.0086+/-0.0002 mol/g. Similarly, phosphorous 

(moles) did not significantly differ with respect to guano depth layers (F1,32= 0.12, P= 

0.74) or seasonality (F1,32= 1.33, P= 0.26) (Fig. 8). The mean phosphorous content 

estimated from the samples was 0.00053+/-2.57x10
-5

 mol/g. Additionally, we also 

analyzed samples of guano, bat hair, and macroinvertebrates in order to compare carbon: 

nitrogen(C: N), carbon: phosphorous(C: P), and nitrogen: phosphorous (N: P) ratios 

between these different types of samples, in order to quntify the nutrient values of the 

biotic components in Bracken Bat Cave. The ANOVA analysis conducted for this 

comparison revealed that there were no significant differences due to the type of sample 

in C: N (F1,30= 0.0001, P= 0.99), C: P (F1,30= 0.16, P= 0.69) or N: P (F1,30= 0.07, P= 

0.79) ratios. 

Stable Isotope Analyses 

 Overall we also observed a relatively large variation in the δ
13

C (-24.08 to -17.43 ‰) 

and δ
15

N (9.32 to 17.43 ‰) signatures of guano. Fig. 10 shows this variation while also 

comparing the variation in stable isotope signatures of guano with respect to guano depth. 

The linear mixed effects (LME) analysis, which analyzed how carbon isotope ratios 
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(δ
13

C) were correlated with the type of sample (guano, hair, species and life stage of 

organisms), seasonality and guano depth, revealed that there was a large variation in δ
13

C 

with respect to the type of sample (Fig. 9). This variation accounted for 42.08 % of the 

total variance in the samples. 
13

C δ signatures differed with species (F1,40= 19.26, P= 

8.093e-05*) and life stage (F1,40 =5.02, P=0.03*). Additionally, there was not a 

significant correlation between δ
13

C and seasonality (F1,77= 1.74, P= 0.19) or guano 

depth (F1,77= 0.04, P= 0.84).  

 The LME analysis used to analyze how nitrogen isotope ratios (δ
15

N) were correlated 

with the type of sample (guano, hair or species and life stage of organisms), seasonality, 

and guano depth, suggested that there was a substantial variation in δ
15

N between 

different types of samples (Fig. 9). This variation accounted for 35.67 % of the total 

variance of this analysis. We particularly noted that guano was evenly distributed 

throughout the nitrogen stable isotope range, while the species of macroinvertebrates 

analyzed seem to be separated into two distinct groups. Mites comprise one of the groups 

and the other macroinvertebrate species (Dermestes sp. and Alphitobius sp.) comprise the 

other. These two groups are separated on average by about 3.5 ‰ with respect to nitrogen 

stable isotope ratios. 
15

N differed with species (F1,40 = 18.26, P= 0.0001 *) but not life 

stage (F1,40 = 2.85, P=0.10). In addition, the depth of guano significantly affected δ
15

N 

(F1,77= 2.21, P= 0.03*), while seasonality did not have the same effect (F1,77= 0.53, P= 

0.60). More specifically, top layers of guano had a lower δ
15

N signature (Mean+/-SE= 

13.16+/-0.55 ‰) than the bottom layers of guano (Mean+/-SE= 14.46+/-0.59 ‰) 

suggesting that the ratio of the δ
15

N to δ
13

N isotopes was higher in the lower layers of 

guano
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CHAPTER V 

DISCUSSION 

The effects of guano subsidy input on macroinvertebrate abundance and richness with 

respect to seasonality, distance from the entrances and guano depth 

 Communities in caves are profoundly impacted by the resource subsidies that they 

receive. The types of resources that enter caves vary in terms of regularity, duration and 

usability (Schneider et al. in press). The most prevalent resource input to caves are 

decaying leaf and woody debris that has fallen or washed into caves, and animal 

carcasses that fall into pit entrances or get lost within the cave (Culver 1982, Poulson 

2005, Schneider et al. in press). However, fecal matter deposited by crickets and bats also 

represents an important, nutrient-rich energy resource for oligotrophic cave ecosystems 

(Poulson 2005, Ferreira et al. 2007, Fagan et al. 2007). Our results indicate that the 

conditions created by the deposition of bat guano significantly affected the 

macroinvertebrate abundance and richness of Bracken Bat Cave. More specifically, we 

found that macroinvertebrate abundance differed with respect to the depth within the 

guano substrate. Results from our pitfall trap sampling also indicated that 

macroinvertebrate richness was significantly correlated with the distance of the cave 

areas from the entrances. However, our findings indicate that seasonality or monthly 

variations do not have a significant effect on macroinvertebrate abundance and richness.
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The Bracken Bat Cave ecosystem is defined by the amount of guano subsidy input. 

Guano input is significantly varied with seasonality (due to fluctuations in bat population 

densities) as demonstrated by our guano deposit samples.  Nevertheless, these

changes do not seem to translate into changes in macroinvertebrate population abundance 

and richness, as indicated by our guano core sampling and pitfall trap sampling.  This is 

contrary to other related studies that have shown that cave organisms will respond to the 

fluctuations of nutrient supplies delivered to the cave (Humphreys 1991, Poulson 2005). 

However, the reason behind our findings could be due to the fact that there is a constant 

and plentiful amount of guano available throughout the year. Bracken Bat Cave is 

inhabited by the largest bat population in the world (Tadarida brasiliensis) during March-

October and, in addition, is occupied by overwintering populations of northern bat 

colonies for the remainder of the year (Bat Conservation International 2009). Even 

though the densities of the summer vs. wintering populations of bats vary, there is still a 

continuous supply of guano in the cave throughout the year and in some places the guano 

is 20 meters deep (Hutchins pers. interview 2011). In addition, our nutrient analyses 

demonstrated that guano contents of carbon, nitrogen and phosphorous do not differ with 

respect to seasonality. Therefore, the lack of fluctuations in macroinvertebrate abundance 

and richness with respect to seasonality can be explained by large quantity and relatively 

equal quality of guano deposited and found in the cave, as indicated by the nutrient 

analyses of guano. 

My study also shows that the rates of guano distribution are relatively even 

throughout the cave. I believe that this is the reason why we did not see significant 

differences in the guano core sample macroinvertebrate abundance and richness, when 
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comparing the three cave zones. However, I did observe a significant difference in 

macroinvertebrate richness, but not abundance, from the pitfall trap samples when 

comparing the three cave zones. This difference could be attributed to the fact that the 

two cave zones with the highest macroinvertebrate richness were near entrances, and thus 

had a higher chance of containing organisms which had entered the cave via the two 

entrances. These findings are in agreement with other studies that have examined 

macroinvertebrate richness with respect to the distance from the entrance (Ferreira and 

Martins 1998, Ferreira et al. 2007). For example, Ferreira et al. (2007) observed a 

reduction in diversity with increasing distance from the cave entrances in a Brazilian cave 

that is governed by bat guano subsidy inputs, similar to Bracken Bat Cave. 

 It is not surprising that this difference in macroinvertebrate richness was detected 

from pitfall trap sampling but not guano core sampling. Pitfall trap sampling allow for a 

larger time frame, and presumably larger cave area of sampling. Therefore, there would 

be a higher probability of capturing rare organisms through pitfall trap sampling rather 

than guano core sampling. Because of processing methods, guano core sampling also 

discriminated against smaller invertebrates (less than 1 mm), which could also explain 

why differences in macroinvertebrate richness may have not been detected in these types 

of samples. Furthermore, we observed significant interactions between the seasonality 

and cave zone factors when examining the rate of guano deposition and when analyzing 

how macroinvertebrate abundance and richness varies in the pitfall traps. This suggests 

that the rate of deposition may not be distributed equally in all cave zones in all the 

examined months, and this may explain the interactions observed from the pitfall traps if 

macroinvertebrates respond to the guano deposition. 
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 Lastly, analysis of guano core samples indicated that there was a significant 

difference in macroinvertebrate abundance but not richness when comparing the different 

layers of guano depth. This was expected because abiotic conditions such as oxygen 

concentrations, moisture, temperature (Sanders 1981), and biotic conditions such as 

microbial activities vary with soil depth (Feirer et al. 2003). Thus I expected the 

abundance of macroinvertebrates to vary as well. My results are also supported by the 

nutrient analyses, which indicated that guano in the top layers had significantly higher 

levels of carbon, but not nitrogen and phosphorous, when compared to the bottom layers 

of guano. In addition, perhaps greater differences in macroinvertebrate distribution with 

respect to soil depth may be detected if a higher gradient of guano depth was analyzed. 

My study focused on less than 1 m of guano depth, however it would be interesting to 

monitor macroinvertebrate community variations that might occur across even greater 

guano depths. 

In summary, we presume that the abundant quantity, equal-area distribution, and 

equal nutrient composition of guano (with respect to cave seasonality) have created a 

fairly stable ecosystem in Bracken Bat Cave in terms of resource availability. This 

ecosystem thus experiences relatively few fluctuations in macroinvertebrate abundance 

and richness with respect to seasonality, the guano depth we examined, and distances 

from the cave entrances. However, there is some evidence from pitfall trap sampling that 

suggests that cave entrances may play in role in the introduction of macroinvertebrates to 

the cave ecosystem. 

The effects of guano removal or disturbance on macroinvertebrate abundance and 

richness 
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 Disturbance has been shown to critically affect biodiversity (Huston 1994, Hooper et 

al. 2005, Banitz et al. 2008). The disturbance type, temporal and spatial variability, 

duration, and boundary of the disturbance are some characteristics of disturbance that can 

influence the response of an ecosystem to a disturbance (Loehle 2000, Ohsawa et al. 

2002, Crawley 2004, McIntire 2004, Banitz 2008). In addition to the disturbance regime, 

the characteristics of the ecosystem and the type of species that inhabit it also shape the 

response of that ecosystem to a disturbance (Wood et al. 2008, Banitz et al. 2008). 

 The removal of the guano from Bracken Bat Cave represents a chronic and 

considerable disturbance. The guano is generally removed bi-yearly and sold as fertilizer. 

Our findings indicate that abundance and richness of macroinvertebrates per sample 

significantly increased after the guano removal (Fig. 5).  These increases could have 

resulted because of the guano removal. We speculate the reduction of abundant 

macroinvertebrate populations could have led to a rise in the populations of less abundant 

macroinvertebrates.  However, these increases in abundance and richness after the 

disturbance may also reflect seasonal variations in the macroinvertebrate populations and 

their responses to guano subsidy inputs. This is because samples collected after the guano 

removal coincided with the re-occupation of the cave by the Mexican free-tailed bat 

populations and thus a higher deposition rate of guano. Therefore, additional sampling 

would need to be completed before and after yearly guano removals in order to further 

support our speculation that fluctuations in macroinvertebrate populations occur due to 

disturbance effects.  

Stable Isotopes: Determining food web structure and function 
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 The stable isotope analysis indicates that there was a wide range of carbon isotope 

signatures in the guano samples (Fig. 9). This can be explained by the fact that Mexican 

Free-tailed bats (Tadarida brasiliensis), the predominant bat species of Bracken Bat 

Cave, has been documented to have a very diverse diet (Whitaker et al. 1996, Lee & 

McCracken 2005, McWilliams 2005). In fact, Lee and McCracken (2005) documented 

the highest diet diversity of any bat species in T. brasiliensis while sampling various 

Texas caves (including Bracken Bat Cave). This high dietary variation can be accounted 

for by 1) the large foraging dispersal of this species, which may cover over 400 km
2
 

(Williams et al. 1973) and can occur from a few meters to over 1,200 meters above the 

ground (Griffin & Thompson 1982, Caire et al. 1984, McCracken et al. 1997); 2) the 

large temporal duration of their foraging activity, which extends from late afternoon until 

past dawn and thus the bats encounter both diurnal and nocturnal insects (Lee and 

McCracken 2001). In other words, our results (supported by the aforementioned studies) 

suggest that T. brasiliensis exhibits high dietary variability. This large variability in diet 

may translate in a higher probability of the bats feeding from a variety of carbon pools 

and result in the high range of carbon isotope signatures documented in the guano 

samples. This large variation in turn leads to a high range of carbon isotope signatures in 

the macroinvertebrate species we sampled, given that we presume that guano is the base 

of the Bracken Bat Cave food web. This is because carbon stable isotope ratios do not 

significantly fractionate with increasing trophic levels (Roudnick & Winterbourn 1986, 

Peterson & Fry 1987, Post 2002).The bat hair samples analyzed also fall within the range 

of the guano carbon isotope signatures. However only 3 sample of bat hair were analyzed 

and therefore we cannot assess if bat hair would have the same range of variability as the 
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guano. In addition, we did not find a significant variation in carbon isotope signatures 

with respect to seasonality or guano depth, which suggests that the stable isotope 

variability in the guano is fairly constant through the months and years, given that guano 

depth represents guano deposits over the years. 

 Nitrogen isotope signatures also exhibited a high variation with respect to the type of 

sample we assessed (guano, bat hair and macroinvertebrates) (Fig. 9). The variability in 

the nitrogen isotope signatures of the guano samples was expected due to the high 

variability in the diets of Mexican Free-tailed bats (Tadarida brasiliensis) (Lee & 

McCracken 2005, McWilliams 2005). Similarly, the variability in nitrogen isotope 

signatures between the guano and the species of macroinvertebrates samples was also 

expected because it reflects the trophic levels of this ecosystem (DeNiro & Epstein 1981, 

Peterson & Fry 1987, Post 2002). While guano samples were distributed throughout the 

range of nitrogen isotope values we encountered, it seems that there is a distinct trophic 

level separation between the mite species versus the Dermestes sp. and Alphitobius sp. 

My findings indicate that mites occupy a lower trophic level than the Dermestes sp. and 

Alphitobius sp., which seem to occupy similar trophic levels in all life stages (adult vs. 

larvae).  

In addition, nitrogen stable isotope samples from the top layers of guano 

contained a larger proportion of the light isotope than the bottom layers of guano (Fig. 

10). This is because the ammonification or evaporation of ammonia (NH3) from the 

guano favors the isotopically lighter nitrogenous compounds (Nadelhoffer & Fry 1994). 

Thus the bottom layers of guano, which have experience ammonification for longer 

periods of time, exhibited heavier isotope ratios. Lastly, nitrogen isotope samples did not 
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vary with respect to seasonality. This was expected because nitrogen isotope signatures 

reflect the trophic position of species and thus we did not expect the trophic positions to 

vary with seasonality.  

Conclusions and Conservation Implications 

 This study sought to provide a description of the community and ecosystem 

dynamics of an understudied ecosystem: Bracken Bat Cave. Even though other studies 

have focused on researching the bat populations of Bracken Bat Cave, this was the first 

study to focus on the macroinvertebrate community of this cave, and started to examine 

the abiotic and biotic fluxes of this ecosystem as a whole. More specifically, this study 

aimed to determine how physical characteristics of the ecosystem (distance from entrance 

and guano depth), seasonality, and disturbances affect the macroinvertebrate community 

at Bracken Bat Cave, while also examining the nutrient and stable isotope characteristics 

of this system.  My findings indicate that the macroinvertebrate communities of Bracken 

Bat Cave do not experience large fluxes in abundance or richness with respect to 

seasonality but fluctuate with respect to distance from the cave entrances and guano 

depth. In addition, this study implies that the macroinvertebrate community is resistant 

towards disturbances, as our monitoring after the guano removal indicates that the 

macroinvertebrate community was not negatively affected by this disturbance. 

Additionally, guano nutrient properties remain constant with respect to seasonality and 

guano depth, with the exception of carbon, which decreased with guano depth. Finally, 

the stable isotope analysis suggested that guano has a high range of variability in carbon 

and nitrogen stable isotope ratios. The variability in carbon stable isotope ratios is 

transmitted to the macroinvertebrates occupying the ecosystem and consuming the guano 
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because carbon fractionation is negligible with increasing trophic levels (Roudnick & 

Winterbourn 1986, Peterson & Fry 1987, Post 2002). On the other hand, the variability in 

nitrogen stable isotope ratios helped us analyze the trophic levels and dynamics of this 

ecosystem because nitrogen isotopes are typically enriched by 3-4 ‰ with each 

increasing trophic level (DeNiro & Epstein 1981, Peterson & Fry 1987, Post 2002). This 

study thus represents a preliminary but comprehensive view of the Bracken Bat Cave 

ecosystem. The information gained from this study can improve our understanding of the 

Bracken Bat Cave ecosystem and aid managers in developing management plans to 

conserve this unique ecosystem. The conservation of the Bracken Bat Cave ecosystem 

and its bat population can also have notable economical implications for the surrounding 

area. Large populations of Mexican-free tailed bats play an important role in controlling 

agricultural pest of south-central Texas (Cleveland et al. 2006, Federico et al. 2008). 

Cleveland et al. (2006) estimated that pest-control services provided by Mexican free 

tailed bats have an average to an annual value of $741,000 per year, with a range of 

$121,000-$1, 725, 000 per year in the south-central Texas area. 

Lastly, our understanding of Bracken Bat Cave can also aid in the understanding 

other cave ecosystems, which can lead to their conservation. Concern over cave 

ecosystems and the cave-limited species that inhabit them has escalated over the last two 

decades (Schneider et al. in press). This concern has especially heightened in the last few 

years since the discovery of White-Nose Syndrome, a disease that is killing thousands of 

bats in the United States (Belhart 2009, Aley 2010). The disappearance of bats from 

caves will likely have a drastic negative effect on the invertebrate species that rely on the 

bat guano. Studies indicate that the disruption of the flow of organic matter into the caves 
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can endanger cave species (Culver et al. 2000). Therefore understanding the role of bats 

in caves such as Bracken Bat Cave can help us understand the effects of White-Nose 

Syndrome on the biodiversity and ecosystem processes of the affected caves. 

Additionally, disturbances outside of the cave ecosystem can also disrupt in-cave 

ecosystems. For example, changes in water availability (Wood et al. 2008) and vegetation 

structures (Taylor et al. 2005) can have dramatic effects on cave ecosystems and the 

organisms that comprise them. Despite the recent advances in cave research, cave 

ecosystems are still relatively understudied (Marmonier 1993, Elliott 2000, Hancock et 

al. 2005). For this reason, our understanding of cave ecosystems and the in-cave and out-

of the cave processes that govern them is imperative for their conservation. 
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Table 1.  Summary of the lower possible classification of macroinvertebrates found in 

Bracken Bat Cave through core sampling and pitfall traps methods (August 2009-July 

2009). 

Order     Family   Genus   Species 

 

Acarina 

 

Araneae 

 

Coleoptera   Dermestidae   Dermestes  carnivorus 

 

Coleoptera   Histeridae   Carcinops  pumilio 

 

Coleoptera   Histeridae   Euspilotus  sp. 1 

 

Coleoptera   Histeridae   Euspilotus  sp. 2  

 

Coleoptera   Tenebrionidae   Alphitobius   diaperinus  

 

Hemiptera 

 

Dermaptera 

 

Diptera  

   

Pseudoscorpionida Chernetidae 

 

Siphonaptera   Ischnopsyllidae 
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Fig. 1. Map of Bracken Bat Cave, Garden Ridge, Texas (modified from Kastning, 1963). 

The map includes the division of the cave into cave zones (each 45 m in length). 
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Fig. 2. Pipe-trench method modified to extract layers of guano. The modifications 

included omitting the paraffin seal and cardboard disk and replacing them with plastic 

seals and dividers (Altenbach & Petit, 1972). 
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Fig. 3. Monthly macroinvertebrate abundance and richness +/- SE of Bracken Bat Cave 

encountered in core samples, with respect to seasonality (August-December 2009). 

Variation is not significantly different between months. 
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Fig. 4. Mean macroinvertebrate abundance +/- SE of Bracken Bat Cave with respect to 

guano depth encountered in the core samples. The top layer of guano (0-0.45m) displayed 

significantly higher macroinvertebrate abundance than the bottom layer of guano (0.45-

0.91m) ((F 1, 117= 8.56, P= 0.004*). 
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Fig. 5. Macroinvertebrate abundance and richness +/- SE of near surface guano depth 

(surface to 0.23m) in Bracken Bat Cave found pre (September-December 2009) and post 

guano removal (March-May 2010). Abundance (F1,63= 7.44, P=0.008*) and richness 

(F1,63 = 7.06, P=0.009*) were significantly higher after the guano removal. 
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Fig. 6. Comparison of mean macroinvertebrate richness +/- SE found between the cave 

zones during pitfall trap sampling. Richness was significantly different between the three 

cave zones since zone 2 had a significantly lower richness when compared to zone 1 and 

3 (F1,13= 8.91, P=0.004*). 
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Fig. 7. Mean weight +/- SE of guano deposition (g/m
2
) per month (September 2009-

August 2010). The variation in guano deposition observed throughout the months was 

significantly different (F1,27 = 16.87, P<0.001*), depending on the variation of the 

migratory bat populations. 
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Fig. 8. Carbon, nitrogen and phosphorous concentrations (mol/g) compared between top 

(0-0.46m) and bottom (0.46-0.91m) guano depth layers. Carbon content (mol/g) was the 

only nutrient out of the three nutrients compared that varied with respect to guano depth 

((F1,32=7.04, p-value=0.01*). 
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Fig. 9. Carbon (δ
13

C) and nitrogen (δ
15

N) stable isotope signatures (‰) of bat guano, bat 

hair and various species and life stages of the most abundance Bracken Bat cave 

invertebrates. Boxes represent the means +/- 1 SD for each guano layer. Means +/- SE of 

the various types (species and life stages) of the organisms are also plotted with bi-

directional standard error bars. Both δ
13

C and δ
15

N displayed a large variation with 

respect to the type of sample.  
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Fig. 10. Carbon (δ
13

C) and nitrogen (δ
15

N) stable isotope signatures (‰) of bat guano 

with respect to guano depth layer, which is significantly correlated to δ
15

N (F1,77=2.21, p-

value=0.03*). Boxes represent the means +/- 1 SD for each guano layer.Bottom layers of 

guano (0.45-0.91m) displayed a higher ratio of δ
15

N when compared to the top layers of 

guano (0-0.45m). No trends were detected in δ
13

C ratios with respect to guano depth. 
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