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Preface 
 
 I am interested in microbes because they are so ubiquitous, yet there is still so 

much to learn about them.  Getting my first microscope in fifth grade opened up a new 

world, a world that I could explore freely without even leaving my own backyard.  After 

looking at things such as fly legs and salt crystals, I made a hay infusion with grass from 

the yard to see if I could find living organisms.  It was astonishing to see the life that 

arose from material that seemed so inert.  Watching these critters was entertaining.  After 

viewing a drop of pondwater, I was even more hooked, as the number of organisms I 

could find seemed limited only by the time spent searching for them. 

 I wanted to explore new territory.  Protozoa were always described as living in 

either freshwater or marine habitats, but I wondered about where else they might be.  It 

was amazing to me that I could grow protozoa from the grass in my lawn.  It seemed that 

these organisms could be everywhere, which it turns out they are!  The organisms in the 

hay infusion probably came from cysts on the soil, or even from cysts in the air that 

happened to fall into the bacteria-rich culture.   

 In my first year at the New College of Florida, I wanted to do an independent 

study project mapping protozoan populations over campus to see how they varied over 

different environments.  This turned out to be more complicated than it had initially 

seemed, so instead I took samples from a few selected habitats to see if environmental 

factors could be linked to protozoan diversity and abundance.  No strong connections 

were made.  There were so many variables that it was difficult to discern which factors 

were responsible for which differences in populations.  A more controlled experiment 

would be needed in which variables could be measured and manipulated. 
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 My project sponsor Dr. Sandra Gilchrist mentioned that some students were 

setting up a green roof garden demonstration, and suggested that it might be an 

interesting and new microbial habitat to study as well as an environment where variables 

could be controlled to some degree.  The garden provided a semi-closed system that was 

exposed to some environmental factors while also allowing a large degree of control.  

The soil, wetness, and plants could be controlled by the experimenter, while the effects of 

factors like temperature and weather could be observed.  It was elevated above the 

ground by bricks, so the soil outside did not interact directly with the soil inside.  This 

setup allowed for the application of island biogeography theory to explain changes in 

community structure.  Also, protozoa on a green roof garden have not been studied 

before, and this seemed like more new territory to be explored.   

 The study allowed me to investigate something biological, but also see its 

relevance to practical applications.  It provided information about island biogeography 

and protozoan populations in relation to environmental conditions, while also providing 

information relevant to green roofs and sustainability.  Knowing more about protozoa in 

these environments will contribute to our understanding of the soil, of which protozoa are 

an integral part.     
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ABSTRACT 

 
 Protozoa are an active part of the soil ecosystem.  Their most recognized role in 

the soil is that of making nitrogen (N) more available to plants through feeding and 

excretory activities.  Soil protozoology is a relatively new field and there are still many 

environments that have not been investigated.  In this study I characterize protozoan 

populations in a green roof garden demonstration to see how the abundance and diversity 

of protozoa relates to changes in nitrogen, temperature, and plant growth over time.  In 

addition to relating the populations of large ciliates to particular environmental factors, 

distribution in relation to spatial scale is analyzed.  The five most common genera were 

chosen for analysis: Colpoda, Oxytricha, Spathidium, Litonotus, and Euplotes.  I 

hypothesized that Colpoda would be the dominant genus and that total abundance 

patterns would vary over the plot due to differences in microconditions.  The first part 

was verified, as Colpoda turned out to be one of the two dominant genera.  Surprisingly, 

abundance patterns did not vary over the plot.  This was attributed to conditions relevant 

to protozoan life, such as water content, being constant over the entire plot. 
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Introduction 

 
 Soil is traditionally described by its non-living components such as mineral 

composition, organic matter, particle size, and pH.  However, the biological 

components of soil are also important descriptors.  Protozoa are relevant to 

agricultural practices for their role in nitrogen cycling.  Knowledge of these 

biological properties could improve the health of a horticultural or agricultural plot, 

and at the same time provide green benefits such as sustainability and decreased need 

for fertilizer.   

 Protozoa are single-celled eukaryotes that move through watery environments 

by means of pseudopodia, cilia, or flagella.  A watery environment for their size can 

be a very small amount of water.  Though they are commonly known for inhabiting 

large bodies of water such as ponds and oceans, the thin film of water around soil 

particles is sufficient for harboring active protozoa (figure 1).  The protozoa typically 

found in soil are heterotrophic flagellates, testate amoebae, naked amoebae, and 

ciliates.  Large ciliates were chosen for the present study for practical as well as 

biological reasons.  They are more exposed to environmental changes than smaller 

protozoa.  Due to their size, ciliates inhabit the larger pore spaces where they receive 

more fluctuations of temperature, moisture, and carbon dioxide, compared with 

smaller protozoa which inhabit tinier spaces between or within particles where they 

are somewhat protected from changes in environmental conditions (Bamforth 2001).  

Many ciliates readily encyst and excyst, so they react quickly to changing conditions.  

Compared to amoebae and flagellates, ciliates are easier to find due to their large size 

and conspicuous movement.  
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Figure 1.  1. fungal hyphae 2. actinomycete hyphae 3. bacterial colony 4. bacteria degrading dead 
organic matter 5. bacteria degrading dead fungal hyphae 6-8. naked amoebae 9. Zoopagales fungus, 
which paralyzes amoebae and consumes them 10-11. flagellates 12. ciliate Crytolophosis 13. Colpoda 
14-16. testate amoebae 17. nematode.  (Bamforth 1980) 
 
 A green roof garden demonstration was constructed at the New College of 

Florida as part of a larger greening effort for the campus.  It was meant to encourage 

people to think about sustainable development on campus and to think creatively 

about how this could be achieved.  Construction of the garden demonstrates that the 

placement of gardens on the roofs of campus buildings is a very real possibility that 

requires only readily available resources.  Economic considerations are not an issue, 

since the cost of creating the garden was minimal.  The test garden was placed in an 

open grassy space on the residential side of campus where there is a high degree of 

foot traffic so that it could receive plenty of light and be seen by many people (figure 

2).       
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Figure 2. Garden located centrally on the residential side of the New College campus. 
 

Beyond the simple definition of plants purposely grown on a roof, a green 

roof garden must meet certain criteria due to its unique location.  The weight of the 

garden is limited by the strength of the roof, so minimizing weight is important.  The 

“green” in “green roof garden” implies that it is environmentally friendly.  By its 

nature, the garden already makes use of the sun's energy and protects the building 

from excessive heating.  However, to determine how green a system truly is, the 

inputs must be taken into account as well.  The garden should efficiently utilize 

nutrients and water, as these are valuable resources that should not be used 

wastefully.   
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The garden must be suitable for the plants, which have their own 

requirements that must be taken care of in conjunction with the physical elements of a 

green roof garden.  According to ECHO (2008) there are four things roots need: air, 

water, nutrients, and something to keep the sun and wind from drying them out. 

   There are many ways to meet structural as well as green parameters.  Roof 

gardens are traditionally divided into two categories: extensive (figure 3A) and 

intensive (figure 3B).  An extensive garden typically contains only one or two types 

of plants and functions mainly as a thermal and hydro regulation unit.  A green roof 

can be simple like sod on a Norwegian house (figure 4) or as complex as an entire 

park, like Millennium Park in Chicago (figure 5).  The weight of the garden must 

always be taken into account.  For example, lightweight, expanded polystyrene was 

used to create the landforms in Millennium Park.  Soil is commonly used in high-

maintenance rooftop gardens when the roofs can support more weight, but in many 

cases soil is too heavy.  Instead, synthetically expanded clay, such as perlite, can be 

used as planting medium.  The depth of the planting medium is greater for an 

intensive garden, which must be on a roof designed to handle greater weight.  Such a 

garden might also be opened up to access by the public.         

Modern green roofs, defined as a system of manufactured layers and 

planting medium atop a building, are relatively new.  In the US, the first known green 

roof was built on the Rockefeller Center in New York City, New York between 1933-

1936 (figure 6).  However, it is only in the past two decades that green roofs are 

becoming more common, due to increased environmental awareness and predictions 

of climate change (Taylor 2007; Wark and Wark 2003).  Construction, encouraged by 
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grants and building incentives to prospective green roof owners, has been mainly in 

cities, as the benefits of green roof gardens are especially relevant to such 

environments (Taylor 2007).  They can reduce the heat island effect, which is 

increasingly important due to climate change projections, and they can also make use 

of excess precipitation to reduce flooding and runoff of pollution into nearby bodies 

of water.   
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A) 

 

B)
         

Figure 3.  Side schematic of an A) extensive roof garden and a B) intensive roof garden.   SHADE 
Consulting 2003 
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Figure 4.    Norwegian Folk Museum, Oslo.  The sod roof provides insulation in cold weather.  Photo 
by Kjetil Bjørnsrud (2002). 
 

 

 
 
Figure 5.  Millenium Park is a 24.5 acre public park which is also roof garden, covering a 4000 car 
capacity underground parking lot,  railway tracks, and a 1525 seat indoor theatre.  Photo by GRHC 
(2005). 
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Figure 6.  Photo of Rockefeller roof garden water element.  
http://gothamist.com/2008/05/14/rockefeller_cen.php 
  

 In any agricultural environment, it is ideal to make the most of the resources 

available in a sustainable way.  This means that resources are being used to their 

maximum potential at any time while also ensuring that they will be available in the 

future.  Protozoa make resources such as nitrogen more available to plants, and a 

healthy microbial population can ensure that nutrients will be cycled quickly and 

efficiently over a period of time (figure 7).  This is one role of protozoa that is being 

elucidated by research, but there is still much to be understood concerning their role 

in relation to other parts of the soil ecosystem.  To begin to understand their position 

in this ecosystem, it is important to first have some description of the types and 

abundances of the protozoa that inhabit soil. 
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Figure 7.  Nitrogen cycle.  On the left, the well-known path involving atmospheric nitrogen being fixed 
and nitrified by bacteria, and on the right, a path involving carbon exudation, protozoan consumption 
of bacteria, and protozoan excretion of nitrogen.  Drawing of tomato plant from 
http://grandpacliff.com/Plants/Img-Plants/plant-whole-pt.jpg  
 

 

In addition to their position in the food web and their role in nutrient 

cycling, protozoa have characteristics that make them particularly well suited as 

biological indicators, such as short generation times and high reproduction rates 

combined with a high sensitivity to environmental changes (Foissner 1999).  

Protozoan distribution, unlike that of larger organisms, follows a pattern of random 

dispersal.  Species are not restricted geographically, but are instead limited only by 

their ability relative to other species to survive in a particular environment (Finlay et 

al. 2001).  Such ubiquity also means that any data collected can be applied 

universally, since it is environmental factors and not geographical location that 
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determines protozoan distribution.  The description of protozoa in different conditions 

will add to the data pool needed to make use of protozoa as the indicators of such 

conditions themselves.   

 The present investigation should shed light on the colonization and succession 

of protozoa in a newly created island environment, a green roof garden.  A rooftop 

garden on an aboveground building is not in contact with any other soil environment, 

and the only way for new materials to be added is by aerial dispersal or purposefully 

by the gardener.  However, there is an initial population of protozoa introduced to the 

garden with the original soil, and the degree to which colonization at later stages is 

responsible for newly observed species is difficult to determine.   

 Island biogeography theory relates the species richness of an undisturbed 

island to immigration, emigration, and extinction.  Colonization of island 

environments by protozoa can occur quickly due to the easy dispersal of cysts 

through air and water.  Though not all protozoa have the ability to encyst, those found 

in soil do.  Encystment allows individuals to disperse easily as well as remain viable 

in unsuitable environments.  This ability is especially important for soil protozoa, 

which inhabit environments where conditions such as temperature and moisture 

change often and quickly.  Also, their habitats are more susceptible to changes in 

solute concentration, since a small change in dissolved substances can make a large 

difference in such a small volume of water.     

 Most of the soil protozoan population is encysted at any given moment, so 

when describing populations it is important to distinguish between total and active 

counts.  Adl and Gupta (2006) suggest that for a particular island habitat the total 
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species composition does not change from month to month, but that there are instead 

cycles of activity and inactivity for each species.  Many methods for describing 

populations detect only active protozoa.  Therefore, when applying the concepts of 

immigration and extinction to these organisms, one must note that what appears to be 

immigration might only be excystment, and what appears to be extinction might only 

be encystment. 

 Because protozoa adhere to the “everything is everywhere” principle, 

dispersal ability is not a major factor in determining the species composition found in 

particular environments.    Instead, distribution depends on environmental factors.  

Such factors include uneven distribution of prey bacteria, interactions between 

different protozoan groups, interactions between protozoa and other organisms, and 

restricted movement caused by low water content (Vargus and Hattori 1990).  

 Community structure within the garden will change over time.  Succession 

may be caused by an increasing number of species and the resultant changes in 

interactions, as well as by changes in the environment like the breakdown of organic 

matter.  Beyond the initial change in protozoan community structure when the soil is 

emptied from the bags into the garden, succession includes the increase in microbial 

activity that occurs as nutrient cycles are established over time.   

 The environment that soil protozoa inhabit is small in scale, and factors 

important to protozoan life can vary over short distances.  For example, the spatial 

structure of ciliate food sources has been correlated to distances as small as 4 mm 

(Grundmann and Debouzie 2000 phide Acosta-Mercado 2003).  Microscale 

environments must be taken into account when sampling in order to better connect 
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variables to their effects and to avoid generalizing over large areas when it is not 

appropriate.   Even once samples are in the lab, microenvironments are likely to exist 

within a sample, or even within a petri dish, since there are differences at the cm level 

or smaller (Acosta-Mercado 2003). 

 A high level of microbial activity occurs in the region surrounding plant roots 

known as the rhizosphere.  Plants not only take up nutrients and water through their 

roots, but release substances as well.  Bonkowski (2004) found that plants may 

release up to half of their fixed C to fuel microbial interactions.  While this is an 

estimate for the upper limit of C exudation, more general estimates like 5-21% are 

still very high (Marschner 1995).   This is an extremely significant amount, as this 

carbon is not going directly to the growth of plant tissue, nor is it being used in 

metabolic processes.  Through exudation, plants modify the soil environment around 

them to better suit their needs, including nitrogen acquisition (figure 7).  By releasing 

carbon into the soil, the plant increases the abundance of bacteria around its roots.  

Larger organisms have lower nitrogen to carbon ratios than smaller ones, so when 

protozoa graze on the bacteria, they excrete the excess nitrogen into the surrounding 

soil.  This nitrogen is no longer locked up in bacterial biomass and becomes available 

for absorption by the plant.   

 While the rhizosphere is known in the field of soil microbiology for its high 

level of activity, the soil environment in the green roof garden is different, and might 

not contain a comparable rhizosphere (figure 8).  The soil layer is only about 2 cm 

thick, and the roots probably travel down further than that, so most of the carbon-

containing root exudates would get washed away.  This could decrease protozoan 
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abundance and alter nutrient cycling.   

 The soil in the green roof demonstration garden is unique compared to other 

garden types in that it might not be fully rhizospheric, but still surrounds a plant.   

Part of the soil's purpose is to supply the plant with nutrients.  However, if the roots 

go past the soil, then they are not there to acquire the nutrients, and exudates are 

washed away instead of entering the microbial loop.  Not only does the plant lose a 

large amount of fixed carbon, it also misses out on the nitrogen that would be 

provided by the soil protozoa.  In reality, some of the roots probably pass through the 

soil so that there is limited rhizospheric activity, but also a loss of potential nutrient 

cycling by the root portions which go past the soil.                  

 The total abundance of large soil ciliates is expected to increase over time in 

garden systems.  This is especially true if the soil was packaged and so its activity 

was initially low.  The population will reach a peak and then remain near a certain 

elevated level, since food webs will become established and nutrients will be 

continuously cycled through these systems.   

 My initial predictions were that there would be a large variation in abundance, 

community structure, and the timing of such changes between different sampling 

squares due to differences in conditions at the micro-scale.  Abundance was expected 

to increase more during warmer weather and less during colder times, since cellular 

activity is greater at higher temperatures.  Even though the roots were expected to 

penetrate past the soil layer, some of the roots would probably be in the soil, so 

rhizospheric activity was still expected.  Nitrogen content over the entire plot was 

likely to increase due to its mineralization by the protozoa, but was expected to be 
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even higher in areas of greater plant density due to higher levels of microbial activity 

and nutrient cycling.  Protozoan abundance was also expected to be higher in these 

squares due to the greater bacterial abundance supported by root exudation. 

 Community structure was expected to vary due to differences in conditions at 

the micro-scale.  Colpoda would be the dominant genus as is typically found for most 

soils due to its ability to tolerate a wide range of conditions and to encyst and excyst 

rapidly. 

 



Methods 

 
 A green roof demonstration was constructed using a design from ECHO (2008).  

The garden consisted of a layer of pierced aluminum cans covered with a thin layer of 

soil about 2-3 cm thick (figure 8).  The soil was a 4:1 ratio of Miracle-Gro's Earthgro 

potting soil and Miracle-Gro's Earthgro manure.  A layer of cinder blocks comprised the 

base of the garden to simulate a rooftop and to separate the garden from the ground 

underneath.  Wooden boards were placed in a rectangle to create a 1.2 m x 2.4 m 

enclosure with a height of about 15 cm (figure 9).  Cans pierced with a knife until they 

had about 10 holes each were placed into the enclosure until they covered the top surface 

of the bricks (figure 10)  Seeds for tomatoes, green beans, peas, cucumbers, zucchinis, 

cabbages, nasturtiums, watermelons, pumpkins, and peppers were planted in small pots 

with Miracle-Gro's Earthgro potting soil for three weeks before the young plants were 

transferred to the garden (figure 11) and organized according to 30 cm2 patches (figure 

12).  The only regular maintenance was the addition of Sarasota County tap water once 

every rainless day aside from days 36-56.  On day 10, compost was added, and on day 

11, a trellis was added to the left side, or the A side of the garden, for the pea plants to 

grow upon.   

 

 
 

wooden barrier 
ans 

 

 

cinder blocks  

pierced aluminum c

soil

Figure 8.  Side schematic of the demonstration roof garden.  Cement bricks simulate a rooftop, pierced cans 
and soil comprise the planting medium.   
 

 15



 

Figure 9.  New College demonstration garden before substrate added. 

 

 

Figure 10.  Pierced can substrate of the demonstration roof garden. 
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Figure 11.  Soil covers the cans and plants are added to the garden. 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

C 

D 

A B C D E F G H

sampling site 

plant 

 

Figure 12.  Grid system created for taking samples for analysis.  Sampled squares are in bold. 
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Soil was collected with plastic spoons once a week from the top cm of the 

bed from each of 5 squares: AA, BC, CE, DG, and CH.  Samples were taken from 3 sites 

within each square for a total of 15 samples.  The soil was stored in re-sealable bags and 

preserved by refrigeration until it was processed over the next few days.  Four grams of 

soil were mixed with eight mL of Zephyrhills spring water in a 50 mL flask to provide 

enough wetting to encourage activation of the ciliates as well as make wet slide 

preparation and observation with a light microscope possible.  The flask was swirled by 

hand at a rate of 100 swirls per minute for one minute to sufficiently wet the samples 

without destroying the protozoa (Stevik 1998).  The slurry was placed in the dark for six 

hours before being examined.  Ten drops from each sample were examined under a light 

microscope at 100x , and ciliates larger than 50 micrometers were sketched and counted.   

Soil temperature was recorded twice a day, at 7 AM for the day's minimum 

temperature and at 2 PM for the maximum temperature.  Nitrogen content was measured 

once a week using soil test kits from Ferry-Morse Seed Company (figure 13), which gave 

readings on a four step scale ranging from very low to high.  

Data were collected for 65 days from November 9, 2008 to January 13, 2009.  

This length of time should allow for a reasonable understanding of the changes in ciliate 

populations relative to the new growing habitat for the winter months of Florida. 
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Figure 13.  Example of simple soil test kit used for this project. 
http://www.drgoodearth.com/image/kids_main_02.jpg 
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Data Analysis 
 
 
 The five most abundant large ciliate genera were Colpoda, Oxytricha, Litonotus, 

Spathidium, and Euplotes (figure 14).  The total abundance of large ciliates clearly 

increased over the 65 day period (figure 15).  The maximum occurred at the last data 

collection, so the abundance may have never reached its peak and probably continued 

increasing.  Average abundance increased at a rate of 4.2 ciliates g-1 per day.  The 

abundance for each genus was higher at the end than at the beginning.  Initial abundances 

for the five genera were low, between 0 and 25.32 g-1 .  Final abundances ranged from .52 

to 219.2 g -1 .  

 

Colpoda Oxytricha Litonotus Spathidium Euplotes 

encysts 
bacterivore 
50-110 um 

encysts 
bacterivore 
100-150 um 

encysts 
predator 
120 um 

encysts 
predator 
110-250 um 

encysts 
bacterivore 
80-200 um 

 
 

 

 

 

Figure 14.  Common large ciliates of the demonstration garden.  Those described as predators consume 
other protozoa.  Drawings by Jahn and Bovee (1949) 
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Abundances of the two dominant genera remained far above those of the 

other three for the entire sampling period (figure 16).  Oxytricha had the highest 

abundance for the first four weeks, and Colpoda had the highest abundance for the last 

four weeks.  These two genera combined made up 93-98% of the total ciliate population 

for any given week.  Maximum abundance portions out of the total are 93% for Oxytricha 

on day 22, and 72% for Colpoda on day 65. 
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Figure 15.  Abundance for all samples combined over time. 
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Figure 16.  Combined totals for the various genera of large ciliates 

 

Abundance patterns varied between genera.  On day 36, Oxytricha 

populations decreased, while Colpoda populations continued to increase.  Abundance 

changed more erratically for Oxytricha than for Colpoda, which had a fairly steadily 

increasing abundance from day 22 to the end of the experiment (day 65) (figure 17).  

While Oxytricha abundances decreased by large numbers three times, Colpoda only had 

one large dip in abundance (day 22).  On the two days that Colpoda abundance 

decreased, Oxytricha abundance increased, and on the three days that Oxytricha 

abundance decreased, Colpoda abundances increased.  It may be that an increase in one 

caused a decrease in the other, though if this is the case, then there would be some lag 

time.  This remains a possibility even though the changes occurred on the same days, 

since the lag time may be small due to the fast reproduction rate of these organisms and 
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the data collections may have been too far apart to detect the lag time.   

Individuals of different genera may react differently to environmental 

changes.  Colpoda is known for encysting rapidly, enabling it to survive dry 

environments.  A drying of the soil would therefore cause more Colpoda to survive than 

Oxytricha, which cannot encyst as readily and would be destroyed by the drop in 

moisture.  The abundances for both genera might affect one another.  If they occupy a 

similar niche, then a decrease in abundance of one genus might allow members of the 

other genera to occupy more of that space.  Oxytricha and Colpoda both consume 

bacteria, so it is possible that a decrease in Oxytricha abundance would increase food 

abundance for Colpoda, and vice versa.  Abundances for the other three genera, 

Litonotus, Spathidium, and Euplotes also followed different patterns (figure 18).  There 

was only one day on which all five genera showed the same trend, which was on day 22 

when all genera increased in abundance.   

 The change in abundance changed similarly on certain days for all genera (figures 

19 and 20).  On day 29, change in abundance increased for all genera except Oxytricha, 

and on day 36 the change in abundance for all genera decreased.  There may have been 

environmental conditions on these days that affected all genera equally.     
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Figure 17.  Abundance for the two most common genera. 
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Figure 18.  Abundance for the three less common genera. 
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Figure 19.  Abundance change between sampling days.  Rate adjusted for larger gaps, such as day 36 to 59. 
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Figure 20.  Abundance change between sampling days.  Rate adjusted for larger gaps (day 36-59).   
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100 μm

Figure 21. Oxytricha near a soil particle 400x 
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Figure 22. Colpoda 200x 
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Distribution 

 Total abundance changed according to the same pattern for all squares sampled.  

There were two dips in the first four weeks at day 9 and 22, but after that, all squares 

except DG (which had one dip) had only increasing abundances (figure 23).  Final 

abundances by square were spread from 112 to 486 ciliates g-1. 

 The square with the highest plant density, CE, had the lowest abundance of 

ciliates.  Abundances for the squares showed no trend with plant density. 

 

0 10 20 30 40 50 60 70

0

100

200

300

400

500

600

Abundance in squares over 65 days

AA

BC

CE

DG

CH

Time (days)

A
b

u
n

d
a

n
ce

 (
in

d
iv

id
u

a
ls

 p
e

r 
g

)

Figure 23.  Abundances in sampling squares over time. 
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Square Plant Density 

AA 2 

BC 0 

CE 4 

DG 2 

CH 0 
Figure 24.  Plant density in the squares sampled.  Note that because the plants differed, the root systems 
and the aboveground biomass also differed. 
 

 

Square Plant density for square plus 
surrounding squares 

AA 6 

BC 4 

CE 18 

DG 10 

CH 7 
Figure 25.  There were differing numbers of plants around the squares being sampled.  These differences 
could have contributed to fluctuations over time for the microbes, serving as both sources and sinks.   
     

 
 

Day Nitrogen level at BB Nitrogen level at CE 
2 0 3
9 1 3
16 1 0
22 0 0
36 2 0
58 2 3

Figure 26.  Gross levels of nitrogen for two different squares.  (Numbers for nitrogen units are derived from 
a scale where 0=very low, 1=low, 2= medium, and 3=high) 
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Nitrogen 

Nitrogen content was measured for CE because it has a high plant density, 

and from BB because it has a low plant density.  This type of measurement is only a 

crude determination of variation.    The data are insufficient for a proper trend analysis, 

though they do demonstrate that nitrogen levels varied over the plot and over time.  More 

precise analysis of total nitrogen and available nitrogen is needed to asses this aspect 

more fully.  Even though CE had a high nitrogen content for some weeks, it gave a count 

of zero for other weeks (figure 26). 

 

Temperature 

 The lowest temperature of 5.3oC was recorded on day 11, so its effect was 

expected to show up in the following sample collection, which was on day 16.  This was 

in fact one of the two dips in abundance for the total population, so it is likely that the 

cold temperature slowed down cellular activity and reproduction.  It may also have 

resulted in some of the ciliates encysting. 

 Overall, temperature was higher during the second half of the sampling period 

than the first half (figure 27).  The lows were higher during the later half, and the highest 

temperature of 28.9oC also occurred during this half, on day 57.  Higher temperatures 

may have contributed to the population growth during the second half. 
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Figure 27.  Range of soil temperature. 
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Garden 
 
 The plants in the garden appeared healthy at the end of the 65 day period (figure 

29).  There were flowers as well as vegetables such as green beans and peppers.  It was 

expected that the plants would show signs of nutrient deficiency over time, as nutrients 

might get used up or washed away from the thin layer of soil.  The results showed 

otherwise, which is a plus for sustainability since the plants were able to mature enough 

to provide vegetables without the need for fertilizer, and with only a minimal amount of 

soil. 

 

 

 

Figure 28.  Garden at day 60. 
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A
B 

 
Figure 29.  A. Long view of garden at end of project. B. Fruiting (green beans). 
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Discussion 
 

Island Biogeography 
 

 A green roof garden is an island, in that it is an environment suitable to certain 

organisms surrounded by an environment unsuitable to those organisms.  The soil 

initially contains a population of microbes, even though they might only be encysted 

forms.  These organisms were transported to the garden along with their previous soil 

materials, though the environment is different in the new location.  A green roof garden is 

exposed to high levels of sunlight and wind, affecting both temperature and water.  It is 

also not near other soil environments.   

 The demonstration garden was placed in a sunny area with no tree cover to 

simulate a rooftop climate.  Unlike an actual rooftop garden, the garden in this project 

was surrounded by soil.  However, it was still an island in that the surrounding soil was 

different, as it was sandier and contained less organic matter than the garden soil.  

 In a newly created, relatively sterile island, colonization by protozoa can occur 

quickly because of the easy dispersal of cysts through the air and water.  Protozoa can 

persist in the environment surrounding an island due to their encystment capability.  Even 

within the soil, most of the protozoan population is encysted at any given time.  Visual 

cyst identification is difficult for all but a few more conspicuous varieties.  While new 

molecular techniques may enable researchers to identify initial populations more fully 

(Dunthorn et al. 2008), with traditional methods only the active forms for that given 

moment can be counted, representing only a small portion of the total population.  

Opportunistic species that are successful in a given environment but only excyst for 

certain periods of time may go undetected in protozoan counts.  It is difficult to determine 
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whether a species is newly arrived or freshly excysted, or if a species has disappeared or 

whether it is just encysted for the time.  Detecting migration and extinction for protozoa 

therefore requires specialized methods compared with those for larger organisms.  In the 

present study, it is the changes in populations of active protozoa that are measured, not 

the changes in total population.  

 It is likely that most of the genera enumerated were already present in the initial 

soil.  Indeed, on the first day, three of the five genera were present in detectable numbers 

(figures 17 and 18).   For these genera, reproduction, not colonization, resulted in 

increasing abundance over time.  The other two genera appeared by day 22, so even if 

they were new colonizers, they colonized and reproduced to detectable numbers quickly.  

However, as all five genera have encystment capabilities, it is likely that these two were 

also already present in the soil.  Finlay and colleagues (2001) found 203 species after 

manipulating temperature, light, and food sources in a freshwater sediment culture that 

initially yielded 20 species.  Foissner (1997 phide Bamforth 2001) also found that 

culturing of a soil sample over several years periodically revealed new species.  For the 

green roof garden, the change in conditions when the soil was transferred from the 

storage bag to the garden resulted in a different population and community structure.  

Individuals of some protozoa genera probably excysted, while others that were already 

active increased in abundance. 
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Soil Crust 

 

Figure 30.  Schematic diagram of a biological soil crust with lichen, bryophyte, and cyanobacterium 
colonizers.  Belnap and Lange (2002). 
 
 In many ways, the thin layer of soil in a green roof garden is similar to the soil 

crusts found in nature.  A crust is the top few millimeters of soil, consisting of lichens, 

bacteria, protozoa, nematodes, and microfungi which act to hold together soil aggregates 

and create an environment distinct from that of the soil below.  Bamforth (2008) did a 

study on such crusts in a cool desert and found that Colpoda dominated, similar to the 

results of the green roof demonstration study.  Though the crust is not rhizospheric, it 

contains nitrogen fixing organisms such as cyanobacteria (Lange and Belnap 2002) as 

well as nitrogen mineralizing protozoa.  Similarly, the soil in the green roof garden 
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demonstration might not be rhizospheric, but it may still play a role in providing nitrogen 

to plants.   

 Crusts typically develop, rather than diminish, over time (Garcia-Pichel et al. 

2003).  Studies on crusts suggest that similar environments like the soil in the 

demonstration garden may be sustainable.  The crust ecosystem provides a good example 

of organisms that should be placed in a green roof garden system where the amount of 

soil is limited.  Traditional agricultural and horticultural methods destroy biological 

crusts (Johnson et al. 2007), but if such an environment could be maintained by 

thoughtful gardening, a sustainable nitrogen-cycling system could be maintained for long 

periods with a minimal amount of soil. 

 The biomass within crusts is often higher than that of deeper soil, and even within 

a crust, the uppermost layer has the highest microbial activity (Garcia-Pichel et al. 2003).  

In the green roof demonstration study, the top cm the thin soil layer was investigated, and 

increasing protozoan abundance over time was found. 

Nagy and colleagues (2005) studied prokaryotic distribution in crusts of the 

Sonoran desert and found no difference in diversity and composition between sites under 

plant cover and those which were not.  Though the study was conducted for prokaryotes, 

its results may be indicative of microbial life in general.  The pattern of increasing 

abundance and lack of variation over the plot in the green roof garden demonstration 

suggests a similar situation in which nutrient cycles are established independently of 

plants.   
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Crusts are extreme environments in terms of light exposure, temperature 

fluctuation, physical abrasion, and changes in water availability (Johnson et al. 2007).  

The soil layer in a green roof garden faces similar extremes such as high exposure to 

sunlight and wind.  The healthy development of the plants in the demonstration garden 

with only a small amount of non-rhizospheric soil suggests that nutrient cycles similar to 

those in soil crusts were established, and indicates that a practical application of soil crust 

biology to green roof gardens could improve the efficiency and sustainability of such 

systems. 

 

Composition 

 The wetting of samples before viewing undoubtedly affects the population 

composition.  One way it does this is by affecting excystment.  It has been widely held 

that drying causes protozoa to encyst.  However, there is no known mechanism in ciliates 

for direct detection of drying.  Ekelund and colleagues (2002) found that addition of 

water alone did not stimulate excystment in collected soil samples.  Though water is 

required for excystment, it is not a sufficient stimulus by itself.   It has been proposed that 

the ciliates might somehow detect bacterial abundance, CO2 from other ciliates, or 

possibly a chemical secreted by other ciliates.   Colpoda encystment can be induced by an 

increase in ion concentrations, though this effect can be inhibited in the presence of 

bacteria (Watoh et al. 2003 phide Yamasaki et al. 2004).  This can be viewed as an 

indirect mechanism for detection of drying.  Wetting of the soil still affects excystment 

since it alters the immediate environment of the cell both physically and chemically.  In 

natural soil environments, changes in ion concentrations are likely to occur often and 
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dramatically due to the repeated drying and re-wetting of a small volume of soil.  In the 

lab, the addition of a relatively large volume of water could reduce ion concentrations, 

causing protozoans like Colpoda to excyst.  The method used in the present study favors 

genera that can excyst within six hours.  Since Colpoda can excyst more readily than 

other ciliates, it is possible that a higher portion of them were found compared to others, 

even though in the natural environment their activity relative to others might be less 

dramatically elevated.  

 The total abundance for the five genera showed an increasing trend, and did not 

show any signs of peaking (figure 15); no data for individual species were determined 

from these samples.  There is typically a carrying capacity for protozoa in soil 

environments (Clarholm 2005), though abundances did not reach this level within the 65 

days over which the study was conducted.  

 Colpoda are well-known for thriving in terrestrial habitats.  Bamforth (2001) 

found that in times of environmental stress, such as cold weather or drought, Colpoda 

made up 50-100% of the active ciliate population.  In the demonstration garden as well, 

Colpoda reacted less to the extreme cold, and even when its abundance decreased, the 

decrease was less than that of the other dominant ciliate, Oxytricha. 

 

Distribution 

 Total abundance as well as abundance for each genus changed according to the 

same pattern for all the sampling areas.  This appears contrary to the original prediction 

that the abundance pattern would vary due to different conditions over the plot.  It is 

likely that certain conditions did not vary over the plot as much as expected, or 
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alternatively, that the conditions which did vary were not critical for these ciliates.  The 

soil was watered equally over the entire plot, so if water content is a major factor 

affecting abundance, then abundances would change equally over the plot, which they 

did.  Though water content did not vary over the plot, it may have varied over time and 

affected temporal abundance patterns.  The garden was watered regularly, but it is 

possible that weather conditions such as sunlight, temperature, and rain affected the water 

content of the soil so that it was not actually constant.  The amount of water in the soil 

can have a large impact on protozoa migration.  Vargus and Hattori (1990) found that 

Colpoda were unable to migrate from one pore to another at 60% water-holding capacity 

(WHS), but were able to migrate at 80% WHS.  Also, rain can cause sudden dispersion of 

cells by suspending them in moving water.  Sunlight, on the other hand, can cause 

evaporation, decreasing water content and reducing migration.   

Water has relevant effects beyond protozoan motility and cellular function.  It 

allows for bacterial growth, so the constant addition of water to the garden would have 

caused bacterial abundance, and that of their protozoan grazers, to remain high and 

possibly equal over the entire plot. 

 

Nitrogen 

 Nitrogen content was intended to be a measure of protozoan activity rather than a 

factor affecting it.  Higher protozoan abundances have been found to cause nitrogen 

levels to increase.  Areas with higher plant density are expected to have higher microbial 

populations, and therefore more nitrogen mineralizing protozoa (Bonkowski 2004).  

Nitrogen varied between the two squares tested, but no clear pattern emerged.  Collection 
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of nitrogen data for more points in the garden would be helpful.  The dramatic changes in 

nitrogen content, like the swings from high to undetectable levels in just a week, could 

mean that nitrogen content changes quickly over time.  However, it could also mean that 

nitrogen content varies over small distances so that the soil collected had conditions 

separate from those of the soil just a few mm or cm away.  The soil collected at each 

sampling is assumed to be the same soil from week to week, but in reality it is a different 

soil that neighbors the soil collected the previous week.  When sampling with such a 

method, it may be difficult to separate the effects of spatial versus temporal variations.     

 

Rhizosphere 

 The lack of correlation between plant density and abundance suggests that a 

rhizosphere does not exist in this type of roof garden configuration.  It is surprising that 

the square with the highest plant density had the lowest abundance, since this suggests 

that the plants are inhibiting rather than stimulating the protozoan population.  To better 

assess the rhizospheric properties of the garden, it would be helpful to measure the root 

density in the soil.  To determine possible loss of rhizospheric activity, it would be useful 

to also determine the portion of root biomass that goes past the soil. 

 Analysis of large ciliate abundance for the green roof demonstration garden 

shows that a sizable protozoan population can exist in a small amount of non-

rhizospheric soil.  The success of the plants demonstrates that the soil was able to provide 

enough nutrients without the need for fertilizer.  Though sustainability beyond the 65 

days remains unknown, the soil can be described as healthy in terms of its ability to 

support plants for at least two months, or sufficient for at least one growth cycle of 
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seedling to maturity.  The garden also met green standards by being efficient in using 

both natural and economic resources.  Though more research is needed to better connect 

the plant growth in such a garden with the microbial population, this study provides an 

example of the abundance patterns for certain protozoa over time and space, as well as 

suggesting that the microbial population was strong enough to provide the plants with 

what they needed.             
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