Chapter 2
The Microbiology of Natural Soils

Teri C. Balser, Devin Wixon, Lindsey K. Moritz, and Laura Lipps

Introduction

Soil microorganisms, such as bacteria and fungi, control ecosystem functioning
through decomposition and nutrient cycling and may serve as indicators of land-use
change and ecosystem health (Doran and Zeiss 2000; Waldrop et al. 2000; Yao et al.
2000). However, the study of soil microorganisms is difficult and our current under-
standing limited. The sheer number, astonishing diversity and small size of these
communities become more apparent as our technologies to explore them have improved
in recent years (Cardon and Gage 2006). With the rapid rise of molecular techniques,
microbial ecologists are now able to walk through the world with the equivalent of the
naturalist’s “field notebook,” cataloguing and classifying species. However, we often
do not know what they do functionally or ecologically, or why they are found in some
soils and not others (Balser et al. 2006). What we do know is that soil microbial com-
munities are dynamic and diverse (Sylvia et al. 2005) almost beyond measure (Schloss
and Handelsman 2006), and that some patterns seem to hold on a global scale.

In this chapter we survey a variety of ecosystems and summarize what we know
about their underground microscopic inhabitants. Our knowledge is limited by the
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relative lack of studies and the particular challenge of linking microbial function
with identity. However, trends such as astounding belowground diversity in the
tropics, and the importance of fungi in forest soils, are gaining wider attention.

Methods of Study

Any treatment of microbial communities or ecology must include consideration of how
we study them. More than most areas of endeavour, the study of soil microbiology is
methodologically constrained: the size and fantastic diversity of microorganisms have
long been a challenge to researchers. Historically, most techniques have relied on grow-
ing the organisms in a laboratory (culturing), but we now know that less than 1% of
bacteria and an estimated 17% of fungi are culturable (Torsvik et al. 1990; Amann et al.
1995; Bridge and Spooner 2001; Horner-Devine et al. 2004). Currently we have many
new tools for biochemical and molecular analysis of microorganisms, including
phospholipid fatty acid (PLFA) analysis and genetic sequencing. These tools allow the
targeting of the entire microbial community, rather than just those that grow in culture
(Zelles 1999; Nannipieri et al. 2003; Kirk et al. 2004; Leckie 2005). In PLFA (lipid
biomarker) analysis, soil microbial community members are identified based on the
structure of fatty acids in the microbial cell membrane (Vestal and White 1989). Cell
membranes of microorganisms degrade rapidly upon cell death and thus the fatty acids
extracted from a soil sample provide an estimate of viable microbial community
biomass and composition (Balser 2000; White et al. 1979). Amino sugar analysis
instead assesses compounds from cell walls that persist for a very long time after cell
death in the soil (Liang et al. 2008). In contrast to lipid biomarker analysis, molecular
methods use DNA or RNA sequencing to identify genes unique to microorganism
groups, potentially providing a higher level of resolution of the soil microbial community
(Nannipieri et al. 2003). New molecular methods attempt to consider the entire comm-
unity genome rather than that of particular inhabitants (metagenomics, Handelsman 2005).

Regardless of what biochemical or molecular method is used to examine the struc-
ture of a microbial community, they usually have the same shortcoming: they primarily
provide information about what groups of microorganisms are present, rather than
allowing insight into the functionality, or what the microorganisms are doing in the soil
(Zelles 1999; Nannipieri et al. 2003; Kirk et al. 2004; Leckie 2005). Other methods do
allow determination of functionality, i.e., we know what they consume based on how
rapidly they consume food (substrate-induced respiration, or SIR), community-level
physiological profiling (CLPP), or the enzymes microbes produce (extracellular
enzyme assays). However, while these methods can assess the potential and actual
activities of the soil biota, they don’t tell us exactly who is doing what. In other words —
using a given method we can determine who is there, but not what they are doing, or
we can determine what they are doing, but not who it is. Currently, key studies often
combine identification-based methods with activity-based methods. Future research
will depend on finding better ways to do both simultaneously.
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Soil as a Habitat

Soil microbial community structure and activity depend to a large extent on the
status of their soil habitat. Within this habitat, soil organisms are eating, respiring,
competing, cooperating, and responding to changes in their immediate environment.
Indeed, the majority of the microbial community may be dormant at any given time
in most soils, ready to respond as conditions for a particular group become favor-
able (Stenstrom et al. 2001). The soil habitat is perhaps best envisioned as a
complex matrix with pores and soil aggregates of differing sizes (Sylvia et al.
2005). Certain bacteria and fungi tend to congregate in the soil immediately
adjacent to plant roots (the rhizosphere), where they may feed off the sugars that
plant roots exude or actually physically associate with the plant root system and
exchange sugars and nutrients in a (usually) mutualistic relationship (mycorrhizas).
The soil community and its habitat are influenced by an interconnected web of
variables that differ among ecosystems, making each ecosystem somewhat unique
in its microbial community (Wixon and Balser 2009). Across the globe, as with
vegetation, community structure is perhaps most influenced by soil temperature
and moisture (Sylvia et al. 2005), though it changes with the seasons (e.g. Lipson
2007), and is strongly affected by soil acidity or alkalinity (pH).

Within a given ecosystem, depth in soil is a primary consideration for microbial
habitat, and many key habitat characteristics (e.g. oxygen levels, availability of food
and nutrients) change through the soil profile. Carbon availability (and often quality)
declines, as does overall microbial biomass (Fig. 1). Soil structure, such as particle
size fractions and stable aggregates also change with depth and impact the soil bio-
logical habitat (Van Gestel et al. 1996; Ranjard et al. 2000; Sessitsch et al. 2001; Poll
et al. 2003). Few studies have considered, however, the importance of both soil parent
material and resultant soil texture (Ulrich and Becker 2006; Rasmussen et al. 2007).

Soil organic carbon (SOC) is the largest terrestrial component of the global
carbon budget (Jobbagy and Jackson 2000). Worldwide, the top 1 m of soil contains
two to three times more carbon than the amount stored in all aboveground vegetation
(Brady and Weil 2002). Studies of soil carbon and microbial communities often
concentrate on the upper 20-30 cm of soil, as this is considered to be the most bio-
logically active portion of the soil profile (Fierer et al. 2007; Jobbagy and Jackson
2000; Veldkamp et al. 2003; Baisden and Parfitt 2007; Goberna et al. 20006).
However, the majority of carbon in soil occurs below 20 cm, and thus by discounting
lower depths we are missing up to 50-65% of the carbon (Jobbagy and Jackson
2000). As a result, many current ecosystem models of land-use and climate change
inadequately model carbon turnover and microbial communities because they
disregard the carbon stocks and biological activities of deeper soil horizons (Baisden
and Parfitt 2007). Generally, most microbial community studies down the soil
profile have occurred in grasslands and agricultural lands (Fierer et al. 2007,
Lavahun et al. 1996; Blume et al. 2002; Taylor et al. 2002; Allison et al. 2007),
with fewer studies in boreal and temperate forests (Goberna et al. 2005; 2006;
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Fig. 1 Microbial and soil properties vary with depth. Depth profile graphs from Sedimentary and
Ultrabasic sites in Borneo (See Moritz, 2008). (a) Total soil C and carbon:nitrogen (C/N) ratios
with depth. Soil C/N differed significantly (p < 0.05) between sites under the conditions of two-
way ANOVA. (b) The number of identified lipid peaks (detectable PLFAs) at each soil sampling
depth, representing PLFA richness. Error bars are = 1 SEM and N = 3. Error bars are + 1 standard
error of the mean (SEM) and N = 3

Ekelund et al. 2001), and even fewer in tropical forests (Veldkamp et al. 2003). In
general, studies demonstrate that fungal-to-bacterial ratios decline with depth, as
does overall microbial biomass. Deeper soils become more dominated by bacteria,
particularly the slower growing Gram-positive types. In exceptionally deep soils
bacterial diversity declines, though organisms are still capable of living at great
depths.

Survey of Ecosystems

Soil formation is generally considered to be driven by five factors: parent material,
climate, biota, topography and time (Brady and Weil 2002). As we saw briefly above,
parent material provides the framework for soil ‘architecture’, which provides habit-
able space for microorganisms. Parent material and climate influence weathering rates,
which influence soil chemical properties. Over time soils evolve and change and
develop in accordance with their environmental and biological factors. The resulting
global mix of soil-ecosystems differs in many ways that impact microbial communi-
ties. Tropical, temperate, agricultural and wetland ecosystems each have distinct soils,
and pose strikingly different challenges for soil microbial life. For example, tropical
systems often have low levels of nutrients in the soil, and generally constant warm,
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moist temperatures, while high-latitude systems store massive amounts of carbon and
can experience dramatic temperature shifts (Brady and Weil 2002). Finally, human
land use can also greatly alter ecosystems and thus soil life and its functioning.

Although some generalization by ecosystem is possible, the diversity of factors
impacting microbial community habitats implies some caution is needed. Even in
adjacent areas, the microbial community of soils of differing types can be strikingly
different. For example, two studies in the Pacific Northwest of the United States
have compared microbial communities between adjacent soils of differing types
(serpentine and non-serpentine) and found that microbial communities in the
former were more similar to each other than non-serpentine communities (Oline
2006). The serpentine soils had reduced microbial biomass (DeGrood et al. 2005),
suggesting that these offer an inferior environment for microbial growth.

Among the least well understood areas in terms of soils and their microbial
community structure and function are the tropical and wetland ecosystems. The
vast majority of studies are focused on temperate grasslands and forests, with some
emphasis on taiga or boreal forest communities. However, tropical forest and
wetland soils are some of the most endangered in the world. They are critical in
their potential response to current and future climate change, and as potential sites
for agriculture in a world with ever increasing human population size. Below we
review some of what is known about the microbiology of these soils.

Tropical Forests

Tropical forests are complex natural ecosystems endowed with unrivaled biodiver-
sity. Located between the Tropics of Cancer and Capricorn, and comprising only
7-12% of the earth’s total landmass, tropical forests contain approximately 50% of
all known species (Laurance 1999; FAO 2001). In addition to supporting these high
levels of biodiversity, tropical forests offer a multitude of ecosystem services includ-
ing: human habitat, pharmaceuticals, food, and other natural products; watershed
stability, flood amelioration, and soil conservation; control of regional climate
patterns through evapotranspiration; and regulation of global carbon and nutrient
budgets (Laurance 1999; Reiners et al. 1994; Serrdo et al. 1996; Bawa et al. 2004;
Davidson and Artaxo 2004; Fearnside 2005).

The importance of tropical forests has recently taken on greater importance as the
scale of global climate change becomes appreciated. The tropics are at the forefront
of concerns for the risks posed by global change because of the high levels of
de-forestation and rapid rates of land conversion to cropping, with subsequent loss
of biodiversity and capacities for carbon sequestration. From 1981 to 2000, 21% of
the area occupied by tropical forests was de-forested (FAO 2001; Bawa et al. 2004)
and these rates have not slowed (FAO 2005); if anything they have accelerated.
Efforts are being made to catalogue the enormous species diversity in tropical forests
and assess what ecosystem characteristics are altered by land-use changes in order
to assess the implications of their loss. In 2001, tropical biologists convened in
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Bangalore, India, to establish research priorities for the tropics and refined these
objectives and directions over subsequent years by additional meetings, workshops,
and retreats (Bawa et al. 2004). A primary broad ecological research goal that
emerged from these efforts aimed to achieve a better understanding of the structure
and function of tropical ecosystems. Emphasis was placed on studies of soil micro-
bial communities and belowground ecosystem structure and function including
specifically: describing genetic and species diversity in poorly known regions,
groups, and habitats of the tropics. This included defining the fungi and other
microorganisms in soil; exploring relationships between components of soil biodi-
versity, nutrient cycling, and productivity; and predicting the functional response of
tropical ecosystems to naturally and anthropogenically induced change.

The tropics are an especially understudied microbial ecosystem. Those studies
which do exist have focused on tropical soil microbial communities in the Neotropics,
primarily in the Amazon, Costa Rica, and Hawaii, with infrequent scattered studies
in other locations (Veldkamp et al. 2003; Borneman and Triplett 1997; Niisslein and
Tiedje 1999; Burke et al. 2003; Carney and Matson 2006; Gomez-Alvarez et al.
2007; Kim et al. 2007; Cleveland et al. 2003). There has been little research on soil
microorganisms in the Tropics of Africa, Southeast Asia, and Oceania (Waldrop
et al. 2000; Amir and Pineau 1998; Krave et al. 2002; Bossio et al. 2005; Venkatesan
and Senthurpandian 2006), with no studies of microbial communities yet published
for tropical Australia. The majority of these studies have examined shifts in micro-
bial community composition and function when tropical forest is converted to other
land uses, such as pasture, plantations, and agriculture (e.g. Waldrop et al. 2000;
Borneman and Triplett 1997; Burke et al. 2003). Other studies have examined
seasonal influences of tropical wet and dry seasons (Carney and Matson 2006; Krave
et al. 2002), and the effects of plant species and aboveground diversity on soil micro-
bial communities (Carney and Matson 2005; 2006). Below we consider several
studies from around the world that have investigated soil microbial communities in
the tropics using culture-independent methods (Table 1).

Neotropics: Amazonia, Costa Rica, Hawaii

Amazonia. The Amazon Basin is the largest area of contiguous primary rainforest
in the world (Davidson and Artaxo 2004; FAO 2005; Rudel 2005). Amazonia is
four times larger than the world’s second major expanse of rainforest in the African
Congo Basin, and spans nine countries across the northern portion of South
America (FAO 2005). Brazil contains nearly two thirds of Amazonian tropical
forests and is home to an estimated 7,780 native tree species (FAO 2001; 2005;
Rudel 2005). From 2000 to 2005, Brazil had the largest annual net loss of forested
area worldwide with 3.1 million hectares lost per year (FAO 2005). The dominant
land-use change is conversion to pasture, accounting for approximately 50-70% of
the de-forestation, with broadacre cropping and logging being the other major
forms of land-use change (Serrdo et al. 1996; Fearnside 2005).
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The traditional first step in conversion of primary forest to some other land-use
is to slash and burn, which may or may not be preceded by selective logging
(Holscher et al. 1997; Fearnside and Imbrozio Barbosa 1998; Desjardins et al.
2004). The slash and burn process results in a rapid redistribution of nutrients
because of the substantial removal of aboveground biomass. Large amounts of
carbon are removed from the system during burning while other nutrients, including
phosphorus, potassium, calcium, magnesium, and sometimes ammonium-nitrogen,
are concentrated in the ash layer. These nutrients are deposited on top of the soil
and incorporated throughout the surface layer, resulting in a temporary influx of
basic nutrients and an increase in alkalinity (Reiners et al. 1994; de Moraes et al.
1996; Miiller et al. 2004). This temporary enrichment of soil nutrients allows alter-
nate land uses on the otherwise nutrient-poor soils of the tropics (Holscher et al.
1997; Miiller et al. 2004). Over time, the conversion from primary tropical forest to
pasture decreases the bulk density and porosity of the soil (Reiners et al. 1994;
Eden et al. 1991), and has varying effects on carbon content (Fearnside and Imbrozio
Barbosa 1998). Some studies in Amazonia have quantified increases in soil carbon
under pasture management (Desjardins et al. 2004; de Moraes et al. 1996; Trumbore
et al. 1995; Neill et al. 1996); others report decreases in soil carbon (Desjardins
et al. 2004; Eden et al. 1991). Some studies document the absence of changes to
soil carbon after conversion (Miiller et al. 2004; Buschbacher et al. 1988). These
conflicting results appear to be related to forms of pasture management and age of
pasture, though there may be an as-yet unspecified role for microorganisms in car-
bon cycling in such changes to land-use (Balser and Firestone 2005).

While the effects of conversion of primary tropical forest to pasture on soil
properties have been relatively well documented in Amazonia, comparatively very
little is known about the effects of conversion and anthropogenic influences on soil
microbial communities in the Region. Few enough studies have examined soil
microorganisms in the tropics at all, while even fewer have been conducted using
culture-independent techniques (Borneman and Triplett 1997; Kim et al. 2007). In
the first published study using molecular methods which surveyed Amazonian
soils, Borneman and Triplett (1997) analyzed 100 small-subunit TRNA gene
sequences (SSU rDNA) from northeastern Pard, Brazil, from active pasture and
mature forest (50 clones from each land-use). They found 98 bacterial and two
archaeal sequences that were unique (with no duplicate sequences), and all were
novel sequences that had not been previously documented. Representative major
bacterial phyla included Planctomyces, Clostridium, Fibrobacterium, and
Proteobacteria. Phylogenetic analysis of the sequences indicated that in general,
most clones were distinct from other organisms that had been previously described
in sequence libraries and 18% of the sequences could not be placed into a known
bacterial kingdom. Accordingly, Borneman and Triplett (1997) suggested that these
tropical soils contained high levels of microbial diversity composed of some
unusual microorganisms. The authors then used rRNA intergenic spacer analysis
(RISA) to investigate the effects of vegetative cover and land-use changes on
microbial communities and found different banding patterns for the mature forest
and pasture soils, indicating that distinct microbial communities were present under



36 T.C. Balser et al.

each form of land-use. This study made a major impact in soil and tropical
microbiology by providing evidence of novel soil microorganisms and vast
microbial diversity. Further, this study showed that de-forestation in the tropics and
subsequent conversion to pasture resulted in changes in the composition of the
bacterial community, which may also indicate or result in altered nutrient cycling
and ecosystem functioning. Unfortunately, the authors did not assay microbial
activity together with the community composition. The influence of de-forestation
on the role of microbial communities in ecosystem processes (such as nutrient
cycling) under each land-use remains unknown.

The next molecular survey of Amazonian soils was published a decade later by
Kim et al. (2007). In this work, the authors used oligonucleotide fingerprint group-
ings (OFRQG) to sort through 1,500 16S rRNA clone libraries and DNA sequencing
to compare bacterial communities of pristine tropical forest soils and ‘terra preta’
forest soils in Rondonia, Brazil, in Western Amazonia. Terra preta soils were
anthropogenically created by disturbance during pre-Colombian times by the indig-
enous practice of “slash and char” agriculture. This alternative to slash and burn
involves converting the biomass to charcoal, or charring, rather than burning, and
results in a lower impact on the environment. Today these soils contain thick epipe-
dons (e.g. the ‘A’ horizon was 1 m thick at the study site of Kim et al.) with high
organic matter contents (Lima et al. 2002; Mann 2002). There is interest in terra preta
soils for their ability to stabilize large amounts of organic matter and maintain high
fertility in spite of the presence of favorable conditions for rapid organic matter
decomposition (Amundson 2001; Lehmann et al. 2003). Kim et al. (2007) found that
terra preta soils had greater bacterial diversity and were significantly different from
pristine forest soils, with approximately 25% greater species richness. This is particu-
larly interesting given that both soils had similar aboveground species composition
and structure, and indicates that the legacy effect from past land-use and the alteration
of soil properties remained apparent in the extant microbial community, regardless
of subsequent vegetational cover. Phylogenetic analysis showed 14 major bacterial
groups were present on terra preta, compared with nine in the pristine forest soil. Phyla
common to both soils included the predominant Acidobacterium, Proteobacteria,
Actinobacteria, Planctomycetes, and Verrucomicrobia. Similarly, Borneman and
Triplett (1997) found Planctomycetes and Proteobacteria dominated in eastern
Amazonian soils. An important difference between this study by Kim et al. (2007)
and Borneman and Triplett (1997) was that the methodology and technology for
clone analysis had greatly improved in a decade, thereby facilitating a more compre-
hensive survey using 1,500 clones in 2007 versus the 100 sequenced by Borneman
and Triplet in 1997. In the same way, the sequence databases were much larger
following 10 years of additional research, and consequently, fewer novel sequences
were found in the study by Kim et al. (2007), although they did identify three poten-
tial new subgroups of Acidobacterium. A similarity between the two studies was that
neither employed a functional measure of the microbial community alongside their
molecular analysis and therefore the role of each microbial community remained
unknown. The taxonomic information generated using molecular methods only
allows us to quantify the diversity of soil microorganisms and facilitates comparison,
but cannot currently give information about ecological functions (Fierer et al. 2007).
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Nevertheless, both studies showed that soil microbial communities in Amazonia
changed alongside anthropogenic disturbance, be it a soil legacy effect from hun-
dreds of years ago or recent de-forestation and pasture conversion. Further, both
studies indicated that Amazonian tropical soils harbour distinct microbial communi-
ties belowground, paralleling the distinctness found in aboveground biodiversity.

Costa Rica. Central America contains approximately 4.5% of the world’s tropical
forests and houses an estimated 7% of the world’s biodiversity (FAO 2001). From
1990 to 2005, Central America experienced one of the highest rates of de-forestation in
the world (FAO 2001; 2005). As in Amazonia, cattle ranching and broadacre cropping
have generally been the forces driving land-use change, with urban expansion playing
a lesser but still important role (FAO 2001; Rudel 2005). Costa Rica contains just over
2.5% of Central American tropical forests and has the lowest rate of de-forestation in
the region (FAO 2001). Costa Rica is one of the pre-eminent locations for tropical
forest research in Central America and the world. In the 1960s, pristine tropical forest
was set aside in northeastern Costa Rica for ecological research and named La Selva
Biological Station of the Organization for Tropical Studies (Veldkamp et al. 2003).
Three studies have focused on soil microbial activities and communities at La Selva
(Veldkamp et al. 2003; Carney and Matson 2005; 2006), with one additional study of
soil microbial dynamics located elsewhere in Costa Rica (Cleveland et al. 2003).

At La Selva Biological Station in 1991, an abandoned cacao plantation was
cleared, the merchantable trees extracted, and then the area was slash burned
(Haggar and Ewel 1995). Subsequently, plant communities with gradients of
diversity were established, including plots planted with one, three and five species,
and >25 species (natural regeneration). Carney and Matson (2005; 2006) utilized
these experimental plots to investigate the influence of aboveground diversity on
belowground soil microbial communities using PLFA (Carney and Matson 2005;
2006), catabolic potential and litter decomposition assays (Carney and Matson
2005). They found that microbial communities shifted in composition with each
level of plant diversity and bacterial communities (not fungal) were primarily
responsible for these differences (Carney and Matson 2005). Catabolic and litter
decomposition assays suggested that each microbial community under different
levels of plant diversity harboured distinct functional characteristics. The authors
suggested that these shifts were related to the diversity of secondary compounds
available for microorganisms to use in their metabolism; for example, a monoculture
that produces a carbon source of uniform composition results in a microbial
community with lower enzyme diversity. Thus, a reduction in aboveground
diversity may affect the catabolic capacity of a belowground microbial community,
thereby altering carbon and nutrient cycling and ecosystem functioning. This could
indicate an important linkage between aboveground and belowground biodiversity.
This finding is particularly relevant to de-forestation issues in the tropics, where
primary forest is often cut down and replaced with monocultural plantations (e.g.
Waldrop et al. 2000; Krave et al. 2002; Venkatesan and Senthurpandian 2006).

In 2006, Carney and Matson published a follow-up to their 2005 study, where
they presented comparisons among different monocultures and focal members in the
three species combinations and ranges of sampling dates (representative of wet and
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dry seasons). They found that microbial community composition differed significantly
among different monocultures and focal species, further supporting the suggested
influence of individual plant species in shaping microbial communities. Examination
of the microbial communities from different sampling dates showed no significant
effect of season relating to community composition. Taking the results of both
studies together, it may be concluded that land-use change that alters plant species
diversity and composition affects soil microbial communities and their functional
roles in ecosystems. These are notable studies because Carney and Matson (2005;
2006) successfully utilized functional and compositional measures of the microbial
community to provide an insight into altered ecosystem functioning under land-use
change (an important goal of tropical ecology [Bawa et al. 2004]).

At La Selva, in addition to the experimental set-up for studies of aboveground and
belowground diversity used by Carney and Matson (2005; 2006), there is primary
forest that lies adjacent to de-forested areas cleared for pasture during the 1970s
(Veldkamp et al. 2003). Thus, an existing system is in place to study the ecological
effects of pasture conversion on native tropical forests. Veldkamp et al. (2003) used
the pristine forest and adjacent pasture to look at microbial activity throughout the
profile (0—3 m) using basal respiration (BR) and substrate-induced respiration (SIR).
Both BR and SIR measure the carbon dioxide production of a soil sample over a
period of time, but SIR adds a labile substrate (e.g. glucose) to maximize the respira-
tion rate (representative of the “potential” of the soil microbial community), while
BR represents the capacity of the microbial community in situ. Soil profiles in the
tropics are highly weathered and often many metres deep, containing substantial
stores of soil carbon (Veldkamp et al. 2003; Trumbore et al. 1995; Nepstad et al.
1994). Thus, an energy source is available for microorganisms at depth, but very
little is known about their activities in the subsoil. Veldkamp et al. (2003) detected
both BR and SIR down to 3 m depth in both forest and pasture. The pasture had
30-50% higher SIR than the forest above 2 m, below which there was no significant
difference between land-use cover types. By contrast, BR was higher in the forest
than the pasture in surface sampling depths (10-50 cm), with no significant dif-
ference below 50 cm. It is interesting that the potential community activity under
pasture was greater than under forest cover, but the actual activity of the community
was greater under forest cover than pasture. However, the focus of the Veldkamp
et al. (2003) study was primarily to assess the existence of substantial carbon pools
and microbial activity at depth in tropical soils and therefore soil microbial
communities and the ecology of microorganisms were not generally addressed.

A final study in Costa Rica was located outside of La Selva on the Osa Peninsula,
and also examined soil microorganisms under forest and pasture (Cleveland et al.
2003). In contrast to the depth study by Veldkamp et al. (2003), the focus of
Cleveland et al. (2003) was to investigate how land conversion to pasture affects soil
microbial communities using two contrasting soil types, Oxisols and Mollisols.
(Oxisols are highly weathered, low-nutrient tropical soils, while Mollisols are gener-
ally higher-nutrient grassland soils) (Brady and Weil 2002). Cleveland et al. (2003)
used chloroform fumigation-extraction to quantify microbial biomass, and phos-
phatase enzyme assays and substrate-induced growth response (SIGR) to measure
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microbial activities. They found that both soil carbon and microbial biomass
decreased upon conversion to pasture, with a more pronounced effect on Oxisols.
The authors suggested that low fertility soils (e.g. Oxisols and Ultisols; also the most
common in the tropics) are more susceptible to reductions in microbial biomass than
soils of higher fertility (e.g. Mollisols). Analysis of microbial activities between
pasture and forest showed different physiological capacities, with forest communi-
ties being more responsive to changes in resource availability. Further, forest
communities appeared to be better adapted to decompose recalcitrant carbon com-
pounds (as evidenced by SIGR using salicylate) than pasture soils. This indicates
alterations in microbial community composition after land-use conversion from high
biodiversity forest vegetation to less diverse pasture vegetation, and supports the
conclusions of Carney and Matson (2005) who suggested shifts in microbial
communities under different levels of plant diversity were related to the diversity of
carbon sources. However, Carney and Matson (2005) used both compositional and
functional measures of the microbial community, while Cleveland et al. (2003) did
not use a compositional measure of the microbial community, but rather inferred it
from shifts in the microbial activity with different types of cover.

Hawaii. The Hawaiian Islands are the most secluded archipelago in the world
(Gomez-Alvarez et al. 2007), formed in the Pacific Ocean over millions of years
from basaltic magma that originated from a “hotspot” in the earth’s crust, creating
a chain of volcanic islands that migrate outward from the centre, activity that
continues today (Crews et al. 1995). The geographic isolation and continuing
volcanic activity of the Hawaiian Islands make the archipelago an attractive system
for ecological studies (Gomez-Alvarez et al. 2007; Crews et al. 1995; Niisslein and
Tiedje 1998). Several studies of soil microbial communities have taken place in the
Hawaiian Islands, including examination of soil bacteria in volcanic deposits
(Gomez-Alvarez et al. 2007; Niisslein and Tiedje 1998) and the effects of land-use
change on soil microorganisms (Niisslein and Tiedje 1999; Burke et al. 2003).
Niisslein and Tiedje (1998) were the first to study soil microbial communities in
Hawaii using molecular methods. For their study site, they selected a 200 year-old
volcanic ash deposit with low plant diversity and used genetic nucletotide guanine-
plus-cytosine (G+C) content to distinguish members of the community. An advan-
tage of G+C content is that it is comprehensive for all DNA and not subject to
methodological bias (Kirk et al. 2004; Niisslein and Tiedje 1999). Prior to the study,
they hypothesized there would also be a low level of bacterial diversity on the
parent material because of its youth and lack of aboveground diversity. By contrast,
they found such high bacterial diversity that they could not determine the commu-
nity structure using G+C content, as this measure of microbial diversity has
relatively coarse resolution. To attempt to reduce the diversity to more manageable
levels, they fractionated the G+C content into 63% and 35% (indicative of certain
bacterial groups), but still found few duplicates and high diversity. The 63% fraction
represented the dominant bacterial biomass and consisted of fewer bacterial taxa,
including Pseudomonas, Rhizobium-Agrobacterium, and Rhodospirillum, while
the 35% fraction was not dominant but had higher bacterial diversity. The authors
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suggested that this reflects the ecological paradigm (Levine 1976) where the most
successful competitors consist of fewer species, while the less competitive minority
consists of more diverse organisms that occupy smaller, more defined niches. This
initial study of microbial communities in Hawaii identified high levels of bacterial
diversity, even on a young substrate.

The next study of bacterial diversity in Hawaii, by Gomez-Alvarez et al. (2007)
was conducted nearly a decade later. The authors used molecular methods with higher
resolution and compared soil bacterial communities on three volcanic deposits
ranging in age and included an established old-growth tropical forest (Gomez-Alvarez
et al. 2007). The study sites ranged in vegetative cover from a complete absence of
vegetation to mature forest. The sequencing and phylogenetic analysis of 16S rRNA
showed 56% of the sequences were unclassified and largely distinct. The three volca-
nic deposits had 60-80% of sequences unclassified, while the mature forest had only
6% unclassified. The oldest volcanic deposit had the greatest bacterial diversity, while
the intermediate-age volcanic deposit with an absence of vegetative cover showed the
least. Only Acidobacteria and Actinobacteria were common to all four study sites and
no phylotype showed >97% homology among sites. The results of Gomez-Alvarez
et al. (2007) indicated a high diversity of soil bacteria within a relatively small area
of the Kilauea volcano caldera and found a large number of previously un-described
clone sequences in Hawaiian Andisols. Similar to the study of Niisslein and Tiedje
(1998), the work of Gomez-Alvarez et al. (2007) emphasized the diverse and ubiqui-
tous abilities of bacteria to colonize young, even un-vegetated soil, while providing
more detailed genetic sequencing of the microbial community.

Another study in Hawaii by Niisslein and Tiedje (1999) used G+C content frac-
tionation to compare soil bacterial communities under land conversion from native
tropical forest to pasture. Similar to other studies in other tropical areas, they found
a significant G+C shift (49%) in microbial community structure with the change in
vegetative cover (Veldkamp et al. 2003; Borneman and Triplett 1997; Cleveland
et al. 2003). Fibrobacter, an organism that specializes in cellulose degradation,
dominated the 63% G+C content in the forest, with a shift to Proteobacteria (general
Gram-negative type bacteria) dominance in the pasture. This shift in dominance may
indicate that the physiological capacity of the soil bacterial community also changed
upon land-use conversion, but there was no quantitative or qualitative measure of
microbial function in this study. Thus, while Niisslein and Tiedje (1999) described
genetic diversity of the soil bacterial community, the inter-relationships between
bacterial community structure and ecosystem functioning were not addressed.

The final study we consider in the Hawaii and Neotropics section used of
phospholipid fatty acid (PLFA) analysis to examine shifts in microbial community
composition in forest, pasture, and sugarcane soils in Hawaii, Brazil, and Ecuador
(Burke et al. 2003). Lipid analysis provides a more general perspective of microbial
community structure; rather than genetic information, it provides information on eco-
logical functional groups, such as Gram-positive bacteria, Gram-negative bacteria,
actinomycetes, and saprophytic fungi (Vestal and White 1989). Generally, Burke et al.
(2003) found that soil type (e.g. Hawaiian Andisols versus Brazilian Oxisols) was most
closely related to the relative abundances of Gram-positive and Gram-negative bacteria.
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Conversely, land-use was the major determinant of fungal, actinomycete, and protozoal
abundance. Overall, biomass and more specifically, Gram-negative biomarkers, declined
upon conversion from forest to sugarcane in Hawaii and Brazil. Gram-positive
bacteria were more abundant in agricultural soils, most likely reflecting the less labile
carbon substrate that is available on cropland without continuous additions of fresh
litter. The study by Burke et al. (2003) reaffirmed that land-use conversion affects the
structure of soil microbial communities and introduced the concept that these changes
show some regional variability (i.e. Hawaii versus Ecuador versus Brazil) but can be
broadly applied to a range of tropical soils.

Conclusions: Neotropics

The majority of tropical soil microbiology studies have had sites in the
Neotropics and have concentrated on the effects of land-use conversion on soil
microbial communities. These studies have utilized a wide range of methods for
the study of soil microorganisms, including PLFA, DNA-based methods, and
measures of microbial function. However, we can collectively use the results
from these studies to conclude that the effects of land-use change on vegetative
cover type and plant species diversity changes the structure and function of the
soil microbial communities (Veldkamp et al. 2003; Borneman and Triplett 1997;
Niisslein and Tiedje 1999; Burke et al. 2003; Cleveland et al. 2003; Carney and
Matson 2005; 2006). There is indication that the conversion to pasture reduces
microbial activity and biomass (Veldkamp et al. 2003; Burke et al. 2003;
Cleveland et al. 2003) and that microbial communities have a less diverse physi-
ological response as aboveground biodiversity decreases (Cleveland et al. 2003;
Carney and Matson 2005). Other studies have indicated there is an immense
diversity of soil microorganisms in the tropics, with many previously unclassi-
fied organisms (Borneman and Triplett 1997; Kim et al. 2007; Niisslein and
Tiedje 1998). The majority of studies restricted soil sampling to the upper 10 cm
of soil, and given the substantial carbon pools at depth in tropical soils, further
studies of microbial activity in tropical subsoils are much needed (Veldkamp
et al. 2003). In addition, more studies that use both compositional and functional
measures of tropical soil microbial communities are needed to help understand
what changes in ecosystem functioning occur under land-use changes.

Tropics of Africa, Southeast Asia, and Oceania

Africa. In 2000, Africa was estimated to contain approximately 33% of global tropical
forests (FAO 2001). The Congo Basin, located in the heart of Africa, is the second
largest expanse of primary rainforest in the world (FAO 2001; 2005). From 2000 to
2005, six out of the top ten countries with the highest de-forestation rates in the world



42 T.C. Balser et al.

were located in Africa (Congo, Nigeria, Sudan, Tanzania, Zambia and Zimbabwe),
making tropical African forests a rapidly diminishing resource. Although it is difficult
to generalize for the whole of Africa, the major force behind de-forestation is often
conversion to small-scale subsistence agriculture (FAO 2001; Rudel 2005). While
much is unknown about the tropics, the tropical forests of Africa are perhaps the most
understudied of all tropical areas, with little known about the structure and function of
these systems and the effects of de-forestation and land-use conversion.

A single study by Bossio et al. (2005) investigated tropical soil microbial
communities in Western Kenya under a variety of land uses and employed a consortium
of microbiological analyses. This study included comparisons among forest, woodlot,
and agriculture land-use types; agriculture practices of traditional maize cropping (two
crops per year), management with improved fallow (alternating maize with a species
of nitrogen-fixing tree, Tephrosia candida), and perennial tea cultivation; and a range
in soil textures from sandy (5% clay) to clay (60% clay). To assess microbial com-
munity activity, Bossio et al. (2005) used BIOLOG and enzyme assays, and used
PLFA and genetic analysis (DGGE analysis of 16S rRNA) to determine microbial
community structure. This is the only study that used such a comprehensive assem-
blage of microbial characterization techniques (Table 1). Molecular methods showed
that soil type (such as sandy, clay) appeared to induce the primary differentiation
among soil microbial communities, while land-use (wooded or agriculture) was the
secondary determinant. The DGGE analyses showed there was no significant differ-
ence in bacterial diversity between wooded and agricultural soils. While PLFA data
showed greater relative abundance of Gram-negative bacterial indicators in wooded
soils than agricultural soils, and agricultural soils had higher proportions of actinomy-
cetes and Gram-positive bacteria. These same shifts in lipid biomarkers under land-use
change were reported in the Neotropics by Cleveland et al. (2003) and are likely to be
linked with varying availabilities of carbon sources under different land-uses. Bossio
et al. (2005) found that soil microbial communities from wooded sites had the most
diverse abilities for substrate utilization, a finding also reported by Cleveland et al.
(2003). Finally, the authors found substantially lower soil carbon, microbial biomass,
and total enzyme activities under traditional maize cultivation, all of which generally
increased under improved fallow management. Using a complex suite of methods and
study sites, Bossio et al. (2005) found that the microbial community shifted with dif-
ferent soil types and land-uses, but overall levels of microbial diversity were similar
among land uses. Shifts in activity or functions of the microbial community were
closely linked to management practices, but showed less specificity than measures of
microbial community structure. This study reiterates the important influences of land-
use change and management practices on soil microbial communities in the tropics.
This study by Bossio et al. (2005) is the only study we are aware of that focused on
soil microbial communities in tropical Africa. Clearly, there is a need for more studies
on this continent with its vast tropical forest reserves and rapid de-forestation.

India. India is unique among the other tropical regions examined in this literature
review in that it has had a high population density exerting pressure on the land
since at least the nineteenth century (Rudel 2005). While pristine tropical forests
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are being newly encroached upon and exploited in Amazonia, Africa, and parts
of Southeast Asia, tropical forests in India have been de-aforested and fragmented
in response to poverty and anthropogenic pressures for over a century. As a result,
in the 1980s, only 2% of India’s land area contained primary forest, with much
of the remaining land consisting of cutover and degraded forests. The government
responded by establishing forestry management plans and intensive re-forestation
efforts, resulting in a slight increase (38 ha year™) in forested area from 1990 to
2000 with 72% of India’s forests under management plans. Not surprisingly, the
majority of soil microbiology studies in the tropical forested regions of India
have examined the effects of land conversion and management practices on soil
microorganism populations. Changes in microbial biomass under different land
uses have been researched intensively in India and studies have generally shown
that microbial biomass declines upon conversion from primary forest (Srivastava
and Singh 1991; Basu and Behera 1993; Singh and Singh 1995; Behera and
Sahani 2003). However, no studies in India were found that explored shifts in
microbial community structure upon land-use changes using culture-independent
methods (PLFA or molecular methods), while one study was found that investi-
gated differences in microbial enzyme activities between pristine forest and land
converted to tea plantations (Venkatesan and Senthurpandian 2006).

In the middle of the nineteenth century, the Western Ghats, a region in Southern
India, was covered with native tropical wet evergreen forests (FAO 2001; Kumara
et al. 2004). In the 1880s, private landowners cleared large tracts of this rainforest
and established tea plantations on the deeply weathered tropical soils, creating a
mosaic of plantations and primary forest (Venkatesan and Senthurpandian 2006;
Kumara et al. 2004). A study by Venkatesan and Senthurpandian (2006) examined
differences in microbial enzyme activities between these two land uses in the
Western Ghats. They sampled every 25 cm down the soil profile to 200 cm depth in
an effort to quantify microbial activities throughout the typical rooting zone of tea.
All enzyme activities (with the exception of protease) were detectable in the deepest
sampling depths, indicating an active microbial community in the subsoil. Veldkamp
et al. (2003) reported a similar result with measurable microbial respiration at 3 m
depthin tropical pasture and forest soils in Costa Rica. Venkatesan and Senthurpandian
(2006) found that acid phosphatase activities were highest in both tea and forest
soils, followed by alkaline phosphatase activities. At any given depth, urease activ-
ity was higher under tea plantations than under forest, and showed no significant
decline with depth under tea crops. The authors attributed this result to the continu-
ous application of urea used in plantation management. Aryl sulfatase activity was
considerably higher in the top 50 cm of the tea plantation than the forest, below
which the forest had consistently higher aryl sulfatase activity. Generally, Venkatesan
and Senthurpandian (2006) summarized their findings of enzyme activities and
attributed observed patterns to organic matter content and beyond this provided
little insight into their results. Thus, data are presented, but lack an ecological con-
text, which is a common shortcoming in soil microbiology. The enzymatic patterns
observed by Venkatesan and Senthurpandian (2006) were generally irregular with
no distinct conclusion to be drawn between types of cover. However, they overlooked
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that all enzyme activities were greater below 150 cm in the forest than the tea planta-
tions (with the exception of urease). This may be attributed to the deeper rooting
patterns of tropical wet evergreen forests that extend well below the 2 m zone of
tea plantations. This study is important because of its focus on microbial activity
with depth in the tropics, a relatively unknown realm of study (Veldkamp et al.
2003). However, further studies of depth that include determinations of microbial
community structure along with measures of activity are needed in order to arrive
at ecologically meaningful interpretations of ecosystem functioning.

Pacific Southeast Asia and Oceania. The tropical forests of the Southeast Asian Pacific
and Oceania have some of the highest reported levels of biodiversity in the world (FAO
2001; 2005; Myers and Mittermeier 2000). However, recent estimates have shown
that Pacific Southeast Asia retains only 3-15% of its primary vegetation, while
Oceania, including New Caledonia and Polynesia/Micronesia, preserves 22—-28% of its
original vegetation (Myers and Mittermeier 2000). Indonesia lost almost 1.9 million
hectares per year from 2000 to 2005, the second largest annual net loss of forest behind
Brazil (FAO 2005). Conversely, from 1990 to 2000, New Caledonia and French
Polynesia, two countries considered in this review, had no net loss of tropical forests.
De-forestation in Southeast Asia results primarily from logging and the timber trade
(Laurance 1999; FAO 2001). Similar to the tropical forests in Africa, the forests of
Southeast Asia and Oceania have few studies of soil microorganisms and ecosystem
functioning (Waldrop et al. 2000; Amir and Pineau 1998; Krave et al. 2002).

On the island of Java, Indonesia, nearly all primary tropical forests have been
harvested and today approximately 50% of the forest is has been converted to pine
plantations (Krave et al. 2002). A study by Krave et al. (2002) investigated seasonal
influences (wet and dry season) on soil bacterial communities in Javanese Pinus
merkusii plantations. Their objective was to achieve a better understanding of nutri-
ent cycling and so improve plantation management. They sampled litter, duff,' and
mineral soil samples during successive dry and rainy seasons and then used DGGE
analysis of 16S rRNA to assess bacterial community structure. They found that
each layer of forest floor and mineral soil had significantly different physical and
chemical properties, including organic matter content, and the bacterial communi-
ties were stratified accordingly. Moisture content, pH, and nitrogen levels of the
three forest layers changed significantly with season, but bacterial communities in
the duff and mineral soil were not influenced. Only the litter microbial communities
varied with season. Similarly, Carney and Matson (2006) found that season did not
influence the composition of soil microbial communities in Costa Rica. Krave et al.
(2002) constructed a clone library for one litter sample taken in the wet season and
found that it contained high levels of bacterial diversity. Proteobacteria (specifi-
cally Rhizobium-Agrobacterium) and Gram-positive bacteria with high G+C
content dominated the profiles. Rhizobium-Agrobacterium was reported in the study
of Hawaiian soils by Niisslein and Tiedje (1998) and Gomez-Alvarez et al. (2007),

'Duff: the layer of partially and fully decomposed organic materials lying below the forest flar
litter and immediately above the mineral soil.
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but was not documented in phylogenetic analyses of tropical soils by Borneman
and Triplett (1997) and Niisslein and Tiedje (1999). Overall, this study suggests
that microbial communities in duff and mineral soil are better buffered from
seasonal changes than litter microbial communities, and each layer harbours a
distinct community of considerable diversity.

Another study of tropical soil microbial communities in the Southeast Asian Pacific
was conducted by Amir and Pineau (1998) in New Caledonia using culture-dependent
methods to identify microbial community structure and culture-independent meth-
ods to assay microbial activity. Approximately one third of New Caledonia is
underlain by ultramafic outcrops. Soils weathered from ultramafic rock, often also
referred to as ultrabasic or serpentine soils, pose special challenges for plant growth
and survival. These rocks and their resulting soils are characterized by high levels
of metals (e.g. nickel, cobalt); low levels of nitrogen, phosphorus, and potassium;
high levels of magnesium with low calcium; and low soil moisture (Walker 1954;
Proctor 1999; Brady et al. 2005). Ultrabasic outcrops often have poor productivity
and contain many endemic species that are specially adapted to the potentially toxic
levels of magnesium and other metals (Walker 1954). Most ultramafic outcrops are
exposed in orogeny (mountain-building) zones and are rare, occupying approxi-
mately 1% of the Earth’s surface (Proctor 1999). In New Caledonia, many ultrama-
fic outcrops have been mined for nickel and revegetation efforts are underway to
reclaim land degraded by mining activities (Amir and Pineau 1998). Amir and
Pineau (1998) examined soil microorganisms in a series of ultrabasic soils that
varied in vegetative cover (e.g. bare ground, cluster of vegetation and crop cover)
to investigate methods for improving soil fertility on reclaimed lands. Soil micro-
bial populations were estimated using dilution plate counts (a culture dependent
method) and microbial activity was estimated using the fluorescein diacetate (FDA)
hydrolysis test (a culture-independent method). The authors found that microbial
populations and activity in New Caledonian ultrabasic soils were lower than other
estimates reported in studies of nonserpentine soils. These low numbers were attrib-
uted to minimal organic matter contents in the ultrabasic soils. Actinomycetes were
the predominant bacteria, accounting for 70-90% of the total culturable microor-
ganisms, and two very common culturable fungal families, Tuberculariaceae and
Dematiaceae, were absent. The authors suggest these results may be related to the
metal tolerance of these microbial groups. The ultrabasic soils varied widely in
microbial characteristics depending on the level of root colonization of soil, with
the highest biomass and activity under vegetation and the lowest values on bare
uncolonised ground. Cropping appeared to affect microbial communities positively,
as bacterial and fungal diversity increased under cultivation. The authors caution
that their results are difficult to compare with other soils because of the uniquely
extreme conditions of ultramafic outcrops. Amir and Pineau (1998) provided pre-
liminary information about soil microbial communities in tropical ultrabasic soils,
but more comprehensive studies using culture-independent methods are needed
along with further studies of microbial function.

A further study in Oceanic tropical soils used enzyme activity assays and
BIOLOG along with PLFA to investigate responses of the soil microbial community
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to land-use conversion from primary forest to pineapple plantations in Tahiti
(Waldrop et al. 2000). Researchers found that conversion to plantation agriculture
increased soil acidity and decreased carbon content, and accordingly soils had
one quarter of the microbial biomass of forest soils. Soil microbial communities
were significantly different between primary forest and plantations, with greater
relative abundances of fungi and actinomycetes in plantation soils. BIOLOG did not
show differences between forest and plantation treatments. This contrasts with the
hypothesis presented by Carney and Matson (2005) in their study of the effects of
plant diversity on soil microbial communities in Costa Rica where they suggested
that under less diverse vegetative cover (e.g. plantation) soils have lower diversity in
their degradative abilities. Waldrop et al. (2000) further found that enzyme activities
were similar between forest and plantation soils, with the exception of B-glucosidase
and sulphatase enzymes. However, the pineapple plantations are managed distinctly
from other crops and every 5 years the entire pineapple crop is cut down and incor-
porated into the soil, ‘resetting’ the system with organic matter input. Thus, pine-
apple plantations may have carbon inputs comparable to natural forests, resulting in
similar microbial community enzyme activities between forest and plantation soils.
Similarly, Venkatesan and Senthurpandian (2006) found no discernible differences
in enzymatic patterns (with the exception of urease) between tea plantations and
tropical forest soils in India. Relating microbial community composition to function,
Waldrop et al. (2000) were able to correlate specific enzyme activities (total activity
divided by microbial biomass) and relative abundance of specific indicator lipids.
They found B-glucosidase and B-xylosidase, enzymes used to degrade simple carbon
compounds, were correlated with Gm—, fast-growing bacteria that metabolize simple
sugars. Thus, the authors successfully deduced the function of a member of the soil
microbial community, lending insight into its role in ecosystem functioning. This
study by Waldrop et al. (2000) confirmed that land-use change in the tropics alters
soil properties and soil microbial communities. Further, it provided a successful
interpretation of microbial structure and function, achieving a major goal of tropical
ecology (Bawa et al. 2004).

Conclusions: Old World Tropics

These studies of soil microbial communities were as varied as their locations. They
examined the effects of soil type and land-use in Africa (Bossio et al. 2005); micro-
bial activity through depth in tea plantations and tropical forests in India; wet and dry
seasons on litter and mineral soil in Java (Krave et al. 2002); vegetative cover in New
Caledonia (Amir and Pineau 1998); and conversion from primary forest to pineapple
plantations in Tahiti (Waldrop et al. 2000). Perhaps the best collective conclusion
from these five studies of the tropics is that little research has been done in this vast
region of the world concerning soil microbial communities and ecosystem function-
ing. Clearly, there is a huge range of diversity of soils and land uses in the tropics, and
many questions concerning ecosystem functioning remain to be answered.



2 The Microbiology of Natural Soils 47

Wetlands

Wetlands are transient or permanently saturated terrestrial habitats. The term
wetland has been applied to freshwater marshes, bogs, peatlands and swamps (EPA
2004). It also encompasses coastal areas such as salt marshes and mangroves (Shaw
and Fredine 1956). This excessively broad definition has long hampered our
understanding of these ecosystems and its inhabitants. Overall wetland ecosystems
comprise a small proportion of the earth surface (at least 9% by some estimates
[Ramsar Convention Secretariat 2007]), yet their contribution to biochemical
cycles, water cycle (as source and filter), and the maintenance of species richness
overshadow that of other larger terrestrial environments (Basu and Behera 1993).
Additionally, wetlands are used by humans for water, flood control, fiber, food, and
recreation. The services delivered by wetlands have been arguably valued at US$14
trillion annually (Ramsar Convention Secretariat 2007). Worldwide, wetlands have
long been underappreciated and drained. Wetland loss and degradation has primar-
ily been driven by land conversion for agriculture, infrastructure development,
water extraction for irrigation or drinking water, eutrophication and pollution and
over-exploitation (Ramsar Convention Secretariat 2007). Climate change is
expected to exacerbate the loss and degradation of wetlands, both through drying
out and resulting shifts in precipitation (Ramsar Convention Secretariat 2007).

Wetland ecosystems link terrestrial, aquatic, and biosphere level processes
through their contribution to biogeochemical cycles and global climate change
(Fig. 2). This includes interactions between environmental, hydrological and biotic
processes. Among these the physical processes, e.g. hydrology, have been studied
in more detail than the biotic processes. A recent review of wetland microbial com-
munities by Gutknecht et al. (2006) notes that research in wetland biogeochemistry
has most often been focused on microbially-mediated processes (e.g., methanogen-
esis, denitrification and methanotrophy), and less often on microbial communities
or on populations of specific microorganisms of interest (Fig. 3). Work to date
indicates an important process level role for hydrology and soil nutrient status. The
impact of plant species composition on processes is potentially critical, but is as yet
poorly understood.

Research on microbial communities in wetland soils has primarily focused on
anaerobic bacteria responsible for methanogenesis (production of methane gas), deni-
trification and sulfate reduction (Gutknecht et al. 2006). There has been less work on
taxonomic groups such as those responsible for nitrogen fixation, or aerobic processes
such as nitrification. While less well known, it is also possible that aerobic organisms
such as nitrifiers and methanotrophs may play an important role in wetland ecosystem
functioning.

Work on general community composition and on wetland mycorrhizal fungi is
particularly sparse. Despite longstanding conventional wisdom that says fungi are not
abundant or important in wet systems, it has now been demonstrated that mycorrhizal
fungi are often abundant in wetlands (Mentzer et al. 2006) and may play a significant
role, and mycorrhizal association was the focus of a recent review (Anupam 2003).
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Fig. 2 Wetland structure. Water table height, depth from surface, and distance from plant roots
create oxic to anoxic gradients. The result is a complex interplay between anaerobic and aerobic
conditions that allows for a wide range in processes to occur in wetland soils

While arbuscular mycorrhizas (AMF) can be found at all levels along moisture
gradients from dry to excessive moisture, abundance may decrease under very high
water content (Miller and Bever 1999). In particular, AMF species accustomed to dry
environments may be very sensitive to high water levels, indicating that water level is
an important factor in AMF colonization. Mycorhizzal community composition is
also likely sensitive to plant community structure (Gutknecht et al. 2006).

The most conspicuous effect of alterations to a wetland habitat is perhaps the
drastic change in vegetation composition and structure. Wetlands habitats receive
high levels of pollution (i.e. nitrogen, phosphorus and pesticides) as runoff and
ground water from agricultural activities and human settlements, which has contrib-
uted to their high susceptibility to invasive species (Zedler and Kercher 2004), and
a high proportion of local extinctions. Invasions alone could bring in drastic
changes in vegetation composition and litter chemistry, which ultimately influence
soil processes. Over a span of decade to centuries, changes at plant and microbial
levels would influence ecosystem properties such as geomorphology, hydrology,
biochemistry and disturbance regime (Gordon 1998). Although invasive species are
spreading rapidly in wetland habitats at local and global levels (Zedler and Kercher
2004), their current impact in nutrient cycling and soils processes are not well



The Microbiology of Natural Soils 49

Water table
y 2

Soil type

alaydsowie

10 |10S 0] 8sB8jal JUBWS|]

““v

PH =P Redox Conditions

Microbial

‘Illlllllllll..

Substrate Availability

(e.g. Fe, S, NO3-) \

Carbon —=——

Availability ;T | Community
Function

T Microbial

Community
Structure

Fig. 3 Relationships among controls over wetland ecosystem microbial communities and ele-
ment cycling. Arrows indicate relationships, and width of arrows indicates relative importance of
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understood (Windham and Ehrenfeld 2003). One study has shown that different
levels of an aggressive wetland invader (reed canary grass, Phalaris arundinacea)
do differentially impact the microbial community, affecting both biomass and the
structure of the biota (Kao-Kniffin and Balser 2007).

In recent years the value of wetlands has been increasingly recognized. The
cost associated with constructing and restoring wetlands contributes to this

appreciation.

Soil Microbial Communities and Changing Agricultural
Management Regimes

Humans have converted one-quarter of the Earth’s surface to cultivated systems,
largely by changing native ecosystems to arable lands within the past 50 years
(Millennium Ecosystem Assessment 2005). Agricultural expansion and intensifica-
tion is likely to accelerate as the world human population grows, and soil functions
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at all levels will be affected, including the structure and functions of soil microbial
communities. An important area of study is community-level responses to land-use
changes rather than effects particular species or groups such as arbuscular mycor-
rhizal fungi or nitrogen-fixing bacteria, which are well known to play key roles in
agroecosystems.

It is well established that the conversion of native ecosystems to agricultural uses
can strongly affect microbial community structure, composition and diversity. For
example, conversions of tropical forest to plantations (Waldrop et al. 2000) have been
found to engender distinct soil microbial community structures, and agricultural
intensification has been reported to decrease microbial diversity (Steenwerth et al.
2006). Additionally, the type of land management practices used in agroecosystems
also affects microbial community structure and function through a variety of differ-
ent mechanisms. Numerous studies have documented changes in microbial com-
munity structure resulting from physical disturbance, especially tillage (Frey et al.
1999; Guggenberger et al. 1999). Tillage represents a severe disturbance to fungi by
severing hyphal connections. However, no-till systems favour the development of
fungi as compared with bacterial community components (Minoshima et al. 2007;
Kennedy and Schillinger 2006). Conversions to agriculture and attendant cultivation
practices also alter microbial communities through changes to temperature, soil
moisture (through irrigation and alteration of soil structure), and other physical
parameters.

Land-use changes alter soil microbial community structure through changes in
carbon availability and quality, pH (Cookson et al. 2007), nutrient availability, or
other chemical parameters. For example, studies comparing agroecosystems and
natural systems report that adding nitrogen decreases the relative abundance of
fungi by comparison to bacteria (Bradley et al. 2006; Bardgett et al. 1999). Seghers
et al. (2004) found that nitrogen fertilizers decreased populations of methanotrophs
and root endophytes in the bulk soil microbial community. They also found
differential effects of organic fertilizers versus inorganic, which was consistent with
other studies. For example, Wander et al. (1995) (Cookson et al. 2007) reported that
manure-amended plots showed less diverse populations of microorganisms than
cover cropped soil, but that microbial biomass was more metabolically active
(Wander et al. 1995). Ulrich et al. (2008) found that manure applications led to an
increase in the population densities of cellulytic bacteria within the soil microbial
community (see chapters elsewhere in this book). Fungal-to-bacterial ratios are
commonly measured as indicators of microbial community structure, and the
relative proportions of fungi are increased by no-till practices, crop rotations, and
use of cover crops (Six et al. 2000).

In addition to physical disturbance effects, alterations in vegetation, plant
diversity and species-specific plant traits can cause changes in aboveground litter
quantity and quality, and belowground root dynamics. However, alterations in
vegetation tend to cause idiosyncratic effects of particular plant species or par-
ticular functional traits, and it is difficult to draw more generalized patterns
(Porazinska et al. 2003). The effects on plant litter quality and quantity, in
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particular, become limiting factors to microorganisms, and thus species-specific
differences in plant litter can affect microbial community structure and function
(Wardle et al. 2004).

Effects may persist for many years and decades after a given land-use has stopped
(Steenwerth et al. 2006). For example, Fraterrigo et al. (2006) (Ulrich et al. 2008)
found long-term microbial alteration in forest stands that had been cultivated but not
logged. Fungal markers, especially, were lower in previously cultivated sites, suggest-
ing that fungi may need extensive periods of time to recover from agriculture
(Fraterrigo et al. 20006). Spiegelberger et al. (2006) found changes in the microbial
community due to lasting pH changes resulting from liming 70 years after agricul-
tural abandonment (Spiegelberger et al. 2006). Evidence is beginning to accumulate
that the history of land-use can leave significant legacies in the soil microbial com-
munity, ultimately influencing successional dynamics of future plant communities
(Kardol et al. 2007) and hence, providing a mechanism by which changes due to
agricultural management practices may persist.

Conclusion

This chapter has discussed studies of soil microbial communities in the tropics,
highlighted the importance of wetland communities, and reviewed potential
agricultural impacts on soil microbial communities. We have explored general
patterns in microbial communities, and within communities in these systems in
particular. Overall, the complexity of soil microbial communities pose a challenge
that has limited the number and power of studies. The recent emergence of new
methods is beginning to supply much-needed information, but connecting the func-
tion and identity of microbes remains a key research area. Major human impacts
have altered both wetland and tropical ecosystems, which are rapidly diminishing.
Studies have focused on pasture conversion effects in the tropics and reveal a diver-
sity of microbial life underground, and the functional and structural changes
brought with such conversion. Wetland systems experience strong fluctuations in
environmental and biotic conditions. Recent research points to the sensitivity of the
microbial community to both hydrology and plant structure. Finally, agricultural
regimes strongly impact the soil microbial community and its functions, in particu-
lar decreasing fungal biomass and overall microbial diversity. These changes in
belowground community can be persist on the order of decades, even when the
aboveground community shifts.
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