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�Introduction

Regardless of how soil is defined, soils are the most diverse 
of all ecosystems. It is estimated that 25–30% of all species 
on Earth live in soils for all or part of their lives (Decaëns 
et al. 2006). A single gram of soil is estimated to contain 
1 × 109 microorganisms, roughly the same population size 
as the number of humans in Africa (Microbiology by 
Numbers 2011). That same gram of soil likely contains 
4000 species. They are only one part of a larger food web, 
however, that includes roundworms (phylum Nematoda), 
springtails (order Collembola), and other fauna (Fig. 5.1). 
The soil fauna has equally astounding numbers (e.g., 
40,000 springtails in 1 m2). Soil organisms, ranging from 
microbes to moles (family Talpidae), promote crop growth 
and livestock production (Barrios 2007; Kibblewhite et al. 
2008), produce antibiotics (Wall et al. 2015), control nutri-
ent loads in surface soils and groundwater (De Vries et al. 
2011), and regulate greenhouse gas emissions (Singh et al. 
2010).

Understanding the processes governing soil community 
size and composition and the functional implications of 
biodiversity is challenging. Many microorganisms and soil 

animals utilize the same carbon (C) sources and mineralize 
at least a portion of that C to carbon dioxide (CO2), but 
within any soil ecosystem, specialized organisms break 
down lignin, transform nitrogen (N)-containing molecules, 
and produce methane (CH4). Few studies have systemati-
cally tested the role of biodiversity in maintaining both 
general and specialized functions, however. One study 
reported a loss of N cycling functions when microbial bio-
mass was experimentally decreased using heat (Philippot 
et  al. 2013b), but less drastic changes may also result in 
functional shifts undetectable with some of our current 
measurement methods, such as soil enzyme assays (Burns 
et  al. 2013) or gas fluxes. Disturbance, development, and 
climate change may impact the functional capacity of for-
est and rangeland soils, but currently we have little infor-
mation on the resistance and resilience of soil communities 
under these scenarios (Allison and Martiny 2008; Coyle 
et al. 2017) (Box 5.1).

Several studies have reported changes in soil biodiver-
sity following disturbance. For example, bacterial diversity 
has been observed to increase in intermediate-aged soils 
created by glacial retreat (Sigler and Zeyer 2004) and land 
uplift (Yarwood and Högberg 2017), and mature soils typi-
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cally contain more soil fauna, a phenomenon explained by 
the intermediate disturbance hypothesis (Connell 1978; 
Huston 2014). Soil detritivores also follow a successional 
pattern as plant litter decomposes, and such fine-scale tem-
poral succession likely contributes to the high diversity 
found in soils (Bastow 2012). Both conditions highlight the 
importance of site legacy and temporal change on deter-
mining species richness. This begs the question: How do 
we interpret the majority of studies that have only exam-
ined the soil biota at a single time point?

To add another level of complexity, methods used to exam-
ine the soil community have changed, and new methods have 
been adopted for several decades. Following a long history of 
culture-based and microscopic approaches, the use of bio-
markers such as lipids and nucleic acids has now become com-
monplace. The use of high-throughput sequencing technology 

Fig. 5.1  Soil organisms are 
linked together in a multi-
trophic food web. (Illustration 
by S. Yarwood, University of 
Maryland)

Box 5.1 Resistance and Resilience
Predicting how the community will react to distur-
bance requires information on both the resistance and 
resilience of the community. Resistance refers to the 
level of disturbance that a community can withstand 
before it is altered by the disturbance. In this case, pre-
disturbance and postdisturbance measurements along 
a gradient, such as a fire intensity gradient, can be used 
to develop the metric (Cowan et al. 2016). A number of 
studies have been conducted on soil resistance 
(reviewed in Griffiths and Philippot 2013). Measuring 
resilience, however, is more complex. Resilience is 
defined as the rate at which a community returns to its 
original state following disturbance (Allison and 
Martiny 2008). Whereas resistance can be measured 
between two time points, resilience requires monitor-
ing beyond the disturbance event for an often-unspeci-
fied timeframe. A disturbance may also lead to a new 
stable state that may even be functionally similar to the 
predisturbance condition, but this too is difficult to 
determine (Shade et al. 2012).

The large amount of functional redundancy (high 
biodiversity) of soils is thought to contribute to both 
resistance and resilience, but there are a number of 
studies that have observed sensitivity of the soil com-
munity to disturbance (Shade et  al. 2012). Whether 
community changes lead to a change in function is 

largely unknown, but one model suggests that under-
standing a loss of biodiversity requires not only under-
standing the functions of the ecosystem under the 
environmental conditions that existed at the time of 
disturbance but also understanding how the commu-
nity functions under different environmental condi-
tions (Fetzer et  al. 2015). In other words, a loss of 
biodiversity may not have immediate impacts on func-
tion, but changes may alter the functional capacity of 
the soil and affect the response when environmental 
conditions change.
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to sufficiently capture soil biodiversity has only existed for the 
last decade, however, and easily accessible computational 
tools to analyze these data are still being developed. Trying to 
reconcile observations made using different methodologies 
continues to be challenging but will hopefully become easier 
as the soil ecology community pushes for increased consis-
tency through the Earth Microbiome Project, the Global Litter 
Invertebrate Decomposition Experiment (GLIDE) (Wall et al. 
2008), and other initiatives.

Many emerging studies of soil biodiversity, particularly for 
microorganisms and microfauna, target DNA (deoxyribonu-
cleic acid) to capture the full community. However, this 
approach can also be problematic because of dormancy. At 
any time, 25–50% of all detected cells in soils may be dormant 
(Lennon and Jones 2011), and DNA includes both active and 
inactive communities. Aside from dormancy, there is also a 
growing recognition that soils contain extracellular relic DNA 
(Carini et al. 2016; Dlott et al. 2015). Relic DNA complicates 
our understanding of the current communities because it 
simultaneously reflects current conditions as well as legacy 
conditions. In the case of relic DNA, treating soils with DNAse 
before extractions may eliminate this inactive pool (Lennon 
et al. 2017), but this is not commonly done. It should also be 
noted that relic DNA can be used to study soil animals such as 
earthworms (Ficetola et al. 2015). It is likely that relic DNA 
and inactive cells have hampered efforts to connect the bio-
logical community to targeted functions. At the end of the 
chapter, we will discuss other emerging methods that may pro-
vide better insights into structure-function relationships.

Before discussing new methods, this chapter will intro-
duce the various groups that compose the soil community, 
with emphasis on the known trends for each group of organ-
isms in the forest and rangeland soils of the United States. 
These patterns will be discussed while acknowledging this 
caveat: All methods used have limitations and underlying 
assumptions that might not be met, and it is difficult to com-
pare between studies that use different methods. After intro-
ducing the groups, we consider properties of the soil habitat 
that impact soil organisms, such as soil texture and plant 
communities. We will also discuss the likely impact that 
periodic disturbances (e.g., from fire or invasive species) 
and long-term climate changes have on soil biology. Finally, 
we will consider the future of forest and rangeland soil biol-
ogy, highlighting emerging methods and long-term studies 
that promise to deepen our knowledge of soil biodiversity.

�Major Groups of Soil Organisms

�Viruses

Viral particles vary greatly in abundance across ecosystems; 
only a few hundred viruses were counted in hot desert soils, 
but forests and wetlands can contain 109 viruses per gram 

dry weight (Kimura et al. 2008). Current knowledge of soil 
viruses is scarce, with only a handful of studies enumerating 
and characterizing them. Most of the literature describes 
soil viruses as bacteriophages, in part because bacteria are 
numerous in soils and because bacteriophages have been the 
target of most studies. Currently there are only about 2000 
described soil viruses, a number too low to generate confi-
dence in any prediction of diversity (Williamson et  al. 
2017). In aquatic systems, 10–50% of bacterial cell lysis is 
due to viruses, but their impact on bacteria and other soil 
populations is uncertain and needs more study (Williamson 
et al. 2017).

�Bacteria and Archaea

Prokaryotes are the most abundant cellular organisms in 
soil and represent much of the DNA diversity on Earth 
(Table  5.1). Bacteria substantially outnumber archaea in 
terrestrial ecosystems, including forest soils, where archaea 
only account for 2% of the community (Bates et al. 2011). 
In both forests and grasslands, the dominant archaeal 
groups match putatively identified ammonia oxidizers 
(Bates et al. 2011), suggesting that their contribution to soil 
function may be narrowly defined. In contrast, bacteria 
include a wide range of functional groups: chemohetero-
trophs, chemoautotrophs, and photosynthetic cyanobacte-
ria (Fig. 5.2f). Particularly in arid rangelands, cyanobacteria 
are important in biological soil crusts (Briske 2017) (Box 

Table 5.1  Estimated diversity and abundance of soil organisms. These 
estimates should be considered preliminary, as most soil species have 
not been described

Taxon
Diversity per amount 
of soil or area

Abundance 
(estimated)

Prokaryotes 100–9000 4–20 × 109 cm−3

Genome 
equivalents cm−3

Fungi 200–235 100 mg−1

Operational 
taxonomic units g−1

Arbuscular mycorrhizal 
fungi AMF (species)

10–20 m−2 81–111 m cm−3

Protists 600–4800 
sequences g−1

104–107 m−2

Nematodes (genera) 10–100 m−2 2–90 × 105 m−2

Enchytraeids 1–15 ha−1 12,000–
311,000 m−2

Collembola 20 m−2 1–5 × 104 m−2

Mites (Orbatida) 100–150 m−2 1–10 × 104 m−2

Isopoda 10–100 m−2 10 m−2

Diplopoda 10–2500 m−2 110 m−2

Earthworms 
(Oligochaeta)

10–15 ha−1 300 m−2

Modified from Bardgett and van der Putten (2014), which includes 
additional references

5  Forest and Rangeland Soil Biodiversity



78

5.2, Box figs. 5.1 and 5.2). Although major bacterial phyla 
such as Acidobacteria, Proteobacteria, and Verrucomicrobia 
are widely distributed in soils, there are also numerous can-
didate phyla with no cultured representatives (Youssef et al. 
2015) and unknown function. Many studies have focused 

on comparing compositional differences among soil types. 
In the case of both archaea and bacteria, soil pH has been 
found to correlate to community composition across differ-
ent types of ecosystems (Fierer et al. 2009). Although soil 
characteristics such as pH, mineralogy, and texture appear 

Fig. 5.2  Soil is home to more than 25% of the Earth’s total biodiver-
sity, including (a) slime molds (protists), (b) earthworms (Oligochaeta), 
(c) termites (Blattodea), (d) nematodes (Nematoda), (e) springtails 
(Collembola, Dicyrtoma fusca var. rubrocula), (f) bacteria, and (g) mil-
lipedes (Myriapoda) and mushrooms (fungi, genus Chlorophyllum). 

(Photo Credits: (a) Creative Commons, Stu’s Images; (b) Creative 
Commons slappytheseal; (c) M.  Bertone; (d) D.  Robson; (e) 
V. Gutekunst; (f) P. Turconi/Fondazione, Istituto Insubrico di Ricerca 
per la Vita; and (g) A. Harrington. All images used with permission)
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to be most important in influencing bacterial composition, 
shifts in species composition of vegetation communities 
have been correlated with shifts in microbial communities 
in some forest soil comparisons (Urbanová et  al. 2015; 
Uroz et al. 2016).

�Fungi

Across all soil types, fungi include both unicellular yeasts 
belonging to several taxonomic groups and filamentous 
species, the largest of which span 9.6 km2. Because of vis-
ible fruiting bodies, forest fungi have been studied for cen-
turies, but the links between their aboveground and 
belowground structures have only been investigated for a 
few decades. Both fruiting body collections and more 
recent DNA analyses have helped to highlight the impor-
tance of plant communities in shaping fungal communities. 
An estimated 25% of all C in boreal forest soils is due to 
fungal biomass (Högberg et  al. 2011), most of which 
belongs to mycorrhizal fungi. The types of mycorrhizal 
fungi vary between ecosystems, however, with boreal and 
tundra systems dominated by ectomycorrhizal (EM) and 
ericaceous mycorrhizae, respectively. The coniferous for-
ests of the Pacific Northwest are also dominated by EM 
fungi, some of which produce hyphal mats that can cover 
40% of the forest floor (Kluber et al. 2010). Unlike plant 
biodiversity that increases with decreasing latitude, the 

Box 5.2 Biological Soil Crusts
Biological soil crusts develop where various combina-
tions of diminutive bacteria, cyanobacteria, algae, non-
lichenized fungi, lichens, bryophytes, and similar 
microorganisms occupy the surface and the upper few 
millimeters of the soil (Box  Figs. 5.1 and 5.2). 
Historically, they have been called cryptobiotic, cryp-
togamic, microbiotic, microfloral, microphytic, or 
organogenic crusts. Biological soil crusts and the 
organisms that are part of the crust can be present 
individually or as consortia in a wide range of ecologi-
cal, successional, and climatic conditions when and 
where disturbance or aridity, or both, has limited vas-
cular plant cover and resulted in opportunities for colo-
nization. However, they are most prevalent in arid and 
semiarid ecosystems where vascular plant cover and 
diversity are characteristically low, leaving large areas 
available for colonization by some combination of the 
organismal groups previously mentioned.

Crust organisms are distributed and dispersed glob-
ally in the atmosphere, and they are precipitated wher-
ever and whenever climatic and atmospheric conditions 
allow (Warren et al. 2017). They are found in all eco-
systems but are less represented in dense forests, grass-
lands, glaciers, and icecaps, where they seldom contact 
the mineral soil. The ecological roles of biological soil 
crusts are many and varied and include nutrient 
cycling, hydrology, and soil stabilization (Belnap and 
Lange 2001; Warren 1995; Weber et  al. 2016). Soil 
crusts also serve as an essential food source for proto-
zoans, nematodes, tardigrades, rotifers, mites, 
Collembola, and even larger arthropods and mollusks 
(Weber et  al. 2016). Given the thousands of species 
involved and their variety, abundance, diversity, and 
ecological roles, biological soil crust organisms play 

an essential role in the soil biodiversity of rangelands. 
Biological soil crusts and their ecological functions 
can be disturbed by a variety of factors, including live-
stock trampling (Warren and Eldridge 2001), off-road 
vehicles (Wilshire 1983), and fire (Johansen 2001), all 
of which are common on rangelands.

Box Fig. 5.1  Piece of soil crust with cyanobacteria dangling 
underneath. (Photo credit: Steve Warren, USDA Forest Service.)

Box Fig. 5.2  Surface of a cyanobacterial crust in a fine-textured 
soil. (Photo credit: Steve Warren, USDA Forest Service.)

5  Forest and Rangeland Soil Biodiversity
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opposite trend is true for EM (Tedersoo and Nara 2010). 
Hardwood forests and ecosystems dominated by herba-
ceous plants tend to host arbuscular mycorrhizal fungi 
(AMF). Unlike EM fungi, which are represented by numer-
ous species of basidiomycetes and ascomycetes, arbuscular 
mycorrhizal fungi are relatively closely related, and all 
belong to the glomeromycetes.

Aside from symbiotic and mutualistic fungi, both sapro-
trophic and parasitic fungi shape plant communities and 
provide important ecosystem services. Lignolytic basidio-
mycetes are unique in their ability to degrade lignin and are 
visible in forests as white rot. Additionally, basidiomycetes 
and ascomycetes degrade cellulose, causing brown rot in 
fallen wood. Fungal pathogens can dramatically alter for-
ests, as evidenced by the death of 100 million elm trees 
(Ulmus spp.) in the United Kingdom and United States due 
to Dutch elm disease and the death of 3.5 billion chestnut 
trees (Castanea dentata) in the United States due to blight 
(Fisher et al. 2012). In addition to these historic outbreaks, 
numerous other pathogenic fungi are considered to be the 
cause of emerging infectious diseases. Since the early 
2000s, spread of the laurel wilt fungus (Raffaelea lauric-
ola) by the invasive redbay ambrosia beetle (Xyleborus gla-
bratus) has led to widespread mortality of redbay (Persea 
borbonia) and other native trees in the Southeastern United 
States. Molecular techniques are an increasingly important 
tool for studying fungi, including both their mutualistic 
relationships and for pathogen tracking. Soil fungi are not 
well represented in public sequence databases, however, 
and it is typical to have one-third of fungal DNA sequences 
in a soil library match to unknown species (Smith and Peay 
2014).

�Protists

Protists are divided into seven key taxonomic groups: red 
and green algae (Archaeplastida), Amoebozoa, 
Opisthokonta, Stramenopiles, Alveolata, Rhizaria, and 
Excavata (Orgiazzi et  al. 2016). Within the Amoebozoa, 
slime molds are one of the better studied groups and have 
primarily been described in temperate forests (Fig.  5.2a). 
These organisms have complex life cycles that involve a 
great deal of social interaction. During reproduction, they 
create complex structures that are multinucleated and visi-
ble to the naked eye (Stephenson 2011). Although many 
protozoa feed on bacteria, there is evidence for selective 
feeding. The activities of protists are not commonly 
included in examinations of microbial community compo-
sition (Bonkowski et  al. 2009; Geisen 2016). Although 
larger bacteriovores such as nematodes eat patches of bac-
teria within the soil, protists often feed on single cells. 
Protists affect plant growth both directly and indirectly: 

directly by promoting N mineralization and indirectly by 
selective predation within the rhizosphere (Ekelund et  al. 
2009). Using stable isotope labeling, Crotty and others 
(2012) demonstrated the central role that amoebae have in 
the soil food web. When the researchers added labeled 
amoebae to both grassland and woodland soils, they were 
able to track that label into a wide variety of soil micro-
fauna and mesofauna species.

�Microfauna

Animals within the soils are divided according to size 
rather than on functional or taxonomic attributes (Coleman 
et al. 2018). The first grouping, microfauna, are less than 
0.1 mm in size and include tardigrades (phylum Tardigrada), 
rotifers (phylum Rotifera), and nematodes (phylum 
Nematoda) (Fig. 5.2d). Nematodes, also known as round-
worms, are ubiquitous and diverse with over 14,000 
described species (Kergunteuil et al. 2016) (Fig. 5.2d). Soil 
nematodes specialize on many food sources. Eight different 
nematode feeding strategies have been described and 
include feeding on bacteria, fungi, plants, and other nema-
todes (Orgiazzi et al. 2016). These feeding strategies mean 
that nematodes are often found in numerous trophic levels 
within the soil food web (Fig. 5.1), are important to C flow, 
and are a link between microbes and fauna. Nematode 
diversity has been observed to be greater in forests com-
pared with other ecosystems (Ettema and Yeates 2003), and 
forest age has a major effect on nematode communities and 
feeding channels (Zhang et  al. 2015). Nematode commu-
nity structure differs among tree species (Keith et al. 2009) 
and is affected by forest fire (Butenko et al. 2017) and graz-
ing (Wang et al. 2006). In turn, nematodes can alter the fun-
gal and bacterial communities (Blanc et al. 2006) and can 
enhance plant growth through increased N and phosphorus 
(P) mineralization (Gebremikael et  al. 2016). Studies of 
nematode communities in North America have largely 
focused on agricultural and grassland sites, but more 
research on nematodes in forests is needed to fill an impor-
tant knowledge gap.

�Mesofauna

Mesofauna in the intermediate size range of 2–20  mm 
includes pot worms or enchytraeids (family Enchytraeidae), 
mites (subclass Acari), springtails (order Collembola), cone-
heads (order Protura), two-pronged bristletails (order 
Diplura), and false scorpions (order Pseudoscorpionida). 
Mesofauna feed on bacteria, fungi, plant detritus, and micro-
fauna including nematodes, tardigrades, and rotifers. 
Enchytraeids are small segmented worms that feed primarily 

S. A. Yarwood et al.



81

on bacteria, fungi, and, to a lesser extent, dead plant material. 
They are smaller than earthworms and are important mem-
bers of soil communities in cold, wet ecosystems (Orgiazzi 
et al. 2016). Springtails are small arthropods with six legs and 
a short tube on their backside (cellophore) that aids in balanc-
ing fluids and electrolytes (Orgiazzi et al. 2016) (Fig. 5.2e). 
Springtails have been shown to preferentially feed on fungi 
and plants (Ruess et  al. 2007), including both saprotrophic 
and mycorrhizal fungi. Feeding on arbuscular mycorrhizae 
would presumably hamper plant growth, but a recent study 
suggests Collembola enhance plant growth by discouraging 
arbuscular mycorrhizal sporulation, which in essence main-
tains the fungi in an active growth state (Ngosong et al. 2014). 
Of the approximately 7000 species of springtails (Deharveng 
2004), some are found in a multitude of ecosystems and oth-
ers are specialists. Across forest types, springtail communi-
ties vary by tree species, with the largest differences observed 
between conifers and hardwoods (Sławska et al. 2017). There 
are many mite species that prey on other microarthropods in 
forests, including springtails and coneheads that can be used 
as biocontrol agents for some disease-causing microorgan-
isms and microfauna (Schneider and Maraun 2009).

�Macrofauna

The macrofauna group includes ants (family Formicidae), 
termites (order Blattodea), pill bugs or wood lice (order 
Isopoda), centipedes, millipedes, pauropods, symphylans 
(order Myriapoda), earthworms, beetles (order Coleoptera), 
and numerous insect larvae (Fig. 5.2b, c, and g). To belong 
to this group, animals must be larger than 2 mm.

Ants are ubiquitous and are valuable ecosystem engi-
neers, aerating soils and increasing drainage via their under-
ground galleries (Nemec 2014). Ant activity can also lead to 
an altered distribution of soil organic matter as some species 
bring subsoil material to the surface and bury organic mat-
ter, while other species transport large quantities of surface 
organic matter and fresh leaves into mineral soils (Orgiazzi 
et al. 2016). There are approximately 1000 species of ants 
native to North America (Miravete et  al. 2014), and it is 
likely there are a few hundred introduced ants that are 
mostly found in urban environments. Although most ant 
introductions appear to have little effect on forest and range-
land ecosystem, there are notable exceptions. The introduc-
tion of red fire ants (Solenopsis spp.) from South America 
into the Southern United States has decreased other inverte-
brate populations and hindered some bird populations, and 
their sting can cause blindness or death in livestock (Belnap 
et al. 2012). Fire ants have continued to spread across the 
Southern United States since their introduction in the 1930s, 
and this invasion is estimated to cost $1 billion annually 
(Pimentel 2014).

In a survey of eastern hardwood forests from Connecticut 
to Florida, 52% of all macroinvertebrates were ants and 45% 
were termites. Termites are the most numerous organisms in 
wood (King et al. 2013) (Fig. 5.2c). Like ants, termites are 
often thought of as a pest species, but termites are also the 
primary wood degraders in southern forests where they can 
consume 15–20% of newly deposited wood over 3  years 
(Ulyshen et al. 2014). Not only do they directly impact the 
decomposition rates of woody debris, but they also alter the 
bacterial and fungal populations (Ulyshen et al. 2014). Both 
ants and termites produce antimicrobial compounds that can 
suppress microbial activity in decaying wood. Ulyshen and 
others (2014) observed that wood decomposition proceeded 
at the same rate in wood where macroinvertebrates were 
present or absent, most likely due to the suppression of the 
microbial population. Little research has been done that 
looks at the link between macroinvertebrates and microor-
ganisms in forest and rangeland systems.

Earthworms are annelids (segmented worms) with the 
capacity to physically modify soils. For this reason, they 
are called ecosystem engineers. Earthworms have three dif-
ferent behavioral traits, depending on their preferred food 
source. Epigeic species live in leaf litter and consume fresh 
organic matter. Endogeic species live in the mineral soil 
and consume microbial biomass and other forms of organic 
matter within the soil matrix. Anecic species build perma-
nent burrows and mix leaf litter with mineral soil by pulling 
leaves from the surface into their burrows and by casting 
mineral soil around these leaves. Most earthworm species, 
to a greater or lesser extent, are responsible for bioturbation 
of surface soil layers, resulting in the mixing of surface-
deposited materials with mineral soil (Orgiazzi et al. 2016). 
Although many ecosystems in the unglaciated portions of 
North America contain native earthworm populations, the 
invasion of earthworms has dramatically altered some US 
hardwood forests (see Invasive Organisms Shape Soil 
Biodiversity section).

�Megafauna

Soil megafauna include mammals, reptiles, and amphibi-
ans. Moles (e.g., Scalopus aquaticus), voles (subfamily 
Arvicolinae, tribe Arvicolini), mice (Mus spp.), gophers 
(family Geomyidae), prairie dogs (Cynomys spp.), ferrets 
(Mustela putorius furo), and badgers (e.g., Taxidea taxus) 
are some of the most commonly known soil dwellers. These 
mammals dig in soil, altering the air and water flow through 
the soil. They may also pull food belowground, where other 
soil organisms may use it. Amphibians such as caecilians 
(order Gymnophiona) and salamanders (order Caudata) can 
live in or on soils and can have a major impact on dead 
plant litter decomposition.

5  Forest and Rangeland Soil Biodiversity
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Reptiles including turtles (order Testudines), tortoises 
(family Testudinidae), snakes (suborder Serpentes), and 
lizards (suborder Sauria) often lay eggs in soil, even if the 
adults primarily live aboveground (Orgiazzi et  al. 2016). 
Several species of snakes live in leaf litter or are weakly 
fossorial. These snakes prey on insects and other inverte-
brates, and the larger species prey on soil-dwelling mam-
mals such as voles, moles, and shrews. Some of the fossorial 
mammals (e.g., gophers and prairie dogs) are important 
belowground herbivores and can have significant impacts 
on plant productivity and plant community dynamics in 
ecosystems where they are abundant. In some cases, these 
animals can have a significant effect on local topography by 
building mounds that can persist for centuries. Moles are 
important soil-dwelling mammals that influence the aera-
tion of soil and also prey on multiple soil invertebrate 
groups (including large numbers of earthworms in some 
ecosystems). Their mound building activities are another 
important source of bioturbation when they are abundant.

�The Soil Habitat

�Texture and Aggregation

At the heart of the soil habitat lies a complex of structures, 
niches, and labyrinth-like networks of pores that vary 
across all spatial scales, from aggregates to land-
scapes, which helps to explain the unparalleled diversity of 
soil life (Young and Crawford 2004). One of the most fas-
cinating and challenging realities of studying soils is their 
heterogeneity. For example, aerobic and anaerobic pro-
cesses can occur in the same soil profile and can even take 
place simultaneously. Saturation can change within a few 

millimeters, and water can penetrate soil aggregates and 
create micro-anaerobic spaces in an otherwise well-drained 
soil. Not only are redox variations caused by water move-
ment, but biological hot spots can quickly deplete oxygen 
in micropores, leading to anaerobiosis (Raynaud and Nunan 
2014). Soil ecologists must constantly integrate the biolog-
ical community with abiotic soil conditions to understand 
what an organism is likely to experience in situ.

Soil texture and structure are foundational components 
of the soil habitat (Fig. 5.3). Texture refers to the particle 
size distribution of soil minerals (sand, silt, clay), and 
structure is the three-dimensional arrangement of minerals, 
organic matter, and pore spaces into aggregates of varying 
size (Wall et  al. 2012). Aggregate formation depends on 
soil organic matter, fungal hyphae, exudates, earthworm 
casts, roots, clay, and ionic bridging from metal ions 
(Bronick and Lal 2005). Categorizing microaggregates and 
macroaggregates (Six et al. 2000) provides a framework for 
understanding how the physical habitat affects soil biota. 
Microaggregates (20–50 μm) protect soil C from decompo-
sition and microbial biomass from predation (Li et  al. 
2016), and they support greater microbial diversity (Bach 
et al. 2018). Microaggregates are also physically stable due 
to strong binding and cementing properties, which make 
them resistant to disruption from natural and anthropogenic 
disturbance. Macroaggregates (>250 μm) are more loosely 
arranged and offer organisms less protection. They are also 
more easily disrupted by forest and rangeland disturbances 
(Li et al. 2016).

Pore spaces are the primary habitat for soil organisms 
(Fig. 5.3). Like aggregates, pore spaces differ in their size, 
function, and dominant organism types. Micropores 
(<0.15 μm) exclude nearly all organisms and retain water at 
tensions unavailable for root uptake. Mesopores (0.15–

 Fig. 5.3  A comparison of 
sizes of structures within soil
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30  μm) offer habitat for bacteria, fungi, and microfauna 
(e.g., protozoa, nematodes) and contain plant available 
water; macropores (>30 μm) are critical for gravitational 
water flow and provide habitat for fungal hyphae and meso-
fauna. Larger soil organisms (e.g., earthworms, ants, ter-
mites) serve as soil engineers because their movement 
requires pushing aside and mixing soil particles. Pore size 
distribution regulates how water, gases, nutrients, heat, and 
organisms move—and thrive—in soil (Wall et  al. 2012). 
Soil heterogeneity encourages hot spots of biological life 
and supports high functional redundancy (Wall et al. 2012; 
Wilhelm et al. 2017a). Organisms may be physically iso-
lated from adjacent predators or resource competitors, 
sequestered in the safety of small pores, or, alternatively, 
may be left to experience cosmopolitan life and death 
where sufficient pore size continuity exists. The arrange-
ment and total volume of pore space moderates the micro-
climate for soil organisms (Jury et al. 1991). Consequently, 
temperature fluctuations are greatest near the soil surface 
and are quelled with soil depth by the insulating effect of 
soil pores (Busse et al. 2010).

Generalizations about the soil physical habitat and its 
influence on soil biodiversity can be made. For example, 
coarse-textured sandy soils support organisms that are 
best adapted to moisture- and nutrient-limiting stresses. 
Finer-textured soils provide a greater variety of structural 
habitat, leading to comparatively high diversity of soil 
organisms. Generalizations are not always helpful, how-
ever, because of unpredictable interactions of the physi-
cal habitat with climate, topography, plant communities, 
time, and site disturbances. Consequently, inferences 
about habitat conditions and their relationship to forest 
and rangeland soil biodiversity are still unfolding and are 
best viewed on a site-by-site basis.

�Soil Chemistry

As primary minerals weather into clays, charged surfaces 
and cation exchange capacity increase. Soil organic matter 
sticks to mineral surfaces, and the accumulation of both 
clays and organic matter leads to increased hydrogen ions 
(H+) in soil solution. Numerous studies report that micro-
bial composition correlates to soil pH (Fierer and Jackson 
2006; Fierer et  al. 2009). Soil pH is determined by the 
many biochemical reactions and mineralogy of the soil 
(Fernández-Calviño et al. 2011). The relationship between 
the soil biota and mineralogy likely changes with ecosys-
tem age. It has been hypothesized that biology shapes min-
eralogy in early ecosystem development. For example, 
lichens secrete organic acids that solubilize minerals for 
nutrient acquisition. As the ecosystem ages, however, some 

nutrients are lost from the system, and such deficiencies 
restrict the biota (Brantley et al. 2011).

Minerals differ in their molecular composition and can 
be preferentially weathered by soil biota. The best-known 
examples of this weathering involve the actions of mycor-
rhizal fungi, which are capable of weathering P-containing 
minerals (Quirk et al. 2012). Bacteria can also colonize spe-
cific minerals. For example, bioleaching takes advantage of 
sulfate reducers that colonize minerals that contain iron (Fe) 
and sulfur (S) as a means to recover precious metals 
(Hutchens 2009). Although acquisition of nutrients in acidic 
forest soils has primarily been ascribed to mycorrhizal asso-
ciations, aerobic bacteria colonize minerals such as biotite, 
making Fe and P more plant available (Uroz et  al. 2009). 
Bioturbation of soil by animals can result in subsoils being 
brought to the surface where they are exposed to surficial 
weathering processes. Furthermore, the passage of soil 
through the earthworm gut results in a significant increase in 
mineral weathering rates (Carpenter et  al. 2007; Resner 
et al. 2011).

Heavy metals can also impact forest and rangelands. In 
forests they can alter the understory (Stefanowicz et  al. 
2016) and the soil biota (Tyler et al. 1989). There are about 
50,000 US locations that have metal concentrations higher 
than the normal range of 1–6.5  ppm (Bothe and Słomka 
2017). The United States spends $6–8 billion annually 
remediating metal-contaminated areas (Gall et  al. 2015). 
The patchy nature of effects of heavy metal concentrations 
and bioavailability make it difficult to track toxicity and 
quantify ecosystem effects. Laboratory-based studies have 
assessed bacterial toxicity levels, but they do not corre-
spond to in situ measurements (Giller et al. 2009). Impacts 
of heavy metals on the soil microflora usually include a 
decrease in microbial biomass and a shift in community 
composition (Gall et al. 2015), and although metals can be 
distributed across the soil food web, heavy metal tolerance 
varies greatly. For example, earthworms and oribatid mites 
appear sensitive to heavy metals, but springtails are more 
tolerant (Tyler et al. 1989).

�The Rhizosphere

The rhizosphere, the soil that surrounds and is influenced 
by a plant root, hosts a large number of biogeochemical 
processes. Due to the inherent complexity and diversity of 
plant root systems, the rhizosphere is not a region of defin-
able size or shape but rather includes gradients of chemi-
cal, biological, and physical properties that change both 
radially and longitudinally along the root (Fig. 5.4). Roots 
can release 10–250 mg C g−1 annually or about 10–40% of 
their total photosynthetically fixed C (Jones et al. 2009). 
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The composition and quantity of released compounds can 
be influenced by plant species, canopy position, climatic 
conditions, herbivory, nutrient deficiency or toxicity, and 
properties of the surrounding soil. Secreted compounds 
include organic acids, amino acids, proteins, sugar, pheno-
lics, and other secondary metabolites that are readily avail-
able substrates for soil microorganisms. These compounds 
influence rhizosphere processes, including nutrient acqui-
sition (e.g., acquisition of Fe and P), allelopathy, chemo-
taxis (e.g., between rhizobia and legumes), and the 
promotion of colonization of beneficial microbes on root 
surfaces (e.g., Bacillus subtilis, Pseudomonas fluorescens) 
(Bais et al. 2004; Park et al. 2004).

The root system architecture is determined by plant 
species as well as the biotic and abiotic soil conditions. 
The distribution of nutrients in soils is heterogeneous, and 
plants can modify their morphology when they sense the 
presence of nutrients. They are able to allocate more 
resources to the root system and direct root growth. For 
example, rangeland grasses such as the invasive cheat-
grass (Bromus tectorum) have great root plasticity, allow-
ing it to quickly take advantage of nutrient-rich patches 
(Arredondo and Johnson 1999). Nutrient acquisition from 
calcareous soils involves rhizosphere processes, such as 
the exudation of phosphate-mobilizing carboxylates 
(Hinsinger 2001) or the release of Fe-chelating phytosid-
erophores (Ma et al. 2003; Robin et al. 2008).

A growing body of research points to the influence the 
plant rhizosphere has on shaping the legacy of the soil 
microbial community (Philippot et al. 2013a) and nema-
tode diversity (Keith et al. 2009). There is evidence for a 

long-term, evolutionary dimension to the interactions 
between plant roots, microorganisms, and soil in the rhi-
zosphere (Lambers et al. 2009). Aside from the role that 
these interactions have in cropping systems, there has 
been a recent interest in how rhizosphere dynamics may 
influence restoration success (Kardol and Wardle 2010; 
Philippot et  al. 2013a). Reestablishing mutualistic rela-
tionships and limiting pathogen load are now acknowl-
edged components of restoration efforts.

�The Impact of Disturbance on Soil 
Biodiversity

�Compaction

Maintaining adequate soil porosity is one of the most impor-
tant objectives of forest soil management (Powers 2006), 
with long-standing guidelines for disturbance thresholds 
established for many forests. Soil compaction and rutting 
during harvesting are of concern, as they often alter total 
porosity, pore size distribution, and pore continuity and can 
lead to detrimental changes in soil quality and plant produc-
tivity (Powers et al. 2005). It is common to find compaction-
caused declines in macroporosity following harvesting, with 
concomitant increases in mesoporosity and microporosity 
as large pores are reduced in size (Shestak and Busse 2005). 
Because of reduced macroporosity, slower rates of water 
infiltration and related effects on erosion potential, water-
logging in clay soils, and indirect changes in soil life may 
result. In addition, the collapse of macropores represents a 

Fig. 5.4  A cross-sectional 
view of the association of 
microorganisms with the 
rhizosphere or root zone of 
the Arabidopsis plant. (Photo 
credit: Scanning electron 
microscope image captured at 
the U.S. Department of 
Energy’s Environmental 
Molecular Sciences 
Laboratory, Richland, WA, 
and colorized by Alice 
Dohnalkova)
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loss of habitat for soil macrofauna and mesofauna, leading 
to reductions in abundance and diversity (Battigelli et  al. 
2004). Disturbance is often unavoidable, yet it can be mod-
erated by using best management practices, such as operat-
ing on designating skid trails or on the surface of frozen or 
dry soil (Craigg et al. 2015). Long-standing federal guide-
lines recommend limiting compaction to less than 15% of 
the land on an aerial basis (Page-Dumroese et  al. 2000). 
However, many regions have scrapped this well-intentioned 
yet ineffective guideline because it does not account for 
slope, microtopography, or variable patterns of surface and 
subsurface water flow.

Compaction and soil disruption present similar chal-
lenges in rangeland systems. In the intermountain West, 
cattle grazing has impacted riparian soils, leading to bank 

erosion, bank compaction, and breaking up of soil crusts 
(Box 5.2). The Taylor Grazing Act of 1934 put in place 
guidelines for grazing on public lands, but the balance 
between grazing and ecosystem protection remains a con-
tentious issue. One long-term study observed that heavy 
grazing leads to a loss of soil C and to changes in the 
microbial community (Ingram et  al. 2008). Globally, 
grazing by large herbivores, such as cattle (Bos taurus), 
moose (Alces alces), or yak (Bos grunniens), decreases 
soil fauna and microbes, but the magnitude of the response 
varies by biome (Andriuzzi and Wall 2017). In a long-
term experiment, trampling resulted in a decrease in bac-
terial biomass and a shift particularly in cyanobacterial 
communities, with a decrease in those that fix N (Steven 
et al. 2015).

Fig. 5.5  (a) In 2003, the B&B Fire burned over 36,422  ha in the 
Deschutes and Willamette National Forests, Mount Jefferson 
Wilderness, and the Warm Springs Reservation in Central Oregon. In 
some areas, entire logs were consumed by the fire. The intense heat 
generated by the burning of large woody material causes soil oxidation, 
conspicuously changing the soil color from black to various shades of 
red. High-severity fires that consume entire logs or stumps affect rela-
tively small areas but can have profound soil impacts. After a severe 
fire, soils may be void of almost all biological activity, and the length of 
time for recovery is unknown. (Photo credit: Doni McKay, USDA 
Forest Service.) (b) Postburn photo of a high-intensity soil burn treat-

ment applied by the combustion of a parallel stack of large downed logs 
in spring 2013 at the Pringle Falls Experimental Forest, Deschutes 
National Forest in Central Oregon (Cowan et  al. 2016; Smith et  al. 
2016). (Photo credit: Ariel D. Cowan, Oregon State University, used 
with permission.) (c) The photo shows postfire morels (Morchella spp.) 
fruiting among the leaves of tanoak (Notholithocarpus densiflorus) in 
the spring following the 2002 Biscuit Fire, a massive wildfire that 
burned nearly 202,343 ha (2020 km2) in the Siskiyou National Forest in 
Southern Oregon and Northern California. (Photo credit: Jane E. Smith, 
USDA Forest Service)
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�Postfire Biodiversity

Wildfires are a common large-scale disturbance that differ-
entially affects soil communities and productivity, largely 
depending on soil burn severity (Certini 2005). Most fires 
are of mixed severity and create a mosaic of burned and 
unburned patches on the landscape (Keeley 2009; NWCG 
2003) (Fig. 5.5a, b). Many soil inhabitants have evolved to 
live with and survive mixed severity fire. For example, 
amphibians will burrow into the ground, hide in moist logs, 
or take cover under rocks. Springtails are able to migrate to 
deeper soil horizons (Malmström 2012).

Soil microbes tend to congregate in the upper soil profile 
where nutrient concentrations are the highest (Oliver et al. 
2015), yet they respond quickly to ecosystem disturbances 
caused by fire (Barker et al. 2013; Hebel et al. 2009; Smith 
et al. 2004, 2005, 2017). When large downed wood burns, 
the soil beneath is exposed to prolonged, intense heat, 
which can reach temperatures that exceed the lethal thresh-
old for fine roots and most soil organisms (Busse et  al. 
2013; Smith et  al. 2016). High-severity fires may burn at 
soil surface temperatures exceeding 300  °C (Smith et  al. 
2016) and can cause partial to total vegetation mortality 
aboveground and complete or near-complete loss of below-
ground soil microbes in the top 10  cm of the soil profile 
(Hebel et al. 2009; Smith et al. 2017). Soil microbial com-
munity responses to high-intensity fires tend to be longer 
lasting and more extreme. On the other hand, in forest eco-
systems that are managed under frequent fire regimes (e.g., 
Southeastern United States), fire alters soil microbial com-
position but does not affect total diversity (Brown et  al. 
2013; Oliver et al. 2015). The fires in such ecosystems are 
generally lower in severity, due to lower fuel loads. Low-
severity fires typically produce temperatures below 100 °C 
at the surface. These fires mostly remove smaller shrubs 
and small-diameter trees and leave larger trees. The soil 
microbes below a soil depth of 5 cm remain intact (Cowan 
et al. 2016; Reazin et al. 2016). Intact EM fungal communi-
ties may contribute to the regeneration success and resil-
ience of forests (Cowan et  al. 2016). Fire stimulates the 
appearance of phoenicoid fungi (Carpenter and Trappe 
1985), particularly members of the order Pezizales, which 
commonly start fruiting as soon as a few weeks after fires 
and continue to fruit for up to 2  years (Adamczyk et  al. 
2012; Fujimura et al. 2005; Petersen 1970; Warcup 1990; 
Wicklow 1975). Morels (Morchella spp.) are well-known 
members of the Pezizales (Fig.  5.5c). Springtails may 
recover from low-intensity fires after a few years, but high-
intensity fires may lead to a long-term shift from fungal to 
bacterial feeding species (Malmström 2012). The patchi-
ness of fire has also been shown to increase the diversity of 
forest macrofauna that include members of spiders (order 
Araneae), isopods, centipedes (class Chilopoda), milli-

pedes (class Diplopoda), and click beetle (family Elateridae) 
larvae (Gorbunova et al. 2017).

Environmental change and fire suppression throughout the 
twentieth century in the Western United States have created 
conditions that facilitate high-intensity forest fires (Hessburg 
et al. 2015). The presence and amount of large down wood 
influence the extent of extreme soil burning (Busse et  al. 
2013; Smith et al. 2016). A greater emphasis on restoring and 
maintaining healthy landscapes and the ecological benefits of 
fire has increased interest in prescribed fire and manual 
removal of woody materials from forested areas to decrease 
fire severity. Studies are ongoing to determine whether soils 
that experience severe fires remain on a unique soil commu-
nity trajectory that distinguishes them from areas that burn 
simultaneously but at a lower intensity or whether both fire 
intensities converge to a system state similar to that preceding 
the fire disturbance (Reazin et al. 2016).

�Invasive Organisms

Invasive organisms are the second most common cause of 
native species loss, after habitat destruction (Wilcove et al. 
1998). In the case of plant invasion, there are numerous 
plant-soil feedbacks that affect both the ability of the plant 
to invade and the composition of the soil community, espe-
cially in the rhizosphere. For example, a plant’s relationship 
with mycorrhizal fungi can affect its ability to invade a new 
ecosystem. If the plant has an obligate symbiosis, it is lim-
ited by the distribution of the symbiont (Pringle et al. 2009). 
Invading plants that lack symbiotic relationships can dis-
perse to a new environment, and once established, they can 
also affect symbiotic relationships of native plants. For 
example, in grassland soils invaded by cheatgrass, the arbus-
cular mycorrhizal communities changed in nearby native 
species (Hawkes et al. 2006). Disruption of the mycorrhizal 
networks can lead to differences in plant characteristics and 
ecosystem functions.

The impact that invasive plants have on the soil commu-
nity, particularly the rhizosphere community, is likely com-
plex and variable between individuals and their location 
(Coats et al. 2014). Japanese barberry (Berberis thunbergii) 
is an invasive shrub common throughout northeastern 
United  States forests. The ability of this shrub to invade 
appears to be most influenced by land use legacy, including 
reforestation following agriculture (DeGasperis and 
Motzkin 2007). The growth of Japanese barberry has been 
shown to alter microbial community composition and func-
tion, in part by altering N cycling and also by increasing soil 
pH (Kourtev et al. 2002). The shrub has additionally been 
observed to increase the density of earthworms, with the 
species of worms matching nonnative European species 
(Kourtev et al. 1999).
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Invasive European earthworms (suborder Lumbricina) 
arrived in North America with European settlers, ship bal-
last, and ornamental plants (Bohlen et  al. 2004; Hendrix 
et al. 2008). Deforestation in the eastern United States led 
to habitat loss, which greatly reduced native earthworm 
populations and facilitated the spread of a dozen European 
species. Prior to colonization by European species, the 
hardwood forests of Canada, the Great Lakes region, and 
New England had been earthworm-free since the end of the 
last glaciation thousands of years ago (Hendrix 1995). 
However, since the 1990s, invasive European earthworms 
have invaded these earthworm-free forests, causing dra-
matic changes in the forest floor and soil habitats (Bohlen 
et al. 2004). These impacts have been exacerbated by the 
recent spreading of three co-invading Asian earthworms 
(Metaphire hilgendorfi, Amynthas agrestis, and Amynthas 
tokioensis) (Chang et al. 2018) whose range expansion in 
the last 15–20  years may have been facilitated by recre-
ational fishing, off-road vehicles, and the transportation of 
compost, horticultural waste, and mulch (Bellitürk et  al. 
2015; Chang et al. 2017). Environmental factors including 
soil properties and litter inputs play an important role in 
determining the abundance of invasive earthworms 
(Crumsey et al. 2014; Szlávecz and Csuzdi 2007). Recent 
studies have also shown that white-tailed deer (Odocoileus 
virginianus) abundance increases invasive earthworm 
abundance (Dávalos et al. 2015).

In North American forests, the presence of invasive 
earthworms has led to major changes in vegetation, physi-
cal and chemical soil properties, and biogeochemical 
cycles. They are associated with declines in plant diversity 
and are known to change plant community composition in 
favor of graminoids and nonnative plants (including 
Japanese barberry) over native species (Craven et al. 2017). 
Through feeding, burrowing, and casting, invasive earth-
worms reduce the understory vegetation and leaf litter layer 
(Dempsey et  al. 2011; Dobson and Blossey 2015; Hale 
et al. 2005, 2006; Nuzzo et al. 2009) and cause soil mixing 
and translocation of forest floor C from the O horizon into 
the soil, resulting in increased litter decomposition rates, a 
thicker A horizon, and increased aggregate formation 
(Bohlen et al. 2004; Greiner et al. 2012; Snyder et al. 2011; 
Szlavecz et  al. 2011). Nonnative earthworms change the 
size of various C and N pools in the soil (Fahey et al. 2013; 
Ma et  al. 2013; Yavitt et  al. 2015) and increase CO2 and 
nitrous oxide (N2O) efflux (Eisenhauer et al. 2007). Their 
activity also affects soil nutrient (calcium, magnesium, 
potassium, and phosphorus) concentrations (Resner et  al. 
2015) and increases soil pH.

Altogether, these changes in the soil habitat profoundly 
affect soil microfauna and mesofauna. By eliminating the 
thick leaf litter layer (O horizon) on the soil surface, inva-
sive earthworms reduce fungal biomass and increase the 

ratio of bacteria to fungi (Dempsey et  al. 2011, 2013). 
However, reported results from case studies describing 
impacts on microbial biomass in the overall soil profile 
have ranged from positive (Groffman et al. 2004, 2015), to 
neutral (Snyder et al. 2011), to negative (Eisenhauer et al. 
2007). Some of the observed differences can likely be 
attributed to earthworm species identities and interspecific 
interactions (Chang et al. 2016). By changing the soil struc-
ture, soil organic matter properties, and soil microbial com-
munity, invasive earthworms may change C use efficiency 
of soil microbes, increase soil microbial biomass carrying 
capacity, and promote C metabolism (Dempsey et al. 2013; 
Groffman et al. 2015). In general, they also have negative 
impacts on soil microarthropods, such as springtails and 
mites (Eisenhauer et al. 2007; Gao et al. 2017).

�Climate Change and Belowground 
Biodiversity

Climate change effects include a number of specific condi-
tions that directly and indirectly alter the soil biota. Three 
conditions that have been measured across multiple ecosys-
tems are CO2 enrichment, increased temperature, and 
altered precipitation patterns. A meta-analysis comparing 
75 soil biology studies found that altered precipitation 
results in the most dramatic and consistent effects across 
ecosystems (Blankinship et al. 2011). Increased precipita-
tion resulted in an increase in biomass for microbiota and 
fauna, but the size of the effect was larger in drought condi-
tions. Especially in forested systems, drought can result in 
lower biomass (Blankinship et al. 2011) and a decrease in 
the rate of litter decomposition (Lensing and Wise 2007). 
One reason for the more dramatic effect in forest ecosys-
tems may be related to a greater degree of desiccation of 
the litter layer (Keith et al. 2010). When precipitation was 
increased in a rangeland experiment, visible soil crusts 
decreased, but cyanobacteria increased in DNA analysis, 
suggesting that altered precipitation in dry ecosystems may 
dramatically change the basic soil community structure 
(Steven et al. 2015).

In the case of CO2 enrichment, shifts in microbial and 
microfauna populations have been observed in some 
cases, but not others (Blankinship et  al. 2011; García-
Palacios et  al. 2015). In the decade-long Free Air CO2 
Enrichment (FACE) experiments, differences in responses 
were also noted between deciduous and coniferous for-
ests. During the early years of the studies, net primary 
production increased, but later the coniferous forests 
became increasingly N limited, and net production 
decreased. This was not true of the deciduous forest, 
which continued to experience enhanced net primary pro-
duction (Walker et al. 2015). The CO2 enrichment also did 
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not lead to increased mycorrhizal colonization in the coni-
fers at the FACE site (Pritchard et  al. 2014), although 
increased mycorrhizal biomass has been observed in other 
studies (Treseder 2004). The complexity of responses 
associated with CO2 enrichment in part stems from vary-
ing responses across different taxa and functional groups 
(García-Palacios et  al. 2015); for example, increased 
abundance of detritivores but not herbivores has been 
noted across multiple studies (Blankinship et al. 2011).

Higher soil temperatures increase the rate at which soil 
organisms decompose and respire organic matter (Zhang 
et  al. 2005), including C that has persisted in the soil 
organic matter pool (Briones et  al. 2010; Treseder et  al. 
2016). These functional changes are accompanied by shifts 
in the soil biota. García-Palacios and others (2015) observed 
an increase in fungal biomass when a grassland was 
warmed, and others have reported a similar shift in favor of 
fungi over bacteria (Zhang et al. 2005). More detailed phy-
logenetic analysis has not yielded consistent results across 
ecosystems, with numerous microbial functional and taxo-
nomic groups changing in abundance in different studies 
(Pold and DeAngelis 2013). Differences in plant response 
likely contribute to these varying results, but these cross-
ecosystem comparisons are also complicated by the use of 
different analytical methods across studies.

�Forest Management

�Harvesting

Recent results from a long-term soil study in North American 
offer keen insight on the effects of forest harvesting on soil 
microbial diversity. The Long-Term Soil Productivity 
(LTSP) study was installed in the early 1990s in coniferous 
and hardwood forests across the United States and Canada, 
with the goal of understanding the effects of clear-cut har-
vesting and site preparation disturbance on soil and vegeta-
tion productivity (Powers 2006). Common treatments across 
sites included soil compaction (none, moderate, severe) and 
biomass removal during harvesting (bolewood only, whole 
tree, whole tree plus forest floor). Exhaustive genetic analy-
sis of bacterial and fungal communities identified numerous 
changes in community composition, including the loss of 
EM fungal diversity and an increase in heat- and desiccation-
tolerant organisms in harvested plots across 18 North 
American sites (Wilhelm et al. 2017b). The majority of taxa, 
however, were unaffected by harvesting, leading the authors 
to state, “Changes resulting from harvesting were relatively 
minor in comparison to the variability between soil layers 
and among geographic regions.” Results specific to subbo-
real LTSP sites also discovered that harvesting produced a 
patchy distribution of fungal populations (Hartmann et al. 

2012), stronger effects of compaction on fungal than bacte-
rial communities (Hartmann et al. 2012), modest effects of 
harvesting on hemicellulolytic populations (Leung et  al. 
2016), and distinct changes in microbial communities 
responsible for organic matter decomposition (Cardenas 
et al. 2015).

It is interesting to compare these results with the 10-year 
vegetation responses across the long-term soil productivity 
study network and ask whether there is a common or parallel 
response between soil and plant communities. Unlike the 
varied responses shown by soil communities, few changes in 
vegetation growth have been found across the network of 
sites and treatments (Ponder et al. 2012). Cardenas and oth-
ers (2015) suggest that “soil microbial communities are more 
sensitive than above-ground biomass to harvesting and might 
be responsive indicators of disturbance.” This also reaffirms 
that the link between soil biodiversity and forest function or 
productivity has not been conclusively established (Grigal 
2000) and that it remains an important area for continued 
research.

�Fuel Reduction Practices (Burning, Thinning, 
Mastication)

Wildfire mitigation is a priority in United States forests and 
rangelands, with thinning and burning the most common 
best management practices in use. These treatments are 
designed to (1) reduce hazardous fuel loads, (2) lessen 
wildfire severity and spread, (3) improve forest health and 
resilience to natural disturbances, and (4) improve forest 
productivity. Any ecological consequences affecting soil 
biodiversity are unintentional yet require scrutiny. For 
example, in a meta-analysis of 139 published studies of for-
est disturbance, Holden and Treseder (2013) identified a 
nearly 30% reduction in soil microbial biomass due to both 
natural and management-caused disturbances, including 
thinning and prescribed fire.

Most evidence from United  States forests points to 
benign or transient effects of single-application thinning or 
burning on soil microbial diversity and function (Grayston 
and Rennenberg 2006; Overby and Gottfried 2017; Overby 
and Hart 2016; Overby et al. 2015). In the case of fungal 
diversity, Cairney and Bastias (2007) note that treatment 
effects are site specific and, in particular, fire-intensity spe-
cific, with community responses greatest in the upper soil 
horizons. Repeated burning, by comparison, has been 
shown in separate studies to produce positive changes that 
favor fire-selected fungal communities (Oliver et al. 2015) 
and reduced activity of cellulolytic fungi that help drive 
soil C turnover (Bastias et al. 2009).

A recent study of ponderosa pine (Pinus ponderosa) for-
ests in Central Oregon provides insight on the importance 
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of fire intensity and time since burning on soil fungal com-
munity responses. Treatments included high-intensity 
burning of log piles, low-intensity broadcast burning, and 
an unburned control (Cowan et al. 2016). Within 1 week of 
burning, a strong response in fungal community turnover 
favoring ascomycetes and fire-responsive populations was 
found on high-intensity plots, whereas low-intensity broad-
cast burning showed only moderate changes relative to the 
control (Reazin et al. 2016). Within 1 year of burning, how-
ever, little difference in EM fungal richness, diversity, or 
composition was found among treatments (Cowan et  al. 
2016), suggesting that there is value in mixed severity burn-
ing to ensure the survival of fungal refugia and meet fuel 
reduction objectives. Other studies have noted a variety of 
postfire responses by EM communities, ranging from 
essentially no change to substantial changes in community 
composition, with no consistent trend relative to fire inten-
sity (Glassman et al. 2016; Smith et al. 2004; Southworth 
et al. 2011; Trappe et al. 2009).

�New Approaches to Understand Soil 
Biodiversity

Methods used to study soil biodiversity have changed dra-
matically in the last several decades. The most significant of 
these changes has been the adoption of molecular methods 
that target the biomolecules that compose the soil and the 
increasingly sophisticated techniques to analyze the biomol-
ecules so as to better describe the soil community. By the 
early 2000s, most soil microbiology laboratories had begun 
to include measurements of lipids or DNA fingerprinting, but 
technologies were such that even a few hundred sequences 
were considered a large number, even though it was sus-
pected this was far from representative of the community. 
With today’s increased accessibility to next-generation 
sequencing (Metzker 2010), most microbial DNA studies 
now include several thousand sequences per sample, and 
more studies of soil fauna include sequencing to assess bio-
diversity (Creer et  al. 2016). This shift toward sequencing 
has resulted in new challenges associated with data storage 
and interpretation, and a new generation of soil biologists is 
spending more time coding than peering through a micro-
scope. These new tools provide great opportunities and allow 
the community to ask new and exciting questions: Which 
organisms are active? What are the functions of all the organ-
isms that we have sequenced but have not cultured or 
observed extensively? How many cryptic species are there? 
When does soil biology composition influence soil function? 
How do we determine the appropriate scale for study?

Over the next several years, we will undoubtedly con-
tinue to see studies that take a molecular approach, but 
those studies will go beyond characterizing communities 

based solely on ribosomal DNA.  We will see increased 
emphasis on connections of structure and function. One 
avenue for exploring function is through the use of shotgun 
metagenomics. This method has been applied to examine 
the abundance of broad classes of functional genes (Myrold 
et al. 2014). For example, Uroz and others (2013) charac-
terized the organic horizon soil of Norway spruce (Picea 
abies) as being enriched in genes that degrade carbohy-
drates compared to the mineral horizon, and soil samples 
representing a range of different pH were analyzed to deter-
mine the physiological adaptations to acid and basic condi-
tions (Malik et  al. 2017). Recently, mitochondrial 
metagenomic analysis has been used to study soil animals 
and, among other findings, has revealed Collembola disper-
sal patterns in forested islands (Cicconardi et al. 2017).

Sequencing that targets DNA is only one of many meth-
ods collectively referred to as “omics.” Targeting messen-
ger RNA, the community’s transcriptome, can be used to 
determine short-term responses, such as the genetic inter-
play between tree roots and newly colonizing mycorrhizae 
(Kurth et al. 2015). The first report of a soil metatranscrip-
tome was from a method development study designed to 
elucidate the functional diversity of eukaryotic microor-
ganisms in forest soil (Bailly et al. 2007). Among the com-
plementary DNA (cDNA) sequences recovered, phosphate 
transporters, and glutamine synthetases, researchers gained 
a new understanding of nutrient acquisition. The key fea-
ture of metatranscriptomic analysis involves random 
sequencing of microbial community RNA in the absence of 
predefined primer or probe specificity; metatranscriptomics 
thus has a great potential for the discovery of novel genes.

Enzyme activity within soil has been studied by measur-
ing degradation of specific organic molecules since the nine-
teenth century, but new technologies can target the protein 
molecules themselves (Bastida et al. 2009). Metaproteomics 
was used to identify the fungal enzymes important in litter 
decomposition and uncovered the seasonal shift from asco-
mycetes to basidiomycetes (Schneider et al. 2012). Both soil 
metaproteomics and metabolomics (Koek et al. 2006; Kind 
et al. 2009) are still under development, but both are promis-
ing tools that will be applied in the near future to better link 
microbial communities to function.

Aside from using molecular methods alone, several stud-
ies have linked molecular methods with stable isotopes to 
target specific functional communities. By using labeled 
substrates (e.g., 18O, 13C, or 15N), stable isotope probing (SIP) 
distinguishes metabolically active members of a soil com-
munity from the inactive ones. Sufficient incorporation of 
the label into the biomolecule of interest (e.g., lipids, nucleic 
acids, proteins) allows the “heavy” fraction to be separated 
from the “lighter” one. Stable isotope probing identifies 
active consumers in environmental samples (Dumont and 
Murrell 2005), linking metabolic capacity to phylogenetics 
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(Hungate et  al. 2015) and genomics (Chen and Murrell 
2010). The SIP method has already been applied to examine 
some food web structures. For example, the microbes associ-
ated with methanotrophic communities were tracked using 
DNA-SIP (Maxfield et al. 2012), and Collembola eating hab-
its were investigated using labeled lipids (Menzel et  al. 
2017). A rapidly developing area of research combines 
molecular gut content analysis, stable isotope technique, and 
fatty acid analysis. This approach was used to investigate 
feeding group, trophic level, or food resource preference of 
earthworms (Ferlian et  al. 2014; Chang et  al. 2016), 
Collembola (Ferlian et al. 2015), and mites (Pollierer et al. 
2009). With high-throughput sequencing, molecular gut con-
tent analysis will be a much more powerful tool for under-
standing basic predator-prey connections.

The technologies described here will undoubtedly con-
tinue to shape the study of soil biodiversity. Future progress 
in sequencing technologies and analysis may lead to pow-
erful alternative strategies, such as combining mRNA-SIP 
with metatranscriptomic analysis (Dumont et  al. 2011; 
Jansson et al. 2012). Higher-resolution sequencing in space 
and time will allow researchers to apply network analysis 
(Faust and Raes 2012) and structural equation modeling to 
community analysis so as to uncover novel interactions 
between community members and their environment. 
These new methods should not be adapted at the expense of 
methods used to better describe species, however. A large 
number of soil microbes still exist that have not been cul-
tured or characterized, and there is dwindling expertise in 
soil invertebrates, including microfauna. As new molecular 
technologies open many exciting avenues, it should also be 
a priority to retain taxonomic knowledge and pass it to a 
new generation of scientists.

�Conclusions

The forest and rangeland soils of the United States are 
home to a myriad of biological diversity. Diverse soil 
habitats, encompassing a spectrum of nutrient availabil-
ity, moisture content, gas diffusion, pore sizes, and inputs 
from the surface, provide ample spaces for biological 
specialization and interaction. These habitats are dynamic 
through time as well, responding to natural and human-
generated disturbances, such as compaction, wildland 
fire, invasive species, and climate change. People shape 
these biological interactions through how we choose to 
manage forests and rangelands. Although definitive evi-
dence linking biodiversity responses to management 
practices is far from complete, we know that changes in 
microbial species richness, diversity, and community 
composition are common consequences of management 
practices. Intensive harvesting leads to greater changes in 
biodiversity compared to less-intense practices such as 

thinning, and the strongest biodiversity effects are seen in 
the O horizon and the upper mineral soil. Short-term 
changes in biodiversity (0–5 years postdisturbance) can 
be expected, but long-term responses are less common, 
suggesting community resilience (Box 5.1).

Recent molecular methodological advances have 
increased knowledge of soil biodiversity, especially micro-
organisms. Yet challenges remain to identify active soil 
communities, interactions among organisms and trophic 
levels, and functional importance to the whole ecosystem. 
Improved understanding of biological interactions within 
soil is key to sustaining and protecting our forests and 
rangelands now and for the future. Increased knowledge of 
the soil biodiversity has the potential to improve functional 
predictions. A recent meta-analysis of 82 environmental 
datasets revealed that 44% of variations in process rates 
could be explained by environmental variables such as tem-
perature, moisture, and pH, but in most cases, models for C 
and N cycling were improved when microbial community 
data were included (Graham et al. 2014). The challenge for 
the next several years will be determining the best biologi-
cal parameters to measure and exactly how to integrate 
those data into existing and new models.

In a rapidly changing world, there has been a great deal 
of conversation about biodiversity loss. This conversation 
has focused on plants and animals, and it remains an open 
question if we are also losing soil biodiversity. Overall, 
high levels of belowground biodiversity do not necessarily 
correspond with hot spots of aboveground biodiversity, 
such as the Tropics. This means prioritizing conservation 
efforts to areas with high aboveground biodiversity may not 
protect soil organisms and the benefits we derive from their 
interactions and resulting ecosystem functions and ser-
vices. A recent meta-analysis of soil biodiversity studies 
concluded that because of functional redundancy, a loss of 
biodiversity is not likely to lead to changes in the C cycle 
unless key organisms are lost (Nielsen et  al. 2011). The 
problem with this conclusion is we lack a clear understand-
ing of what those key organisms might be, and gaining this 
knowledge will likely take many more years of research. In 
the meantime, should we protect soil biodiversity? Likely 
the functional redundancy in soil does increase its resis-
tance and resilience, and if we continue neglect protections 
for soil biodiversity, we run the risk of losing key species 
before they are recognized (Turbé et al. 2010).

�Key Findings

•	 Soil is home to a myriad of biological diversity, accounting 
for about 25–30% of all species on Earth. Community 
members range vastly in size, mobility, ecological function, 
and response to disturbance, and collectively they flourish 
in a multitude of physical and chemical soil habitats.
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•	 Changes in species richness, diversity, and community 
composition are common consequences of management 
practices. Although short-term changes (0–5 years post-
disturbance) can be expected, long-term responses are 
still unknown.

•	 Intense harvesting and severe burning lead to greater 
changes in species diversity and community composi-
tion compared to less-intense practices such as thinning 
or low-severity prescribed burning. Best management 
practices that limit soil compaction, severe soil heating, 
and exposure of bare mineral soil help to sustain com-
munity diversity and resilience.

•	 Major disturbances such as wildfire, invasive plants and 
animals, and climate change are likely to modify the 
health and function of soil organisms. However, the 
extent of such changes is difficult to generalize (beyond 
site-specific responses), as studies have yielded incon-
sistent results across ecosystems and disturbance 
severities.

•	 Links between plant diversity and soil biodiversity are 
ambiguous in US forests and rangelands. Thus, prioritiz-
ing conservation efforts to areas with high plant diver-
sity may not protect soil organism diversity or function.

•	 Improved understanding of soil biodiversity, composi-
tion, function, and resilience is a pressing need to assist 
efforts to sustain and protect our forests and range-
lands. Until recently, the use of traditional research 
techniques offered limited insight toward filling this 
knowledge gap. New and expanding molecular tech-
nologies now provide an unprecedented capability to 
address current and future ecological questions for the 
benefit of land stewardship.

�Key Information Needs

�Science

•	 Increased knowledge of soil biodiversity—currently, 
soil diversity is largely underdescribed. The groups with 
the most undescribed taxa are bacteria and archaea, but 
many groups, including fungi, nematodes, and insects, 
have numerous undescribed taxa.

•	 Distribution of soil organisms across ecosystems in 
North America—such information could help identify 
areas at risk from pathogens and categorize communi-
ties that perform specific ecosystem functions well (e.g., 
C storage, plant production, water infiltration).

•	 Continuation of taxonomic expertise, particularly 
for invertebrate taxa—fewer young scientists are being 
trained in these areas of expertise, and the field is at risk 
of becoming stagnant or even losing knowledge.

•	 More detailed information on how diverse soil commu-
nities contribute key ecosystem functions, including 

water filtration and storage, nutrient and C cycling, 
and wildlife habitat—combining emerging techniques 
like high-throughput sequencing and stable isotope prob-
ing (SIP) will deepen our understanding of these areas.

•	 Determine climate change impacts on soil communi-
ties—this is an ongoing area of research, and work 
needs to continue.

�Management Questions

•	 How do soil organisms respond to management 
regimes such as thinning, prescribed fire, and graz-
ing? This document provides an initial synthesis of 
some responses reported in the literature, but compre-
hensive synthesis reports and distilled fact sheets could 
further inform management decision-making processes.

•	 What invasive soil organisms are present and how do 
they spread? Some monitoring efforts are currently 
underway for invasive earthworms and flatworms, but 
there is a need for sustained, systematic monitoring.

•	 How can forest and rangeland management anticipate 
climate change and protect or enhance soil biodiver-
sity to promote ecosystem resistance and resilience?
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