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Abstract: Rare soil organisms are normally considered of less importance for ecosystem functioning.
We present results that oppose this view. In otherwise well-aerated soils, anaerobic/microaerophilic
production or consumption of the trace gas N2 O occurs in small soil volumes, when intense decomposition activity at the site leads to local oxygen depletion. At such patch scales, the control
of microbial growth and oxygen consumption may depend on the specific organisms present. We
assessed N2 O turnover in an experiment, where soil dilution from 10−2 over 10−4 to 10−6 followed
by microbial regrowth resulted in similar microbial biomass and respiration but reduced diversity.
We found an increasing number of very high N2 O turnover rates when soil dilution increased from
10−2 over 10−4 to 10−6 , as revealed from a significantly increased skewness of the frequency distribution of N2 O turnover levels. N2 O turnover also tended to increase (p = 0.08) by 20–30% when
soil was diluted from 10−2 to 10−6 . This suggests that rare soil organisms regulate the local activity
of fast-growing microorganisms and thus reduce the probability that anoxic/microaerophilic soil
volumes develop. Future studies may reveal which less abundant organisms prevent development
of anoxic/microaerophilic conditions in well-aerated soils.
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1. Introduction
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Soils are inhabited by myriads of organisms, among which a huge number of rare
species contribute most to phylogenetic diversity [1]. Normally these rare organisms
are regarded as of less importance based on the Mass Ratio Hypothesis developed for
plants, i.e., the effect of a species on an ecosystem process is proportional to its relative
abundance [2], but more recent work on soil organisms suggests that this may not be
true [3,4].
We studied the importance of rare organisms on the dynamics of processes that take
place in small volumes of soil. Statistically, all rare organisms will not be present in
any smaller soil volume, unlike the more abundant species. We, therefore, believe that
the influence of rare organisms on soil functioning will be more obvious for processes
developing in discrete small soil volumes compared to processes that occur more evenly
distributed in the soil volume.
In well-aerated and homogenous soils, microbial turnover (production/consumption)
of the greenhouse gas N2 O occurs in small soil volumes of low/no oxygen [5]. Denitrifying
microorganisms produce and consume N2 O under anoxic conditions [6], whereas nitrifying
bacteria form N2 O under microaerophilic conditions [7,8]. Generally, N2 O exchange
exhibits tremendous spatiotemporal variation, reflecting the transient nature of anoxic
small-volume hotspots [9]. In well-aerated, structurally homogenous soils, such low/no
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oxygen conditions depend on the spatial distribution of microbial activity and, hence,
oxygen consumption [10]. Even though the genetic potential for N2 O turnover prevails
throughout a soil volume, hot spots of high N2 O turnover only exist in a fraction of this
volume [11]. These low-oxygen hotspots may exist for weeks during decomposition of an
organic substance [12].
At the centimeter scale, we envisage that microbial activity and, thus, oxygen consumption depend on the specific organisms present and the nature of the interactions
between species coexisting within the soil volume. Therefore, the extent to which oxygen
consumption exceeds oxygen supply via diffusion may depend on the species present
locally. With reduced microbial diversity, we anticipate that the level of interspecific antagonistic interactions declines [13,14]. The level of antagonistic interactions between
bacterial populations is a crucial parameter for the control (and, hence, oxygen consumption) of fast-growing microbial populations. For instance, growth control of fast-growing
microorganisms was reduced at experimentally reduced microbial diversity [15,16]. With
reduced growth control in spatially confined microsites, oxygen consumption will increase
locally in the microsites. We hypothesize that more low-oxygen microsites will develop
and, thus, N2 O turnover will increase when control of local respiration activity is reduced
in soils of low microbial diversity. The ability to produce N2 O is phylogenetically very
widespread in the microbial community, and the community of potentially N2 O producing
bacteria is redundant and highly resistant to changes, as reviewed by [17]. It is, therefore,
unlikely that the N2 O production potential will be affected when microbial diversity is
experimentally reduced.
In the present study, we used soil dilution to extinction [18] to examine the role of rare
microbial species in controlling fast-growing microorganisms in soils from three land management types: intensive arable, rotation arable, and permanent pasture. Dilution series
of organisms re-inoculated into sterilized soil can give soils with comparable microbial
biomass that differ in microbial species composition [19]. Such experimental treatments
enable testing the effect of varying microbial community composition on soil processes.
2. Materials and Methods
2.1. Soil Preparation
This study is part of an experiment described in detail elsewhere [19,20]: Soils were
collected from fields with different land managements, meaning different cultivation
intensities (physical soil disturbances). The land managements were intensive cereal
rotation (high cultivation intensity: annual crops, including winter wheat and spring
barley, annual tillage), crop rotation (medium cultivation intensity: five-year rotation
scheme including winter wheat + catch crop (grass), ley for hay, grass seed production,
spring barley, potato, no tillage during the year of ley, sampled during winter wheat + catch
crop), and grassland (low cultivation intensity: permanent grassland, no tillage for at least
10 years) at two farms in southern Sweden [21]. Twelve soil samples were obtained (two
farms, three cultivation intensities, two field replicates). Soil samples (36 kg) were sieved,
the main part was γ-sterilized (>25 kGray at ISOTRON, Ede, The Netherlands), and the rest
stored at 4 ◦ C as inoculum. For each of the 12 soil samples, we prepared three inoculum
dilutions. We blended 25 g with 200 mL sterilized demineralized water, centrifuged the
suspension for 10 min at 1000× g and 4 ◦ C, and filtered the supernatant through a 45-µm
sieve to remove soil fauna. For the highest diversity (0.5 × 10−2 dilution), 5 kg sterilized soil
was inoculated with the 25 g fresh soil–water suspension (mixed to ensure homogenization).
Prior to this inoculation, 2 mL of the 200 mL suspension above were transferred to 198 mL
sterile water. This 100-times diluted suspension was added to 5 kg sterilized soil to obtain
the 0.5 × 10−4 dilution and the procedure was repeated to get the 0.5 × 10−6 dilution. We
incubated the 36 soil samples obtained from the 12 individual soil samples in sealed plastic
bags in the dark for eight months at 15% moisture (gravimetric) and room temperature to
establish recolonization [19].
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2.2. Experimental Setup
Portions of 200 g (dry weight) from each of the 36 samples were distributed in 24 pots
(864 pots in total) and planted with winter wheat Triticum aestivum cv. Carenius for eight
weeks [19]. Plants were watered regularly, approximately 25 mL three times a week to
keep soil moisture at 15% (w/w). Following this eight-week period, microbial biomass
was similar at the three dilution treatments from the two field replicates (Table 1 in [19]),
whereas dilution reduced the number of bacterial operational taxonomic units (OTUs)
(p < 0.05). In the permanent grassland soil, number of OTUs were 10% lower at 10−4 and
25% lower at 10−6 than at 10−2 , and in arable soils (wheat and crop rotation), OTU numbers
were reduced with 5% and 27% at 10−4 and 10−6 compared to 10−2 (Table 2 in [19]). A
second growing phase was established to further investigate the consequences of this
microbial species loss over longer time. Here, 50 g (fresh weight) of soil from each pot from
phase 1 was retained and stored at 4 ◦ C. The remaining soil from all pots and all treatments
from phase 1 was mixed and γ-sterilized (>25 kGray). The aim was to create a homogenous
background to limit abiotic differences and instead highlight the differences in microbial
community composition. Portions of 200 g of the sterilized soil were re-inoculated with the
50 g living soil that had been retained. The bacterial OTU richness in this inoculum was
reduced (p < 0.05) by 8–13% in the 10−4 and by 24–27% in the 10−6 dilutions compared
to the 10−2 dilution for the intensive arable as well as the pasture soils (Table S1b in [19]).
Thus, the experimental design is the same as in phase 1, with 24 pots for each soil/inoculum
treatment. Pots were sown with one seed of T. aestivum cv. Carenius. Pots were placed
in a fully randomized block design with 24 blocks in a greenhouse under 60% relative
humidity, 16 h L, 8 h D, 21 ◦ C/16 ◦ C, and additional illumination by 400-W growing bulbs
(Philips SONT-T Agro, Philips, Eindhoven, The Netherlands). Light intensity at plant level
was 225 µmol photosynthetically active radiation (PAR). Each of the 24 blocks contained
one replicate of each soil type/inoculation treatment. Pots were watered regularly. The
experimental setup is outlined graphically in Figure S1.
2.3. CO2 and N2 O Measurements
Six weeks after germination of seedlings, all pots were adjusted to 70% water-holding
capacity (46% air-filled porosity) and placed in a 68-cm-tall cylinder of 7.4-cm diameter in
order to collect N2 O and CO2 . CO2 was measured to assess if N2 O exchange rates were
related to the overall soil respiratory activity. To facilitate gas collection the cylinder was
placed inside an autoclavable bag. The bag was taped closely around the cylinder to achieve
an air volume of 2.92 L and closed with a tie-rip. Sealed autoclave bags with added N2 O
were used to test that the sealing procedure was sufficient for the incubation period (results
not shown). Gas production was measured on whole pots including dark respiration from
plants: An 8-mL gas sample was taken before and after 1.5 h of incubation in a dark room
and stored in airtight 5-mL Exetainer vials. The change in CO2 and N2 O concentrations
over this period together with the volume of air in the bag gave the absolute production
of CO2 and N2 O in the soil. The concentration change was small over 1.5 h so we can be
sure that accumulation was linear. We measured CO2 and N2 O concentration in the gas
samples on gas chromatographs equipped with a thermal conductivity (Mikrolaboratoriet,
Aarhus, Denmark) and electron capture (Shimadzu GC8A) detector, respectively. Gases
were separated before detection on 1.8-m Haysep Q columns operated at 45 ◦ C.
2.4. Statistics
We tested the effects of farm, cultivation intensity, and dilution on the N2 O exchange
and CO2 emission with a full factorial three-way ANOVA (farm × cultivation intensity ×
dilution (quantitative)), block as main factor in SAS Enterprise Guide 7.1. By using two
farms we tried to avoid generalizing results that only apply to a single farm location. We
also tested to what extent the frequency distribution of N2 O exchange rates at the three
dilutions were symmetric. This was done by the coefficient of skewness that showed the
extent to which the frequency distribution deviated from the normal distribution. The
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Table 2. Result of ANOVA on N2O exchange.
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Figure 2. (a) N2 O exchange (the sum of N2 O production and consumption); (b) respiration activity.
Soil originated from agricultural fields of high, medium, and low cultivation intensities at two
different farms. Sterilized soils were re-inoculated 5 g fresh soil kg−1 sterile soil to obtain the highest
diversity (0.5 × 10−2 dilution). Similarly, re-inoculation of sterilized soil with 50 or 0.5 mg fresh
soil kg−1 sterile soil gave the medium (0.5 × 10−4 dilution) and low diversity (0.5 × 10−6 dilution).
Error bars represent standard errors.

The average numeric N2 O exchange was 22% higher at the 10−4 and 10−6 dilutions
compared to the 10−2 dilution (Table 1, Figure 2a). Neither farm origin nor cultivation in-
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tensity affected N2 O exchange (Table 2). The increased N2 O exchange with dilution was not
due to an overall increased oxygen demand since CO2 formation did not vary with reduced
diversity (F = 0.94, p = 0.33) and was quite similar at the 10−2 and 10−6 dilution, spanning
from a 7% reduction at low intensity to a 4% and 15% increase at medium and high intensity
(Figure 2b). The mean N2 O exchange was not significantly different among dilutions, but
the larger skewness of the frequency distribution of N2 O exchange at high dilution means
that significantly more pots had high exchange rates when dilution increased.
4. Discussion
The main aim of our study was to assess the impact of reduced microbial diversity on
the exchange of N2 O, which, in well-aerated soil, depends on the generation of oxygendepleted patches in the soil matrix. Local high microbial activity at hotspots where oxygen
consumption exceeds oxygen supply via diffusion generates such oxygen-depleted patches.
Even though N2 O production potential by denitrifying bacteria was previously found
to decrease by 50–60% following regrowth when soil was diluted 105 times [22], this
apparently did not affect our actual N2 O exchange that tended to increase with dilution.
The microbial diversity was reduced by dilution and, after subsequent regrowth in
the soil, microbial biomass and respiration activity were unaffected, which means that
the increase in N2 O turnover was not due to a general increase in oxygen consumption
via enhanced respiration activity. Plant performance (biomass and nitrogen content) did
not vary between treatments in this experiment [20], and we, therefore, assumed that the
root-derived contribution to soil respiration was similar across treatments. The reduction
in microbial diversity with dilution [19], therefore, implies that conclusions on effects
of diversity reduction on system performance can be drawn independently of microbial
biomass or overall respiration activity. We believe that the increase in respiration driving
the increased N2 O turnover was very local and insignificant when considering the whole
soil core. Therefore, no increase in overall CO2 production is to be expected when N2 O
turnover gets more intense. The increased skewness of the frequency distribution of N2 O
exchange shows that the likelihood of large N2 O exchange increased at higher dilutions.
This means that the frequency of local hotspots of low/no oxygen increased when microbial
diversity was reduced.
We believe that loss of rare species promoted the occurrence of anoxic patches due to
reduced competition and/or decreased number of inhibitory interactions within confined
soil volumes. With species loss, reduced levels as well as complexity of interactions among
organisms should increase the likelihood for dominance of a few species via reduced growth
control [23]. For instance, with reduced diversity, antagonism, which is common among
rhizosphere bacteria [24], may be reduced. Further, reduced interspecific competition at
reduced diversity may stimulate decomposition [25] and, thus, oxygen consumption. It
has also been shown that at low diversity, reduced competition, antagonisms, or predation
exerted by concurrent organisms increase the chance for establishment and proliferation
of aggressive fast-growing microorganisms [16]. Taken together, evidence suggests that
local, intense microbial activity will occur more frequently at reduced diversity, thereby
increasing the likelihood of anoxic microsites in the soil matrix. It remains to be shown
which less abundant organisms control the development of anoxic/microaerophilic spots in
well-aerated soils. In our laboratory setup, inoculation with microorganisms from different
arable management schemes in a uniform sterilized soil background did not impact N2 O
exchange. As we used the same background soil for all microbial treatments, this result
does not necessarily imply that management or cultivation practices will not affect N2 O
exchange in the field. Certainly, agricultural management practices such as tillage and
the derived effects on soil structure and nitrogen fertilization are known to affect N2 O
dynamics [26,27].
We have shown that at least processes occurring very locally in the soil can depend
on the presence of rare organisms. Such a dependency on diversity could be because the
dynamics that create anoxic volumes occur locally in a small sub-volume of the soil matrix
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where number of species will be low. In contrast, processes depending on conditions in
a larger volume of soil may not be as dependent on a reduction in diversity as we found
here. The long tail of rare organisms that has received less attention in relation to soil
functioning and biogeochemical processes may, therefore, at least indirectly have a role in
the regulation of specific processes.
Supplementary Materials: The following are available online at https://www.mdpi.com/2071-105
0/13/4/1685/s1, Figure S1: Experimental outline.
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