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Le sol abrite, sur terre :
 - 50 à 75% de la masse vivante
 - 60 à 90% de la matière organique totale
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are well suited for in situ studies on interactions of organic
chemicals (Griffiths et al., 2002; Goyne et al., 2005). For
instance, Omoike and Chorover (2004) studied the adsorp-
tion of extracellular polymeric substances on goethite and
silica by using attenuated total reflectance (ATR-)FTIR spec-
troscopy. The technique was also used to investigate sidero-
phore adsorption on a variety of (hydrous) metal oxides
including those of Al, Fe, and Ti (McWhirter et al., 2003;
Upritchard et al., 2007). An example for further options is
matrix-assisted laser desorption ionization mass spectrome-
try that quantified protein adsorption on metal surfaces (Leize
et al., 1999).

An important step is the development of techniques that offer
the study and observation of microorganisms in their natural
soil habitat. This can be achieved by using micromodels and
(ultra-)thin sections of soil sections or 3D imaging. Micromo-
dels, formerly used as simple representations of porous
media, are now applied to study processes at larger temporal
and spatial resolution including multiphase-fluid transport
(Chomsurin and Werth, 2003), reactive colloid transport
(Baumann and Werth, 2004), and development and growth of
biofilms that affect hydraulic properties (Lanning and Ford,
2002). Thin sections allowed locating fluorescence-labeled
microorganisms relative to soil structure (Young and Craw-
ford, 2004). Advances in sample preparation, image process-
ing, and analysis facilitated the location and spatial distribu-
tion of microorganisms with respect to their heterogeneous
habitats (Nunan et al., 2002). These techniques are limited in
inferring the properties of the original three-dimensional
structure, but progresses in computer-aided tomography pro-
misingly overcome this difficulty: X-ray tomography (XRT;
Fig. 3) revealed the detailed three-dimensional structure of
soils (Kasteel et al., 2000); l-XRT gives images at ≈ 10 lm
voxel; nano-XRT characterized microorganism-colloid aggre-
gates at 45 nm voxel (Thieme et al., 2003). Recently, Nestle
et al. (2003) have applied magnetic-resonance imaging (MRI)
to study the dynamics of processes in environmental sam-
ples.

The joint application of spectroscopic, microscopic, and
tomographic methods in a synergistic fashion will expand the
possibilities to explore the architecture and reactivity of bio-
geochemical interfaces in soil.

4.2 Analytical detection and determination at the
edge

A large number of organic chemicals present in soil have
unknown fate and effect. Potentially endocrine disrupting
compounds exert effects at trace-level concentrations, but
they are applied at large loads, e.g., when applied with man-
ure. Thus, predictions of their behavior have to hold for orders
of magnitude. Some organic chemicals cannot be extracted
from SOM without significant changes of their chemical nat-
ure. Modern NMR techniques that use specifically labeled
heteroatoms or selective ionization methods in mass spectro-
metry (MS) enlighten the localization and availability of
organic chemicals in soil (Klaus et al., 2000). Electrospray
ionization mass spectrometry (ESI-MS) is a powerful tool to
characterize the size of organic molecules in soil (Klaus et
al., 2000; Piccolo and Spiteller, 2003). Desorption ESI-MS
(DESI-MS) is a promising method to analyze organic sur-
faces to study the binding and fate of organic chemicals. Sec-
ondary-ion mass spectrometry (SIMS) is used for detecting
and imaging trace-element distribution on organic surfaces in
subcellular resolution (Lobinski et al., 2006). Compound mix-
tures in complex matrices can be analyzed using two-dimen-
sional separation methods such as GC (gas chromatography)
and GC with MS detection.

The development of exhaustive separation, effective enrich-
ment, selective detection, and quantitative determination of
trace-level compounds and their metabolites is fundamental
to study their medium- to long-term behavior fate in soil as
expressed in major challenge 6.

4.3 Computational chemistry: Exploring structure
and interactions at the molecular level

The progress in computational power facilitated the transfer
of methods developed in theoretical chemistry to complex
natural systems such as soils (Gerzabek et al., 2007). Con-
veying theoretical science to experimental, e.g., spectro-
scopic, studies is both a necessity and a major challenge (2
and 4) to explain interface properties and to up-scale pro-
cesses identified at the molecular level. A variety of systems
was studied, for instance: stabilization of humic substances
by water molecules (Fig. 4), interactions of organic chemicals
with Al oxides (Vermohlen et al., 2000), surface complexation
of inorganic oxoanions on various hydrous Fe oxides (Kubicki
et al., 2007), interactions between herbicides as well as nitro-
aromatics and clay-mineral surfaces (Tunega et al., 2004;
Aggarwal et al., 2007), interactions between naphthalene de-
rivatives and soils, between a herbicide and SOM moieties
(Aquino et al., 2007) as well as acid–base properties of
goethite (Aquino et al., 2008). These studies partially base on
ab initio calculations, which do not need any empirical input
and involve solving the Schrödinger equation. Quantum-
chemical calculations are also very useful in characterizing
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Figure 3: Noninvasive insight into a soil aggregate (∅ 2–3 cm) using
X-ray microtomography. The spatial resolution is 0.015 mm per pixel.
Mineral grains are yellow, water-filled pores are blue, and air-filled
pores are red. The separation of water and air inside the pores was
calculated for a soil water potential close to field capacity based on
the local size of the pores.
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Surface casting activity and cast mass production of the soil-dwelling earthworm species, A. caliginosa, 
was not a!ected by herbicide application (Fig.  2A,B). Monitoring surface casting activity has recently 
been proposed as an ecotoxicity test better related to earthworms’ ecological role than standard labo-
ratory tests26. Although the studied earthworm species di!er in their feeding behavior, both have been 
shown to cast on the soil surface when foraging for leaf litter and other organic material27,28. #e peak in 
surface casting activity observed a$er herbicide application was therefore likely the consequence of an 
increased availability of dead leaf material. Since we provided extra food for earthworms in all treatments 
(i.e., dried chopped hay spread over the soil surface) which is supposed to increase surface casting activ-
ity, the further decrease in casting activity in herbicide-treated mesocosms clearly demonstrates a direct 
impact of the herbicide. #ese detrimental e!ects of the herbicide on earthworm activity are also surpris-
ing as soil moisture increased between 3% to 39% a$er herbicide application (Fig. 1C) re%ecting the lack 
of physiologically active, transpiring plants – however, increased soil moisture commonly stimulates cast-
ing activity13,29,30. Another explanation for the reduced surface casting activity a$er herbicide treatment 
might also be that L. terrestris avoided plant residues contaminated with glyphosate on the surface. As 
a consequence these earthworms might have lived in deeper soil horizons and avoided surface foraging 
and casting. #is might also suggest the – albeit not signi&cant – higher water in&ltration in mesocosms 
with this species when exposed to the herbicides (see below). Overall, at the end of the experiment 
we retrieved 93.3 ±  6.6% and 86.7 ±  9.9% of introduced numbers of L. terrestris and 100.0 ±  0.1% and 
100.0 ±  2.6% of introduced numbers of A. caliginosa in –H and + H treatments, respectively.

Reproduction success of both earthworm species substantially decreased a$er herbicide application. 
In total we found 25 cocoons from L. terrestris (18 cocoons in two –H, 7 cocoons in one + H mesocosm) 
and 292 cocoons from A. caliginosa (193 cocoons in six –H, 99 cocoons in six + H mesocosms). Hatching 
rate, i.e., percentage of cocoons from which earthworms hatched, decreased from 43% to 17% for L. 
terrestris (no statistical test was performed because of two few replications among treatments) and from 
71% to 32% for A. caliginosa (P <  0.001) when cocoons were collected in mesocosms without herbicide 
or with herbicide treatment, respectively (Fig.  3). In ecotoxicological trials in the laboratory without 
plants glyphosate herbicide has also been shown to decrease the growth of A. caliginosa31,32 and repro-
ductive output of compost worms (E. andrei and E. fetida)21,22. However, to our knowledge, the current 
data are the &rst to demonstrate in a near-realistic setting side e!ects of glyphosate-based herbicides on 
the surface casting activity and reproduction of earthworm species that actually inhabit agroecosystems 
and will consequently come in contact with these pesticides.

Parameters indicating important ecosystems services were also a!ected by herbicide treatment. A$er 
herbicide application, all plants in our mesocosms were killed within a couple of days. As a conse-
quence plant available nitrate in the soil increased by 1592% and plant available phosphate by 127% 
(Fig.  4A,B), probably attributable to a decrease in nitrate and phosphate uptake by plants33. While, no 
e!ect of glyphosate herbicides on soil decomposition rate was found, as in previous studies21, the herbi-
cide application tended to increase the stabilization factor of litter in soil suggesting a conversion from 
labile into more recalcitrant compounds (Fig.  4C; 26). Herbicide application had no immediate e!ect 

Figure 3. Percentage of cocoons with hatchlings of a vertically burrowing (L. terrestris, Lt) or a soil 
dwelling earthworm species (A. caliginosa, Ac) collected from mesocosms without (−H) and with (+H) 
herbicide application. (Lt: N =  1–2, Ac: N =  6, mean ±  SE). Inset shows a cocoon with a freshly hatched L. 
terrestris.
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Fig. 1. AMF spore viability (%) under different rates of glyphosate, 10 and 30 days
after application. Values are means ±SE for 5 replicates. The same letter above bars
indicates that values do not significantly differ among the six treatments.

analyzed in a three-way MANOVA. When MANOVA showed sig-
nificant results, we used univariate ANOVA analysis to determine
which of the response variables were most affected by treatments
(Scheiner, 2001). Percent data was arcsine square-root transformed
(y = arcsine

√
x) before carrying out each analysis to obtain homoge-

nous variances. The significance level was set at ˛ = 0.05. Treatment
means were compared using Tukey test when significant F values
were found.

3. Results

3.1. Spore viability

Glyphosate application significantly reduced AMF spore via-
bility (F[2,24] = 85.60; P < 0.0001) (Fig. 1). The spore viability in
herbicide untreated soils was between 5.8- and 7.7-fold higher
than in treated soils. Although the impact of glyphosate applica-
tion on survival rate of L. multiflorum was statistically different
among the three rates tested (Table 1), the AMF spore viability
was not significantly different between rates of 0.8 and 3 l ha−1.
Neither sampling date (F[1,24] = 1.23; P = 0.2801), nor the interac-
tion between glyphosate rate and sampling date (F[2,24] = 0.07;
P = 0.9312) were significant, indicating that the magnitude of this
reduction was similar after 10 and 30 days of herbicide application.

3.2. Root colonization

A significant effect of sampling date and glyphosate rate was
found (but not of the interaction between them) on fungal traits
(MANOVA, Table 2). Univariate ANOVA showed that the percent-
age of root colonization was significantly lower in plants grown in

Table 2
Results of multivariate analysis of variance (MANOVA) for the effects of sampling
date and glyphosate rate on fungal traits (total root colonization, percentage of
arbuscules and percentage of vesicles).

Effect Pillai’s
trace

d.f. (numerator,
denominator)

F P-level

Sampling date (S) 0.74 3.22 21.30 <0.0001
Glyphosate rate (GLY) 0.74 6.46 4.53 0.0011
S × GLY 0.29 6.46 1.27 0.2878

Pillai’s trace was used as the multivariate criterion. For means and SE of the original
variates, see Fig. 2.

Fig. 2. Percentage of root colonization by AMF (A), arbuscules (B) and vesicles (C)
under three different rates of glyphosate, 10 and 30 days after application. Values
are means ±SE for 5 replicates. The same letter above bars indicates that values do
not significantly differ among the six treatments according to ANOVA and Tukey’s
test (P ≤ 0.05).

soil treated with glyphosate than in untreated soils (F[2,24] = 21.14;
P < 0.0001) (Fig. 2A). An effect of sampling date, with a higher per-
centage of root colonization 30 days post-application was also
found (F[1,24] = 61.82; P < 0.0001). No interaction occurred between
glyphosate rate and sampling date for mycorrhizal root coloniza-
tion (F[2,24] = 1.25; P = 0.3071).

Analyzing the different structures of the fungus within the
root, a decrease in percentage of arbuscules was found in plants
grown in treated soils (F[2,24] = 14.36; P < 0.0001). This reduction
was significant only between untreated soils and highest level
of glyphosate treatment (Fig. 2B). In this case, we also found an
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herbicide application, all plants in our mesocosms were killed within a couple of days. As a conse-
quence plant available nitrate in the soil increased by 1592% and plant available phosphate by 127% 
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effect on dispersion for enzymes and late spring N cycling functions
(Tables 1 and 2).
Watering decreased dispersion for fall through early spring N

cycling, based on microbial functions (as measured by Euclidean
distance), but only in fertilized plots (Tables 1 and 2). In unfer-
tilized plots, watering had no significant effect on dispersion for
fall through early spring N cycling (Tables 1 and 2).

Soil Chemical Properties. Prior to treatment application in 2010,
dispersion for soil chemical properties (based on Euclidean
distances among plots) did not differ among treatments for any
of our four focal comparisons (SI Appendix, Table S6). In late
spring 2013, dispersion (based on Euclidean distances among the
same soil chemical properties) was significantly greater in fertil-
ized than in unfertilized unwatered plots (F vs. C) but remained
statistically similar in fertilized and unfertilized watered plots (FW
vs. W) (SI Appendix, Table S6). Late spring 2013 dispersion was
significantly smaller in watered than in unwatered fertilized plots
(FW vs. F) but remained statistically similar in watered and
unwatered unfertilized plots (W vs. C) (SI Appendix, Table S6).

Discussion
Microbial composition and function are among the ecological
properties considered most essential to understanding how
ecological systems can continue to provide services in the face of
rapid environmental change. The resource-enhancing changes
we applied, especially fertilization, caused initially resource-poor
communities to show decreased relative frequencies of mutual-
istic fungi and increased relative frequencies of antagonistic
fungi, thus becoming more similar in fungal composition to the
resource-rich soil communities. Conversely, we found resistance
to change in the spatial heterogeneity of bacterial and archaeal
community composition and of some microbial functions. Other
microbial functions showed enhanced spatial heterogeneity as
some nitrogen cycling functions sped up most in resource-rich
soils where they were initially faster.
The homogenization of fungal composition under fertilization

paralleled changes in the plant community, for which the initially
less-fertile sites showed greater compositional changes and be-
came more similar to plant communities on initially more-fertile
sites (13, 14). Fertilization decreased the relative frequency

of symbiotrophic (mutualist) fungi and increased the relative
frequency of pathotrophic (antagonist) fungi experiment-wide.
However, its largest impact—as judged by relative frequency
differences between matched fertilized and unfertilized plots—
was where symbiotrophs were initially most frequent and path-
otrophs were initially least frequent, which were the least fertile
sites. Symbiotrophs are well known to be more abundant in
nutrient-poor environments (26, 27) and to decrease under fer-
tilization (15, 28). Pathotrophs may increase under fertilization in
response to decreases in symbiotrophs, which protect roots from
fungal pathogens (29). Alternatively or additionally, pathotrophs
may benefit when fertilization promotes plants with a resource-
acquisitive trait syndrome that includes less-defended root tissues
(30, 31). In our study, the takeover of harsh serpentine soils by
fast-growing exotic plant species that were already prevalent on
more fertile soils (14) may have contributed to the observed fungal
homogenization.
Conversely, bacterial and archaeal composition was relatively

resistant to nutrient addition, possibly because these microbes
respond primarily to soil properties such as pH, Ca:Mg, and
cation exchange capacity that were not greatly altered by fertil-
ization in this experiment (5, 7, 32) (SI Appendix, Tables S4 and
S5). Spatial variability of bacterial and archaeal taxonomic
composition showed a modest reduction under nutrient addition
in watered plots, but this effect was not seen in the abundance-
weighted, trait-based measures of bacterial and archaeal com-
position, nor in unwatered plots. The ability of fungal hyphae to
bridge air-filled soil pores, while bacteria and archaea are more
dependent on water films to access resources, may contribute to
the greater responsiveness of fungi than bacteria and archaea to
fertilization without water addition (33). Also, fungi appear to be
more strongly associated with plant composition than bacteria and
archaea (15, 34–37), possibly because more fungi are plant
mutualists or antagonists.
Water addition alone had relatively little effect on the spatial

variability of fungal or bacterial and archaeal composition. Other
studies have also found that microbes respond to watering in
broadly similar ways across different soils in Californian grass-
lands (38, 39). Given the high capacity of microbes to cope with
rainfall variability through dormancy (22), many of the taxa that
increased in watered plots would likely also increase during

A B

Fig. 2. Reduced variability of fungal guild relative frequencies in response to fertilization of unwatered plots. (A) Pathotroph and symbiotroph relative
frequencies in (Left) unfertilized and (Right) fertilized unwatered plots, with (Center) the difference in relative frequency of each guild in fertilized (F) vs.
unfertilized (C) unwatered plots. Only the harsh serpentine and nonserpentine soils are shown for simplicity; the lush serpentine showed patterns similar to
the nonserpentine. Error bars represent 1 SE. (B) Pathotroph relative frequency in C plot vs. the difference between pathotroph relative frequency in F plot
and pathotroph relative frequency in matched C plot. While on average, pathotroph relative frequencies increased with fertilization, the difference between
pathotroph relative frequencies in fertilized vs. matched control plots was larger for matched plots in which the control plot started out with a lower
pathotroph relative frequency. Many of the plots experiencing the largest changes were on the harsh serpentine.
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effect on dispersion for enzymes and late spring N cycling functions
(Tables 1 and 2).
Watering decreased dispersion for fall through early spring N

cycling, based on microbial functions (as measured by Euclidean
distance), but only in fertilized plots (Tables 1 and 2). In unfer-
tilized plots, watering had no significant effect on dispersion for
fall through early spring N cycling (Tables 1 and 2).

Soil Chemical Properties. Prior to treatment application in 2010,
dispersion for soil chemical properties (based on Euclidean
distances among plots) did not differ among treatments for any
of our four focal comparisons (SI Appendix, Table S6). In late
spring 2013, dispersion (based on Euclidean distances among the
same soil chemical properties) was significantly greater in fertil-
ized than in unfertilized unwatered plots (F vs. C) but remained
statistically similar in fertilized and unfertilized watered plots (FW
vs. W) (SI Appendix, Table S6). Late spring 2013 dispersion was
significantly smaller in watered than in unwatered fertilized plots
(FW vs. F) but remained statistically similar in watered and
unwatered unfertilized plots (W vs. C) (SI Appendix, Table S6).

Discussion
Microbial composition and function are among the ecological
properties considered most essential to understanding how
ecological systems can continue to provide services in the face of
rapid environmental change. The resource-enhancing changes
we applied, especially fertilization, caused initially resource-poor
communities to show decreased relative frequencies of mutual-
istic fungi and increased relative frequencies of antagonistic
fungi, thus becoming more similar in fungal composition to the
resource-rich soil communities. Conversely, we found resistance
to change in the spatial heterogeneity of bacterial and archaeal
community composition and of some microbial functions. Other
microbial functions showed enhanced spatial heterogeneity as
some nitrogen cycling functions sped up most in resource-rich
soils where they were initially faster.
The homogenization of fungal composition under fertilization

paralleled changes in the plant community, for which the initially
less-fertile sites showed greater compositional changes and be-
came more similar to plant communities on initially more-fertile
sites (13, 14). Fertilization decreased the relative frequency

of symbiotrophic (mutualist) fungi and increased the relative
frequency of pathotrophic (antagonist) fungi experiment-wide.
However, its largest impact—as judged by relative frequency
differences between matched fertilized and unfertilized plots—
was where symbiotrophs were initially most frequent and path-
otrophs were initially least frequent, which were the least fertile
sites. Symbiotrophs are well known to be more abundant in
nutrient-poor environments (26, 27) and to decrease under fer-
tilization (15, 28). Pathotrophs may increase under fertilization in
response to decreases in symbiotrophs, which protect roots from
fungal pathogens (29). Alternatively or additionally, pathotrophs
may benefit when fertilization promotes plants with a resource-
acquisitive trait syndrome that includes less-defended root tissues
(30, 31). In our study, the takeover of harsh serpentine soils by
fast-growing exotic plant species that were already prevalent on
more fertile soils (14) may have contributed to the observed fungal
homogenization.
Conversely, bacterial and archaeal composition was relatively

resistant to nutrient addition, possibly because these microbes
respond primarily to soil properties such as pH, Ca:Mg, and
cation exchange capacity that were not greatly altered by fertil-
ization in this experiment (5, 7, 32) (SI Appendix, Tables S4 and
S5). Spatial variability of bacterial and archaeal taxonomic
composition showed a modest reduction under nutrient addition
in watered plots, but this effect was not seen in the abundance-
weighted, trait-based measures of bacterial and archaeal com-
position, nor in unwatered plots. The ability of fungal hyphae to
bridge air-filled soil pores, while bacteria and archaea are more
dependent on water films to access resources, may contribute to
the greater responsiveness of fungi than bacteria and archaea to
fertilization without water addition (33). Also, fungi appear to be
more strongly associated with plant composition than bacteria and
archaea (15, 34–37), possibly because more fungi are plant
mutualists or antagonists.
Water addition alone had relatively little effect on the spatial

variability of fungal or bacterial and archaeal composition. Other
studies have also found that microbes respond to watering in
broadly similar ways across different soils in Californian grass-
lands (38, 39). Given the high capacity of microbes to cope with
rainfall variability through dormancy (22), many of the taxa that
increased in watered plots would likely also increase during

A B

Fig. 2. Reduced variability of fungal guild relative frequencies in response to fertilization of unwatered plots. (A) Pathotroph and symbiotroph relative
frequencies in (Left) unfertilized and (Right) fertilized unwatered plots, with (Center) the difference in relative frequency of each guild in fertilized (F) vs.
unfertilized (C) unwatered plots. Only the harsh serpentine and nonserpentine soils are shown for simplicity; the lush serpentine showed patterns similar to
the nonserpentine. Error bars represent 1 SE. (B) Pathotroph relative frequency in C plot vs. the difference between pathotroph relative frequency in F plot
and pathotroph relative frequency in matched C plot. While on average, pathotroph relative frequencies increased with fertilization, the difference between
pathotroph relative frequencies in fertilized vs. matched control plots was larger for matched plots in which the control plot started out with a lower
pathotroph relative frequency. Many of the plots experiencing the largest changes were on the harsh serpentine.
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effect on dispersion for enzymes and late spring N cycling functions
(Tables 1 and 2).
Watering decreased dispersion for fall through early spring N

cycling, based on microbial functions (as measured by Euclidean
distance), but only in fertilized plots (Tables 1 and 2). In unfer-
tilized plots, watering had no significant effect on dispersion for
fall through early spring N cycling (Tables 1 and 2).

Soil Chemical Properties. Prior to treatment application in 2010,
dispersion for soil chemical properties (based on Euclidean
distances among plots) did not differ among treatments for any
of our four focal comparisons (SI Appendix, Table S6). In late
spring 2013, dispersion (based on Euclidean distances among the
same soil chemical properties) was significantly greater in fertil-
ized than in unfertilized unwatered plots (F vs. C) but remained
statistically similar in fertilized and unfertilized watered plots (FW
vs. W) (SI Appendix, Table S6). Late spring 2013 dispersion was
significantly smaller in watered than in unwatered fertilized plots
(FW vs. F) but remained statistically similar in watered and
unwatered unfertilized plots (W vs. C) (SI Appendix, Table S6).

Discussion
Microbial composition and function are among the ecological
properties considered most essential to understanding how
ecological systems can continue to provide services in the face of
rapid environmental change. The resource-enhancing changes
we applied, especially fertilization, caused initially resource-poor
communities to show decreased relative frequencies of mutual-
istic fungi and increased relative frequencies of antagonistic
fungi, thus becoming more similar in fungal composition to the
resource-rich soil communities. Conversely, we found resistance
to change in the spatial heterogeneity of bacterial and archaeal
community composition and of some microbial functions. Other
microbial functions showed enhanced spatial heterogeneity as
some nitrogen cycling functions sped up most in resource-rich
soils where they were initially faster.
The homogenization of fungal composition under fertilization

paralleled changes in the plant community, for which the initially
less-fertile sites showed greater compositional changes and be-
came more similar to plant communities on initially more-fertile
sites (13, 14). Fertilization decreased the relative frequency

of symbiotrophic (mutualist) fungi and increased the relative
frequency of pathotrophic (antagonist) fungi experiment-wide.
However, its largest impact—as judged by relative frequency
differences between matched fertilized and unfertilized plots—
was where symbiotrophs were initially most frequent and path-
otrophs were initially least frequent, which were the least fertile
sites. Symbiotrophs are well known to be more abundant in
nutrient-poor environments (26, 27) and to decrease under fer-
tilization (15, 28). Pathotrophs may increase under fertilization in
response to decreases in symbiotrophs, which protect roots from
fungal pathogens (29). Alternatively or additionally, pathotrophs
may benefit when fertilization promotes plants with a resource-
acquisitive trait syndrome that includes less-defended root tissues
(30, 31). In our study, the takeover of harsh serpentine soils by
fast-growing exotic plant species that were already prevalent on
more fertile soils (14) may have contributed to the observed fungal
homogenization.
Conversely, bacterial and archaeal composition was relatively

resistant to nutrient addition, possibly because these microbes
respond primarily to soil properties such as pH, Ca:Mg, and
cation exchange capacity that were not greatly altered by fertil-
ization in this experiment (5, 7, 32) (SI Appendix, Tables S4 and
S5). Spatial variability of bacterial and archaeal taxonomic
composition showed a modest reduction under nutrient addition
in watered plots, but this effect was not seen in the abundance-
weighted, trait-based measures of bacterial and archaeal com-
position, nor in unwatered plots. The ability of fungal hyphae to
bridge air-filled soil pores, while bacteria and archaea are more
dependent on water films to access resources, may contribute to
the greater responsiveness of fungi than bacteria and archaea to
fertilization without water addition (33). Also, fungi appear to be
more strongly associated with plant composition than bacteria and
archaea (15, 34–37), possibly because more fungi are plant
mutualists or antagonists.
Water addition alone had relatively little effect on the spatial

variability of fungal or bacterial and archaeal composition. Other
studies have also found that microbes respond to watering in
broadly similar ways across different soils in Californian grass-
lands (38, 39). Given the high capacity of microbes to cope with
rainfall variability through dormancy (22), many of the taxa that
increased in watered plots would likely also increase during
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Fig. 2. Reduced variability of fungal guild relative frequencies in response to fertilization of unwatered plots. (A) Pathotroph and symbiotroph relative
frequencies in (Left) unfertilized and (Right) fertilized unwatered plots, with (Center) the difference in relative frequency of each guild in fertilized (F) vs.
unfertilized (C) unwatered plots. Only the harsh serpentine and nonserpentine soils are shown for simplicity; the lush serpentine showed patterns similar to
the nonserpentine. Error bars represent 1 SE. (B) Pathotroph relative frequency in C plot vs. the difference between pathotroph relative frequency in F plot
and pathotroph relative frequency in matched C plot. While on average, pathotroph relative frequencies increased with fertilization, the difference between
pathotroph relative frequencies in fertilized vs. matched control plots was larger for matched plots in which the control plot started out with a lower
pathotroph relative frequency. Many of the plots experiencing the largest changes were on the harsh serpentine.
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