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Abstract: Fungi and bacteria play a central role in the cycling of carbon (C) and nitrogen (N),
which has been frequently assessed by manipulating their abundance in soil with the application
of fungicides and bactericides. We conducted a meta-analysis using 61 publications to investigate
whether fungicides and bactericides have distinct effects on soil C- and N- cycling, and how they
vary with land type and soil properties. Most fungicides and bactericides had significant negative
effects on microbial biomass C and N. However, they had mixed effects on soil respiration, N pools,
and transformation processes, varying strongly with the type of fungicide and bactericide. Available
NO3

− was lightly affected, while N2O emission was reduced by most biocides. The application
of fungicides had neutral effects on respiration, NH4

+, and ammonification in agro-ecosystems,
but positive effects in forests. Effect sizes of available NO3

− and nitrification in response to
bactericides were sensitive to soil pH and C content. Our results suggest that most fungicides
and bactericides inhibit microbial growth, but that they have mixed effects on respiration and N
cycling. Biocides need to be carefully evaluated for unintentional side effects before they are used in
assessing the role of fungi and bacteria for C- and N- cycling.
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1. Introduction

Soil microbial communities play a central role in the breakdown of organic matter and cycling
of carbon (C) and nutrients, and thereby play a significant role in greenhouse gas emission, soil C
sequestration, and nutrient transformations [1,2]. The major groups in the soil are fungi and bacteria,
while in many soils archaea are also important [3]. These microbial groups are susceptible to changes
in environmental conditions, substrate availability, and land use change [4,5], with subsequent
consequences for soil C and nutrient dynamics [6].

The soil microbial biomass is mostly comprised of fungi and bacteria, and both contribute to
soil organic C storage [1,7] and cycling of nutrients in soil [8]. Indeed, much of the soil C originates
from microbial biomass and large amounts of microbial residues can be stabilized in organo-mineral
complexes [9–11] or within soil aggregates [12]. Studying the dynamics of fungi and bacteria may,
therefore, help to understand the long-term soil C storage potential [7]. Although both fungi and
bacteria are engaged in mineralization of C and nutrients in the soil, they differ in their demand
for C and nutrients, morphology, physiology, and C use efficiency [13]. Fungi tend to be more
important in decomposing soil organic matter with low nutrient content and poor quality because their
nutrient demands and metabolic activities are low [14,15]. Bacteria contribute to the C cycling through
decomposition of fresh dead plant biomass and are also important for the decomposition of dead fungal
mycelia [16]. Fungi may store more C than bacteria because they tend to have higher C assimilation
efficiencies [17]. On the other hand, fungi showed slower C turnover rates than bacteria [13,18].
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Therefore, the relative abundance of fungi and bacteria, the dominant decomposers in soil, can have
different influences on C cycling [7,19].

Nitrogen (N) transformations in soil, including ammonification, nitrification, and denitrification,
are all mediated by microbes [20]. The relative abundance of fungi and bacteria can have significant
impacts on these N transformation rates [21]. For instance, heterotrophic fungi and autotrophic bacteria
both contributed significantly to nitrification in acidic forest soils [22]. However, while both fungi
and bacteria can assimilate nitrate (NO3

−) [23,24], heterotrophic bacteria preferred NO3
− when fungi

scavenged more effectively for ammonium (NH4
+) in sagebrush–crested wheatgrass [25]. Low net

N mineralization rates tend to occur in fungal-dominated soils with low biological activity [2,26]
and extensive fungal hyphal networks [27]. On the other hand, high biological activity and net N
mineralization rates tend to occur in bacteria-dominated soils [2,26]. Soils vary in their fungal:bacterial
ratios where bacteria tend to prefer mostly fertile and N-rich soils [28], while fungi can tolerate low
soil N concentrations [19,29]. These variations may help to understand their significant contributions
to the soil N cycle.

The relative role of fungi and bacteria for soil C and N dynamics can be assessed by manipulating
their abundance in soil with the application of fungicides and bactericides. The application of
fungicides and bactericides to soil has become one of the most common techniques to manipulate
microbial community composition [30], while they are frequently used in agriculture to control plant
pathogens and soil-borne diseases [31]. Group-specific biocides can control the abundance and activity
of the major microbial communities. Several studies found that different biocides have different impacts
on total microbial communities, affecting both targeted and non-target organisms [32,33], depending
on the amount applied [34–38]. Frequent exposure to biocides can result in microbial communities
reducing soil fertility in agricultural systems and affecting other ecosystem properties [39]. Therefore,
quantitative information regarding biocide use is urgently needed for facilitating their effective uses in
experimental and ecological studies manipulating microbial communities.

We conducted a meta-analysis to understand the impact of different biocides on soil microbial
biomass, and C and N cycling. We asked the following questions: (i) How do different biocides affect
microbial biomass and C and N cycling in soil? (ii) How do the effects of fungicides and bactericides
vary with land type? (iii) How do the effects of fungicides and bactericides vary with soil pH or with
soil C content (indices of soil fertility)?

2. Materials and Methods

2.1. Data Compilation

For our meta-analysis, we collected data from publications that we searched in Scopus. We selected
18 keywords related to soil and microbial properties and processes (Table S1). For studies to be included
in our data set we used the following criteria:

• Studies need to report soil and microbial properties for at least one biocide application and for
a control.

• Studies need to report at least one of the following properties: Microbial biomass C and N,
respiration rate, available NH4

+, ammonification, available NO3
−, nitrification, and N2O.

• Studies need to report the amount of biocide applied, and the time of measurements
since application.

We included studies where biocides were applied as solids or in solution for uniform distribution
in soil. We found a total of 61 publications (References S1) and a total of 3026 observations
(Supplementary Data). The number of publications of the selected papers increased with time (Figure
S1). Biocides applications by country are shown in Table S2.

For each publication, we further noted location, land use, soil C content, and pH, when reported
(Supplementary Data). Data in the original figures were extracted using Getdata Graph Digitizer
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(version 2.22). Mean values (control and treatment), standard deviations, and the number of replicates
was collected, when reported.

2.2. Statistical Analyses

For effect size calculation, we calculated the natural log of the response ratio lnRR = ln (mean
treatment value/mean control value) [40]. The random-effects model in MetaWin 2.1 [41] was used
to calculate the mean effect sizes and 95% bootstrapped confidence intervals (CI, 4999 iterations
considered for bootstrapping). We compared the effects of biocide type by target group (fungicide,
bactericide, fungicide, and bactericide combined) and for each individual biocide type. We adjusted
the weight of each observation within a specific study by the number of observations so that studies
with a large number of observations did not have a dominating effect on the mean effect size [42].
Usually, effect sizes are weighted by the inverse of the pooled variance calculated from standard
deviations of the control and treatment [43]. However, because standard deviations were often not
reported (Supplementary Data), we decided not to use this variance-based weighting, because it would
exclude those observations where standard deviations were not reported in our meta-analysis. Others
have shown that variance-based weighting of effect sizes gave similar results to no weighting [44,45].
We used Qbetween (heterogeneity in effect sizes associated to differences between categories) to test if
effects differed among biocide types, between fungicides and bactericides, and among land types for
fungicides and bactericides separately. Differences between categories were considered significant at
Prandom < 0.05. We then related the lnRR for the different parameters to biocide incubation time (day),
soil pH and C (%), and biocide amount (mg g−1) using linear regressions. We tested these relationships
for fungicides and bactericides separately, and whether the slope of the relationship differed between
fungicides and bactericides. For these relationships, we used JMP (version 8, SAS Institute, Cary, NC,
USA). Relationships and differences in slopes were considered significant at P < 0.05.

3. Results

We examined a total of 35 fungicides and 3 bactericides (Table S3). These fungicides and
bactericides differed in their molecular masses (ranging between 73 g mol−1 for lime-sulfur (F)
to 581 g mol−1 for streptomycin (B)), C content (ranging between 0% for Cu oxychloride (F) and
lime-sulfur (F) to 77% for tridemorph (F)), and N content (ranging between 0% for a number of
biocides to 22% for carbendazim (F)).

The mean effect sizes (natural log of the response ratio, lnRR) of microbial biomass carbon (MBC)
were not significantly different between fungicides and bactericides (P = 0.27, Figure 1a), but were
found to be significantly different among the different biocide types (P = 0.0002, Figure 1b). Almost
all biocides had negative effect sizes, except for the bactericide streptomycin, which had no effect
on MBC. The highest negative response for MBC was observed for the fungicide tebuconazole (avg.
lnRR = −1.62, n = 12, Figure 1b). Effect sizes of microbial biomass nitrogen (MBN) were also not
significantly different between fungicides and bactericides (P = 0.32, Figure 1c), but significantly
different among biocides (P = 0.0004), and mostly negative, except for benomyl (F), which showed a
positive effect (Figure 1d). Cycloheximide (F) and streptomycin (B), as single applications or combined,
showed similar responses for MBC and MBN (Figure 1b,d), where negative effects were observed for
cycloheximide with and without streptomycin, while streptomycin alone had no effect. This indicates
that the fungicide was more effective than the bactericide in reducing both MBC and MBN.

Soil respiration was not significantly different between fungicides and bactericides (P = 0.85,
Figure 2a). However, biocide types showed significant different effect sizes for soil respiration
(P = 0.0002), where no positive and negative effects on soil respiration were observed (Figure 2b). The
most negative and positive effect sizes were found for Cu oxychloride (F, only four observations) and
pentachlorophenol (F, only six observations), respectively. The fungicide propiconazole had no effect
on respiration for 136 observations. Cycloheximide (F) and streptomycin (B) also had no effect on
respiration either as single or mixed applications. On the other hand, captan (F) and bronopol (B)
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both in single and combined doses had negative effects on soil respiration (Figure 2b). The bactericide
oxytetracycline had a negative effect on respiration, and moreover, it had a negative effect on respiration
when combined with the fungicide captan.Soil Syst. 2019, 3, x FOR PEER REVIEW 4 of 16 
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Figure 2. The mean response ratios (lnRR) of (a,b) soil respiration to different biocide types (F:
Fungicide, B: Bactericide, F+B: Fungicide + Bactericide). The error bars represent 95% bootstrapped
confidence intervals (CIs). The effects of different biocides were considered significant if the 95% CI
of the mean effect size did not overlap with zero. The numbers of observations for each biocide are
shown next to the error bars in brackets.
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Soil available ammonium (NH4
+ -N), ammonification, available nitrate (NO3

− -N) and nitrous
oxide (N2O) emission were not different between fungicides and bactericides (Figure 3a,c,e,i),
but nitrification was significantly higher for fungicides than for bactericides (P = 0.03, Figure 3g).
Biocide types varied significantly in their effect on NH4

+ -N, ammonification and nitrification
(P = 0.0002, Figure 3b,d,h). However, NO3

− -N and N2O emission did not vary among biocide
types (P = 0.86 and 0.24, Figure 3f,j, respectively). Many biocide types had positive effects on NH4

+

and ammonification, but more frequently had negative effects on nitrification and N2O emission.Soil Syst. 2019, 3, x FOR PEER REVIEW 6 of 16 

 

 

Figure 3. The mean response ratios (lnRR) of (a,b) available NH4+, (c,d) ammonification, (e,f) nitrate, 
(g,h) nitrification, and (i,j) N2O emission to different biocide types (F: Fungicide, B: Bactericide, F+B: 
Fungicide + Bactericide). The error bars represent 95% bootstrapped confidence intervals (CIs). The 
effects of different biocides were considered significant if the 95% CI of the mean effect size did not 
overlap with zero. The numbers of observations for each biocide are shown next to the error bars in 
brackets. 

Figure 3. The mean response ratios (lnRR) of (a,b) available NH4
+, (c,d) ammonification, (e,f) nitrate,

(g,h) nitrification, and (i,j) N2O emission to different biocide types (F: Fungicide, B: Bactericide, F+B:
Fungicide + Bactericide). The error bars represent 95% bootstrapped confidence intervals (CIs). The
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We categorized the observations into five different land types: Agriculture, desert, forest,
grassland, and wetland. Soil and microbial parameters for these land types varied in their responses
to biocide treatments. Fungicides had negative effects on MBC for wetlands, grasslands, forests,
and agricultural lands, with the most negative effect in wetlands (Figure 4a). On the other hand,
bactericides had positive effects in agricultural lands (Figure 4b). Fungicides and bactericides had
similar effects on soil respiration, with negative effects in wetlands and positive effects in forests
(Figure 4c,d).
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The effects of fungicides and bactericides on available NH4
+, ammonification, nitrification,

and N2O emission varied significantly among land types (Figure 5a,b,e–g), but there were no land type
effects on NO3

− effect sizes (Figure 5c,d). Available NH4
+ and ammonification were positively affected

by fungicides in wetlands, grasslands, and forests, but not in agricultural lands (Figure 5a,b), while not
enough data were available to examine land type effects on bactericide effect sizes. On the other
hand, negative effect sizes were observed for nitrification in deserts and agricultural lands, and for
N2O emission in grasslands in response to fungicides (Figure 5e,g). The limited data for bactericides
also showed negative effects on nitrification in forests, but positive effects in deserts and grasslands
(Figure 5f).

The effect sizes of available nitrate (NO3
−) and nitrification in response to bactericides were

positively related to soil pH, while the effect sizes in response to fungicides did not show a significant
relationship with soil pH (Figure 6).

Interestingly, effect sizes of available NO3
− and nitrification in response to bactericides were

negatively related to soil C content, with no clear relationship for the fungicide effect sizes (Figure 7).
Effects sizes of soil respiration, microbial biomass C and N, and N2O emission were not significantly
related to pH or soil C content for both fungicides and bactericides. We note that the larger number of
types of fungicides with observations covering a larger range in soil pH and soil C compared to the
bactericides may have contributed to the lack of finding significant relationships.
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4. Discussion

4.1. Biocide Effects on Microbial Biomass and C-Cycle Processes

Our meta-analysis demonstrated that there were often large differences among the different
biocides, but when grouped into biocide types such as fungicides and bactericides, differences were not
apparent (Figure 1, Figure 2, and Figure 3). We therefore focus our discussion on different biocide type
effects rather than on differences between fungicides and bactericides. Biocides had different effects
on soil C and N dynamics, including microbial biomass carbon (MBC), microbial biomass nitrogen
(MBN), soil respiration, and various N-cycle processes. Most of the biocides had negative effects on
MBC (Figure 1b), suggesting that these biocides were effective in limiting microbial populations. In our
study, these negative impacts were observed for most of the biocides, but some were more effective
than others. Tebuconazole, a broad spectrum and systemic fungicide, had the highest negative effect
on MBC. Tebuconazole was also found to be persistent in soil [46]. Therefore, persistent biocides may
be more effective than short-lived biocides in affecting targeted microorganisms, although long term
biocide residence in soil has the potential to indirectly affect non-target soil microorganisms [47].

Furthermore, we found that most biocides had a negative effect on MBN (Figure 1d). However, an
exception was benomyl (F), which showed a positive effect on MBN. One reason could be that a pulse in
the fungal necromass after benomyl addition may have provided an N source to other microorganisms
not affected by benomyl [34]. Interestingly, benomyl had among the highest N concentrations (19.3%)
of the biocides we examined (Table S3). It is therefore also possible that benomyl may have been a
source of N after its decomposition that could be used by other surviving microorganisms. Similarly,
when we related MBC responses to biocide amounts applied to soil, we observed a significant positive
relationship from negative effect sizes at low doses to positive effect sizes at high doses (Figure S2).
This suggests that the organic biocides could be used as C sources for the surviving microorganisms,
particularly at high doses, but this would also depend on the persistence (or degradability) of biocides.

Soil respiration was affected by biocide type, but it did not differ between fungicides and
bactericides. As discussed above for MBC, differences in respiration effects among biocides may have
occurred because some biocides are more persistent than others (e.g., References [34,47]). However, for
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the majority of observations, the largest effects occurred after hours or a few days. When we related
soil respiration effect sizes to incubation time, we observed the largest effects during short incubation
times (Figure S3), while biocide effects on respiration rapidly declined with time. Similar results were
obtained for MBC and MBN (data not shown). This decline could be due to microbial adaptation
and tolerance to biocides as time elapsed [38]. However, a more likely explanation is that biocide
concentrations decreased with time due to degradation, thereby reducing their impact.

4.2. Biocide Effects on N-cycle Processes

In our meta-analysis, we observed that biocides had mixed effects on N pools and transformation
processes. Some fungicides caused the highest positive effect on available NH4

+ and ammonification
(Figure 3b,d), while the largest negative effect on nitrification was caused by the bactericide bronopol
(Figure 3h). The reasons for these variable effects could be that (i) different soil microorganisms
responsible for N transformations respond differently to various biocides, (ii) some biocide types
are more persistent in soil than others, and (iii) biocide types vary in their N content and can act
as an N source for surviving microorganisms. For tebuconazole (F), two of these reasons could be
responsible for the highest positive effect on available soil NH4

+: It is persistent in soil and it has a high
N concentration (13.7%, Table S3). Susceptibility of nitrifying bacteria and changes in the microbial
community during application of specific fungicides such as captan [48] and cycloheximide [49] could
also be responsible for the positive effect on available soil NH4

+. Moreover, most of the fungicides had a
positive effect on net ammonification, possibly because application of these biocides reduced microbial
NH4

+ uptake and protein synthesis. Increased production of NH4
+ from N mineralization from organic

matter with biocide application is also possible due to the presence of a physiologically-diversified
group of ammonifiers (bacteria, fungi, and some actinomycetes) that vary in their susceptibility to
different biocides [21].

While most of the biocides had a negative effect on nitrification and N2O emission processes,
some biocides had positive and no effects on these processes (Figure 3h,j). Interestingly, a large number
of fungicides decreased nitrification, although the traditional view is that nitrification in soil is mostly
performed by autotrophic bacteria [50]. Indeed, in our meta-analysis, the bactericide bronopol had
the strongest negative effect on nitrification, suggesting that nitrification was largely controlled by
nitrifying bacteria. However, heterotrophic nitrification by fungi may also be important in certain
soils (e.g., Reference [51]), and our results indicate that many fungicides can significantly suppress
nitrification. Previous studies have also shown that bacteria were a main agent for denitrification
and N2O emission [52,53]. However, our meta-analysis revealed that many fungicides negatively
affected N2O emission, and it has become increasingly clear that fungi from various phyla are
known to be capable of denitrification and N2O production [54,55]. However, a significant response
(positive or negative) on N2O emission was absent for the fungicides benomyl, cycloheximide and
difenoconazole. Possible reasons for this lack of effect are (i) variation in biocide amounts and
incubation duration, and (ii) that fungicide applications provided significant C and N sources for
denitrifying microorganisms thereby offsetting any negative effects on N2O emission. Several studies
showed that low amounts of these biocides had non-significant effects on denitrification [49,56]. It was
suggested that difenoconazole (N = 10.4%, C/N = 5) acted as an alternative C source for denitrifying
microorganisms and was responsible for denitrification rates [56]. While the application of a low
amount of cycloheximide reduced N2O production by 69–99% [57], long-term presence of this biocide
in soil was responsible for a positive effect on N2O emission due to the decomposition of dead microbes
or biocides for other microorganisms [58].

4.3. Fungicide and Bactericide Effects in Relation to Land Type

Although there were in general no differences between fungicides and bactericides on C and N
cycling parameters, the extent of the influence of fungicides and bactericides on soil and microbial
parameters depended on major land types. We found that MBC, respiration, and four N-cycling
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parameters (available NH4
+, ammonification, nitrification, and N2O) varied among five different land

types (agriculture, desert, forest, grassland, and wetland) in response to fungicide and bactericide
treatments (Figures 4 and 5). These variable responses could be due to differences in microbial
community structure and soil characteristics such as pH, C content (see below), and nutrient content
among land types.

For instance, when the abundance of fungal communities is relatively low, then it can be expected
that the effect of fungicides on C and N cycling would also be low. This could explain the relatively
low and sometimes lack of effect of fungicides on MBC, respiration, available NH4

+, ammonification,
nitrification, and N2O emission in agricultural lands. Agricultural lands often have relatively low
fungal abundances due to factors such as disturbance through tillage, use of non-mycorrhizal crops,
and high levels of soil nutrients that suppress fungal growth [59]. If, as discussed above, the fungicides
and bactericides themselves are a source of N, then the application of these biocides would have
relatively small effects on the N cycle in systems where N is already abundant and transformed quickly
as in most agricultural soils.

Interestingly, fungicides and bactericides showed some of the strongest negative effects on MBC
(fungicides only) and respiration in wetlands (Figure 4). Because wetlands tend to have relatively
high soil C and MBC contents [60], they therefore may be more sensitive to biocides compared to the
other land types. High inputs of dissolved organic matter from different sources in this land type can
promote large microbial growth and activity, both fungi and bacteria [60,61]. Therefore, reductions in
respiration caused by biocides may be particularly strong in this land type.

In contrast, the application of fungicides and bactericides had positive effects on respiration,
available NH4

+, ammonification, available NO3
− (fungicides only), and N2O emission in forests. High

microbial diversity and availability of a broad range of substrate types in forest soils [62] compared to
other land types could be responsible for these effects. Changes in the supply of specific substrates
could therefore enhance the activity of microbial groups specialized in these substrates. The death of
specific microbial groups through application of fungicides and bactericides may then have provided a
substrate for specific non-targeted microorganisms. This could also be a plausible reason for the large
increase in ammonification in response to fungicide application in grasslands (Figure 5b). In contrast,
fungicides had a negative effect on N2O emission in grasslands. As discussed above, fungi can be an
important contributor to N2O emission [55], and our results here suggest that fungi in grasslands may
be particularly important for N2O production.

In desert soil, fungicides showed the highest negative effect, while bactericides showed the
highest positive effect on nitrification (Figure 5e,f). Fungi may be able to survive in less fertile and
low moisture in desert soils, whereas bacterial growth and activity are often restricted in extreme
dryness [63]. Others have suggested that N transformations in desert soil are mainly dominated by
fungi [64] because of their capacity to metabolize at low water potentials [65]. Unfortunately, there was
limited or no information about fungicide and bactericide effects on other C and N cycling parameters.

4.4. Fungicide and Bactericide Effects in Relation to Soil pH and C

We examined whether fungicide and bactericide effects on C and N cycling parameters depended
on soil pH and C content. Fungi tend to be more dominant than bacteria in acidic soils [66], while
bacterial activity and diversity tend to increase with soil pH [67]. It can therefore be argued that
fungicides should cause a greater negative effect in low pH soils and bactericides in high pH soils if
the sole effect of biocides is to suppress the activity of the target organisms, thereby suppressing the
activity of the whole microbial community. Instead, we found that fungicide effects were independent
of soil pH, but bactericide effects on available NO3

− and nitrification were positively related to soil pH
(Figure 6). Although the number of observations for bactericides is far smaller than for fungicides, the
positive relationship with soil pH is intriguing. Negative effects of bactericides on available NO3

− and
nitrification at low soil pH suggests that under these conditions bactericides were effective in reducing
the activity of nitrifying bacteria. On the other hand, positive effects of bactericides on available NO3

−
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and nitrification at high soil pH could suggest that bactericides were effective in killing a large number
of bacteria, thereby providing a significant N source for the surviving nitrifying microbial community.
It is also possible that the bactericides themselves provided an N source for nitrification (e.g., the
bactericide streptomycin had high N content, Table S3), but it is unclear why this would only enhance
available N and nitrification at high soil pH. Further research is warranted to test the sensitivity of
biocides on C and N cycling with soil pH.

Similarly, we observed that the effects of bactericides on available NO3
− and nitrification were

more sensitive to variations in soil C compared to the effects of fungicides (Figure 7). Again, we caution
that the number of observations for bactericides was much smaller than for fungicides. In this case,
bactericides had positive effects on available NO3

− and nitrification when soil C was low, but effects
became negative at higher soil C. Possibly, low C soils support low available NO3

− and nitrification
rates, and under those conditions, the addition of bactericides could provide a substantial source of
N for nitrification. On the other hand, high C soils may support large bacterial communities so that
application of bactericides can significantly reduce their nitrifying activity. It is unclear why we did
not find these patterns for fungicides, but we note the large scatter for fungicides (also in relation to
soil pH), possibly because the data are derived from a large group of different fungicide types, and as
discussed above, these types can vary significantly in their effect on C and N cycling.

Our meta-analysis highlighted several limitations. First, there was a limited number of studies
examining bactericide effects on C and N cycling parameters with the majority of studies related to
fungicide effects, which hampered our analyses of contrasting the effects of fungicides vs. bactericides,
and relating bactericide effects to soil pH and C content. Second, there was an unequal number of
observations for specific biocide types. For instance, fungicides such as captan and cycloheximide
and bactericides such as bronopol and streptomycin had higher numbers of observations than other
biocides. Although this may not have affected our comparison of effects among biocide types since
we controlled for the observation number in our meta-analysis, it may have affected our comparison
of effects among different land types if certain biocide types were used more often in specific land
types than others. Unfortunately, because of the low number of observations for specific biocide types
in specific land types, we were unable to tease apart biocide type from land type effects. A third
limitation of our study is that the number of observations varied among major land types. Of the five
land types examined in our study, most of the studies were conducted in agricultural and forest land
types. For some land types, observations were smaller than 10 or completely lacking (e.g., desert land
type), causing us to use caution with some of the implications of our results.

5. Conclusions

Inhibition techniques with fungicides and bactericides have been used as a simple and cheap way
to understand the responses of fungi and bacteria to C- and N-cycling processes. However, for this
purpose, it is important to select suitable fungicides and bactericides that have a significant effect on
target microorganisms and no- or limited impact on non-target microorganisms. Previous studies have
shown that fungicides and bactericides are not always effective in inhibiting the activity of fungi and
bacteria, respectively, but could directly reduce the activity of non-targeted microorganisms as well
(e.g., References [35,49]). From our meta-analysis, we found large variation among different fungicides
and bactericides on C and N cycling parameters. On several occasions, fungicides and bactericides
caused positive effects on C and N cycling (respiration, available NH4

+, and ammonification), despite
their intent to reduce microbial C and N cycling by fungi and bacteria, respectively. We offer several
explanations for the wide variation in the effects caused by biocides. First, biocides may differ in their
effectiveness in killing target organisms, which may also depend on the rate of and time since biocide
application. Second, biocides targeting specific microbial groups may shift competition for C and
nutrient resources among microbes, thereby stimulating the activity of specific non-targeted microbes
depending on the biocide type. Third, microbes killed by biocides may become C and N sources of
surviving microbes, thereby affecting C and N cycling depending on the biocide type. Fourth, biocides
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themselves may become sources of C and N for surviving microbes, resulting in different effects among
biocide types because of their differences in C and N content and in their decomposability. Finally,
biocides may cause variable effects on C and N cycling because their effects depend on the land type
and soil characteristics such as pH and C content.

We observed large differences in the effects of fungicides and bactericides on C and N cycling
parameters among land types. For instance, wetlands showed some of the largest decreases in MBC
and respiration in response to fungicides and bactericides, possibly because this land type can support
relatively large amounts of microbial biomass. In contrast, C and N cycling parameters in agricultural
soils were, in general, less responsive to fungicides, possibly because these soils tend to support
smaller amounts of fungal biomass, and agricultural soils usually have relatively high rates of N
transformation that are mediated by bacteria rather than fungi. We further observed that the effects of
bactericides on available NO3

− and nitrification were more sensitive to soil pH and C content than the
effects of fungicides. These effects shifted from negative to positive along the soil pH gradient, and
from positive to negative along the soil C gradient, suggesting that different mechanisms operated
along these gradients.

We believe our meta-analysis provides insightful information about the use of specific fungicides
and bactericides in understanding their effects on C and N cycling in soils. While fungicide and
bactericide applications often resulted in significant reductions in microbial biomass C and N, they
sometimes caused surprising effects on respiration and N transformation rates. We therefore caution
the use of fungicides and bactericides with the intention to understand the role of fungal and bacterial
activity, respectively, on C and N cycling, and suggest that their effects on microbial community shifts
and C and N availability need to be considered for a better understanding of the role of fungi and
bacteria for C and N cycling in soils.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-8789/3/2/23/s1,
Spreadsheet S1: Supplementary data, Figure S1: Number of publications with time used in our meta-analysis,
Figure S2: The response ratio of MBC in relation to biocide amount, Figure S3: The response ratio of soil respiration
in relation to incubation time, Table S1: Selected keywords for this meta-analysis, Table S2: Country-wise
application of different biocides, Table S3: Chemical structure of studied biocides, References S1: References used
in meta-analysis.
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