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Atmospheric nitrogen (N) deposition is known to alter soil microbial communities, but

how canopy and understory N addition affects soil bacterial and fungal communities

in different soil layers remains poorly understood. Conducting a 6-year canopy and

understory N addition experiment in a temperate forest, we showed that soil bacterial

and fungal communities in the organic layer exhibited different responses to N addition.

The main effect of N addition decreased soil bacterial diversity and altered bacterial

community composition in the organic layer, but not changed fungal diversity and

community composition in all layers. Soil pH was the main factor that regulated the

responses of soil bacterial diversity and community composition to N addition, whereas

soil fungal diversity and community composition were mainly controlled by soil moisture

and nutrient availability. In addition, compared with canopy N addition, the understory

N addition had stronger effects on soil bacterial Shannon diversity and community

composition but had a weaker effect on soil bacteria richness in the organic soil layer.

Our study demonstrates that the bacterial communities in the organic soil layer were

more sensitive than the fungal communities to canopy and understory N addition, and

the conventional method of understory N addition might have skewed the effects of

natural atmospheric N deposition on soil bacterial communities. This further emphasizes

the importance of considering canopy processes in future N addition studies and

simultaneously evaluating soil bacterial and fungal communities in response to global

environmental changes.

Keywords: nitrogen deposition, canopy nitrogen addition, soil microbial community, bacteria and fungi, temperate

forest, soil layer
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FIGURE 2 | Effects of N addition treatments on soil bacterial (A,C) and fungal (B,D) alpha-diversity in different soil layers. Values are means ± standard error. Within

each group of five treatments, values with different letters represent significant differences among the five treatments (LSD test, P < 0.05). CT, control without N

addition; CN25, canopy N addition with 25 kg N ha−1 year−1; CN50, canopy N addition with 50 kg N ha−1 year−1; UN25, understory N addition with 25 kg N ha−1

year−1; UN50, understory N addition with 50 kg N ha−1 year−1.

believe that N availability (such as NH+

4 concentration) is the
main regulator of the alternations in soil bacterial diversity and
community composition under N addition (Zeng et al., 2016;
Nie et al., 2018). In this study, we found that the available N
concentration (NH+

4 and NO−

3 ) was not significantly correlated
with soil bacterial diversity in the organic layer (P > 0.05,
Table 2), indicating organic soil bacterial diversity in this study
site is mainly controlled by soil pH rather than N availability.
Nevertheless, organic soil bacterial community composition was
significantly correlated with available N concentration (NH+

4
and DON) and other environmental factors (such as soil
moisture, TN, and DOC) (P < 0.05, Figure 4B), and soil
moisture and nutrient availability explained large proportions
of the bacterial community variations in the organic soil
(Figure 5B). These results suggest that the response of organic
soil bacterial community composition to N addition is regulated
by comprehensive environmental factors (e.g., soil pH, soil
moisture, and nutrient availability).

However, contrary to our first hypothesis, soil fungal diversity
and community composition in all layers exhibited no significant
responses to N addition (Figures 2, 3; Table 1), suggesting fungal
communities are highly adapted to elevated N deposition at our
study site. This result differs from that of bacterial communities
in the organic soil layer, indicating bacterial communities are
more sensitive to N addition than the fungal communities in
this layer. A recent study also reported that N input alters soil
bacterial diversity but not fugal diversity in a grassland (Liu
et al., 2021). This pattern may be contributed to the following
three reasons. First, fungi exhibit wider pH ranges for optimal
growth than bacteria (Rousk et al., 2010); thus, fungi tend to be
more tolerant to soil acidification (Rousk et al., 2010; Herold
et al., 2012). This relative insensitivity to changes in soil pH
may be the reason why fungal communities remained constant
after N addition in our experiment. Our study also found no
significant correlation between soil pH and fungal diversity in
all layers (P > 0.05, Table 2), and soil pH just explained a little
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TABLE 1 | Effects of canopy N addition (CN) and understory N addition (UN) on bacterial and fungal community compositions at OTU level based on Bray–Curtis

distance, as determined by PERMANOVA.

Bacterial communities Fungal communities

CN UN CN UN

R2 P R2 P R2 P R2 P

Litter 0.15 0.72 0.16 0.62 0.16 0.71 0.15 0.84

Organic soil 0.24 0.17 0.28 0.01 0.14 0.97 0.19 0.26

Mineral soil 0.20 0.33 0.16 0.61 0.17 0.60 0.15 0.91

P-values reflecting statistical significance are shown in boldface (P < 0.05).

FIGURE 3 | Nonmetric multidimensional scaling (NMDS) analysis based on the Bray–Curtis distance for the bacterial (A–C) and fungal (D–F) community compositions

under different N addition treatments in different soil layers.

variation of the fungal community in the organic soil andmineral
soil layers (Figures 5E,F). Second, compared to fungi, bacteria
have a shorter turnover time and can respond more quickly to
environmental changes (Yin et al., 2010; Li et al., 2019); thus,
bacterial communities are more sensitive to N addition than
fungal communities in this study. Third, compared to bacteria,
fungal communities are often thought to be even more strongly
coupled with plant community (van der Linde et al., 2018; Liu
et al., 2021) and soil nutrients (Gilliam et al., 2011; Chen et al.,
2018; He et al., 2021). In this study, we identified fungal diversity
and community composition were closely related to soil moisture
and nutrient availability (such as DOC, DON, AP, NH+

4 , and

NO−

3 ) (P < 0.05, Table 2; Figure 4), and soil nutrients, nutrient
availability, and soil moisture explained the main variations
of fungal community composition in the litter layer, organic
soil layer, and mineral soil layer, respectively (Figures 5D–F),
indicating that the fungal community was mainly regulated by
soil moisture and nutrient availability. Other studies revealed
that the fungal community was mainly controlled by the
plant community due to their greater reliance on plants for
substrates and habitats (van der Linde et al., 2018; Liu et al.,
2021). Unfortunately, we did not quantify plant community
in this study, which precludes us from directly assessing the
contribution of plant community to soil fungal communities.
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. Further research on this issue needs to be considered to better

understand the role of the plant community in regulating fungal
communities under N deposition in this studied forest.

In addition, the effects of N addition on soil bacterial
communities varied with soil layers. In this study, N addition
just reduced bacterial diversity and shifted bacterial community
composition only in the organic soil layer, but not in the litter
layer and the mineral soil layer (Figures 2, 3; Table 1), suggesting
the layer dependence of the N deposition controls on bacterial
communities. This result in line with our previous study reported
that soil enzyme kinetics responses to N addition differed in the
litter, organic soil, and mineral soil layers (Liu et al., 2020c).
Theoretically, the amount of added N will gradually decrease
as the soil layer deepens; thus, the amount of N entering the
litter layer, organic soil layer, and mineral soil layer are different,
which may affect the soil microbial communities differently. The
litter layer is in the uppermost and has large porosity, most of
the added N would easily be leached to the organic soil layer
below the litter layer, and thus, the response of the organic
soil layer is more sensitive to N addition than the litter layer.
In addition, due to the interception of the organic layer, less
added N may reach the mineral soil layer, so the response of
the mineral soil layer is less sensitive than the organic layer.
This may be an important reason for the different results among
different soil layers. A recent study also found that the climatic
controls on soil microbial community composition varied with
soil horizons (Dove et al., 2021). This finding indicates that
the results of the responses of soil bacterial communities to
N deposition could be biased if only a single soil layer is
investigated. For a more comprehensive understanding of the
effects of N deposition on forest soil bacterial communities,
more than one sampling forest soil layer should be considered in
future studies.

Different Effects of Canopy and Understory
N Addition on Microbial Communities
In this study, we observed that understory N addition
significantly decreased the bacterial Shannon diversity and
significantly altered bacterial community composition in the
organic soil layer, but canopyN addition had no significant effects
on bacterial Shannon diversity and community composition in
this layer (Figures 2, 3; Table 1), which was consistent with our
second hypothesis that canopy N addition has less significant
effects on soil bacterial communities than understory N addition.
There were at least three reasons for this phenomenon. First,
it could be explained by the large proportion of the added N
intercepted by the forest canopy with canopy N addition (Liu
et al., 2020a). A recent study in our studied forest has reported
that the canopy processes have retained 44 and 52% of the N
added to the forest canopy by CN50 and CN25, respectively
(Liu et al., 2020a). Other previous studies have also revealed
that the forest canopies could retain a substantial portion of the
deposited N (Gaige et al., 2007; Dail et al., 2009). Thereby canopy
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FIGURE 4 | Redundancy analysis (RDA) of bacterial (A–C) and fungal (D–F) community compositions under different N addition treatments in different soil layers.

Significant influencing factors derived from Monte Carlo tests are shown (P < 0.05).
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FIGURE 5 | Relative importance of different predictors of bacterial (A–C) and fungal (D–F) communities in different soil layers was revealed by RDA-based VPA

analysis. Soil nutrients contain TC and TN, and nutrient availability contains DOC, DON, NH+

4 , NO
−

3 , and AP.

N addition mitigated the direct effects of N addition on soil
bacterial communities.

Second, it could be attributable to the different influence
ways of understory N addition and canopy N addition on
soil bacterial communities in forest ecosystems. The method of
understory N addition is to add N solution directly onto the
forest floor, which could influence soil microbial communities
directly (Shi et al., 2016). By contrast, the method of canopy
N addition is sprayed N solution onto the forest canopy, and
the N deposited on the canopy could be uptake by tree leaves,
twigs, and branches (Adriaenssens et al., 2012; Houle et al., 2015;
Wang et al., 2021b). Therefore, canopy N addition would directly
influence plants first and then indirectly influence soil microbial
communities. The plant community is known to influence soil
bacterial diversity and composition (Wardle et al., 2004; Liu
et al., 2020b). Canopy N addition may influence soil bacterial
communities indirectly through altering plant leaf, litter, and
root traits of the canopy trees. A recent study in our studied
forest found that canopy N addition increased the leaf N content
of canopy trees more than understory N application (Li et al.,
2021), thereby enhancing the leaf photosynthesis (Wang et al.,
2021b), which in turn would lead to an increase in the allocation
of photosynthates to the belowground (Farrar and Jones, 2000;

Hendricks et al., 2000). This process may have positive effects on
soil microbial communities due to the photosynthates being the
carbon source for microbial growth. Li et al. (2021) also found
that the fine root biomass and production were significantly
higher with canopy N addition than with understory N addition,
and the enhanced fine root biomass and production may also
have positive effects on soil microbial communities due to they
can secrete more root exudates for microbial growth. Besides, as
discussed earlier, soil pH had negative effects on soil bacterial
communities (in section Different Effects of N Addition on
Soil Bacterial and Fungal Communities). Therefore, organic soil
bacterial communities were not significantly affected by canopy
N addition which may be due to the tradeoff between positive
effects from plant processes and negative effects from soil pH.
However, understory N addition did not experience the canopy
N retention processes; thus, its negative effects on bacterial
communities mainly come from the soil pH. In addition, a
previous study conducted in the same forest did not detect
any significant changes in the leaf litter quantity and quality
between canopy N addition and the control (Liu et al., 2020a).
Similarly, our study also observed no significant effects of canopy
N addition on litter C:N ratio (Supplementary Table S1). These
results together indicate that the indirect influence of canopy N
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addition through litter is very small, so canopy N addition had
weaker effects on soil bacterial communities than understory N
addition did.

Another possible explanation might be that understory
N addition caused more significant changes in soil chemical
properties (e.g., moisture, pH, total and available C and N
content) than canopy N addition did (Supplementary Table S1),
while these soil properties can influence soil microbial
communities directly or indirectly (Rousk et al., 2010;
Lladó et al., 2017; Chen et al., 2018; Nie et al., 2018; Li
et al., 2019) and consequently exaggerated its influences on
soil bacterial communities. Therefore, our results suggest
that the conventional method of understory N addition
may inaccurately estimate the effects of atmospheric
N deposition on soil bacterial communities, while the
novel method of canopy N addition is a more realistic
simulation of N deposition and the canopy process should
be taken into account in future N deposition studies on
forest ecosystems.

CONCLUSION

In summary, our study found that N addition altered organic
soil bacterial communities but not fungal communities in the
studied forest, suggesting that bacterial communities in the
organic soil layer are more sensitive to elevated N deposition
than fungal communities at this study site. These divergent
responses of bacterial and fungal communities to increased
N input were driven by different mechanisms. The bacterial
diversity and community composition were mainly regulated
by soil pH, whereas the fungal diversity and community
composition were mainly controlled by soil moisture and
nutrient availability. In addition, canopy N addition had
less significant effects on soil bacterial communities than
understory N addition. Our results revealed that the effects
of atmospheric N deposition on soil bacterial communities
in forest ecosystems may be skewed by using the traditional
understory N addition method because the important role
of canopy processes was overlooked. We emphasize that
the canopy processes need to be considered in future N
deposition studies.
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