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Ectomycorrhizal fungi (EMF) are widespread in northern conifer forests. By competing with the free-living saprotrophic fungal and bacterial communities for limited soil nitrogen, EMF are expected to suppress litter decomposition and thus drive soil carbon accumulation. The EMF may also stimulate rhizosphere microbial growth through inputs of labile plant carbon, and subsequently contribute to the soil carbon pool via microbial necromass. Here we examined the relative strength of these two potential EMF effects in a northern conifer plantation of the Saihanba Forest, the largest plantation in China. The soil fungal and bacterial biomass, as well as their respiration, were quantified within the two types of soil cores that either allow or exclude the ingrowth of EMF. We also set up a nitrogen fertilization gradient (0, 5, 10, 15 g N m–2 y–1) in this plantation to quantify the influence of external inorganic nitrogen on the EMF effects. We found evidence that EMF inhibit the overall fungal and bacteria biomass, confirming the suppression of saprotrophs by EMF. In addition, high levels of external nitrogen fertilization (15 g N m–2 y–1) might further enhance the suppression by EMF. In contrast, the presence of EMF consistently increased soil microbial respiration across all nitrogen fertilization levels, indicating that the carbon allocated to EMF could have been largely consumed by microbial respiration and contributed minimally to the accumulation of microbial biomass. Our results also indicated that the suppression of saprotrophs by EMF may play a critical role in driving continuous soil carbon accumulation in this northern pine plantation under atmospheric nitrogen deposition.
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Introduction

Ectomycorrhizal fungi (EMF) are widespread in northern conifer forests that function as a major terrestrial carbon (C) sink (Tagesson et al., 2020). EMF play a critical role in tree survival and vegetative C sequestration in these nitrogen (N)-limited forests (Smith and Read, 2008). Increasing evidence is also showing that EMF can drive soil C accumulation in some ecosystems, partly via the suppression of soil organic matter decomposition, a phenomenon known as the “Gadgil effect” (Gadgil and Gadgil, 1971; Fernandez and Kennedy, 2016). One of the possible underlying mechanisms responsible for the “Gadgil effect” is that soil saprotrophs (SAP, saprotrophic fungi and bacteria) are often considered as stronger decomposers of soil organic matter than EMF, while EMF are stronger competitors for soil N than SAP (Fernandez and Kennedy, 2016). The growth of SAP may be hindered by EMF as soil N becomes increasingly limited, resulting in slowed decomposition of the soil organic matter (Figure 1).
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FIGURE 1
Diagram showing the influence of ectomycorrhizal fungi (EMF) on soil carbon (C) accumulation through two potential pathways. The first pathway is nitrogen (N)-centered (light-gray arrows), in which saprotrophs (SAP) were suppressed by EMF via N competition. We asked if external N fertilization can relieve the N suppression and stimulate SAP. The second pathway is C-centered (dark-gray arrows), in which EMF transfer plant-derived C to the soil C through microbial necromass. We asked whether the plant C transported to EMF can significantly contribute to microbial biomass, or would have mainly been consumed through microbial respiration.


As the ectomycorrhizal suppression of SAP is mainly driven by N limitation, external inorganic N fertilization may relieve the Gadgil effect. In addition, inputs of inorganic N often trigger plants to reduce C allocation to EMF (Hasselquist et al., 2012; Kjøller et al., 2012), which may limit the EMF activity and relieve the suppression of SAP. Therefore, the widespread atmospheric N deposition across the northern conifer forests may reduce soil carbon accumulation via the Gadgil effect. Indeed, a recent continental-scale meta-analysis showed that the impacts of ectomycorrhizas on soil C accumulation have been weakened under atmospheric N deposition (Averill et al., 2018). Examining the responses of EMF-SAP interactions to elevated N is thus critical for a better prediction of soil C dynamics in northern conifer forests.

To examine the EMF-SAP interactions under N fertilization, it is necessary to isolate the effects of EMF from their host roots. The host roots of EMF also compete for inorganic N with soil microorganisms (Kaye and Hart, 1997), and previous studies have often examined the impacts of the ectomycorrhizal symbioses (EMF + roots) on the decomposition of soil organic matter (Gadgil and Gadgil, 1971; Koide and Wu, 2003; Averill and Hawkes, 2016). A recent study suggests that roots can more strongly influence the rhizosphere carbon and nutrient dynamics than the associated EMF since the root-derived condensed tannins can stabilize the soil organic N (Adamczyk et al., 2019), and EMF alone may not suppress its decomposition (Carteron et al., 2021). Yet, there is evidence that it is the type of mycorrhizal fungi associated with the roots (i.e., EMF vs. arbuscular mycorrhizal fungi), rather than the roots per se, that predicts the outcome of the N competition with SAP (Averill et al., 2014, 2018), suggesting the critical role of EMF alone in suppression of SAP. Moreover, compared to saprotrophic fungi, bacteria were often not considered in the EMF-SAP interactions in previous studies (Fernandez and Kennedy, 2016; Sterkenburg et al., 2018; Fernandez et al., 2020; but see Maaroufi et al., 2019), even though bacteria are also N acquirers and many bacterial taxa are decomposers. It is important to distinguish the responses of saprotrophic fungi and bacteria to the presence of EMF and N fertilization given their differences in stoichiometry and physiology (Cleveland and Liptzin, 2007).

In addition to the Gadgil effect, EMF could potentially drive soil C accumulation by transporting photosynthate to the pool of microbial biomass and necromass (Figure 1; Hobbie, 2006; Ekblad et al., 2013; Zak et al., 2019). A recent meta-analysis suggests that more than half of the global soil organic matter is transferred from plant C to the necromass of EMF and other soil microorganisms (Liang et al., 2019). The accumulation of soil C in northern ecosystems could largely originate from mycorrhizas rather than from aboveground plant litter in northern forests (Clemmensen et al., 2013). In theory, when SAP were suppressed by EMF, the reduction of SAP biomass may be compensated for by increased biomass of EMF (i.e., niche filling), which might result in relatively unchanged overall microbial biomass. On the other hand, the EMF exudation of labile C compounds and turnover of EMF necromass may feed the free-living microbes (i.e., priming effect, Kuzyakov, 2002), which potentially increases the overall microbial biomass. However, this EMF-derived C allocation to the soil microbial pool could be minimal if the allocated C is primarily consumed by the respiration of soil microorganisms (Högberg et al., 2001), including EMF (Figure 1). Previous studies showed that EMF could respire more carbon than their host roots (Heinemeyer et al., 2007). Thus, quantifying the response of microbial biomass and microbial respiration to the presence of EMF is thus important for a holistic understanding of EMF-driven soil C accumulation.

In this study, we test the influence of EMF on saprotrophs through two potential pathways (Figure 1). One is a nitrogen-centered pathway, in which SAP was suppressed by EMF through N competition; and the other is a carbon-centered pathway, in which EMF transport plant C to the soil C through microbial biomass and necromass. Since the Gadgil effect is expected to be mainly driven by N competition between EMF and SAP, we hypothesized that external inorganic N inputs would reduce the suppression of SAP from N limitation caused by EMF. Also, because northern conifers are strongly dependent on EMF activities in nutrient acquisition, we hypothesized that the presence of EMF could increase the overall soil microbial respiration rather than microbial biomass. We created two types of in-situ soil cores in a temperate conifer plantation in northern China. One type of core included SAP (bacteria and saprotrophic fungi) and EMF hyphae, and the other type of core included SAP only. We applied a N fertilization gradient to both cores to examine the potential response of EMF-SAP interactions to increased soil N availability.



Materials and methods


Study site

Our study site is located in a northern temperate conifer plantation (42.413°N, 117.241°E, 1466 masl, Figure 2) of the Saihanba National Forestry Park in Hebei Province, which is the largest area of plantations in China (94,700 ha). In this area, conifer species were widely planted since 1960s after the primary forests were clear-cut. In the study site, tree density was on average 3,460 stems ha–1. Evergreen Scots pine (Pinus sylvestris var. mongolica) represented ∼85% of the number of stems and the remaining trees were deciduous Prince Rupprecht’s larch (Larix principis-rupprechtii, ∼15%). Fire suppression had been practiced for several decades in this area, resulting in a thick forest litter layer. Understory vegetation was mostly herbaceous and sparse. In 2009, the conifer trees in the study site were ∼30 years old, with an average tree height of 10.1 m and diameter at breast height of 12.1 cm. In the belowground, absorptive root biomass (first three root orders, McCormack et al., 2015) was 608 g m–2 within the top 30 cm soil depth. Annual temperature in this area was −1.2°C (−12.8°C in January and 14.7°C in July), and annual precipitation was 450.1 mm. Soils were classified as Aeolian sandy soils, with an atmospheric wet N deposition of around 1 g N m–2 y–1.
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FIGURE 2
Nitrogen fertilization plots and installation of the mesh collar tubes. (A) The 20 m × 20 m plots were established with four levels of N fertilization. Each level has three replicate plots. Fertilization began in 2009 and conducted three times a year since then. (B) In each plot, there were four pairs of T tubes and M tubes for soil respiration measurement and two pairs for PLFA assay. The M tube is a 30 cm long PVC tube with eight circular windows (2.5 cm diameter) drilled in the upper 10 cm of the tube. Windows were covered with nylon frame in a 40-μm mesh size (insert image). To install an M tube, a T tube was first installed. After 2 months, the T tube and its inside soil core were lifted. The M tube was inserted into the resulting hole, and the intact soil core was refilled. Respiration was measured 2 years after tube installation.




Nitrogen fertilization

Beginning in August of 2009, 12 plots were set up for N fertilization experiment across the plantation. Each plot was 20 m × 20 m in area and was separated by 10 m buffers. Plots were established with four levels of N fertilization: (1) control, no fertilization; (2) low, N added to soil at a level of 5 g N m–2 y–1, (3) medium, at a level of 10 g N m–2 y–1, and (4) high, at a level of 15 g N m–2 y–1. Each level has three replicate plots and the overall 12 plots were deployed using a Latin-square design. We used urea as N fertilizer, which was dissolved in 20 L water and applied as a spray right after rain, which could promote the infiltration of the fertilizer to the soil. In control plots, 20 L of water was sprayed. Fertilization was conducted three times a year (May, July, and September) since 2009.



Mesh-tube installation

We created in-situ soil cores with SAP only and cores with SAP + EMF in our control and N fertilization plots. First, we used 30-cm length, 10-cm diameter polyvinyl chloride (PVC) tubes as trenching tubes (T tubes, SAP only). Second, we used the same size PVC tubes, but drilled eight windows (2.5-cm-diameter circles) in the upper 10 cm of each tube (Figure 2). The windows were covered with 40-μm nylon mesh (Normesh Ltd., Oldham, United Kingdom) to make the mesh-tubes (M tubes, SAP + EMF). We used hammers to install the T tubes into the soil in June 2009. Because the M tubes were too fragile to be hammered, we first hammered a T tube into the soil right next to its paired tube. Two months later (August 2009), we lifted the whole T tube (PVC wall and soil core) and inserted an M tube into the resultant hole. The intact soil core including surface litter layer was retrieved from the lifted T tube and refilled into the M tube, retaining the soil structure and horizons to minimize disturbance (Figure 2). We installed four pairs of M and T tubes in each plot for respiration measurements. The location of each paired M tube and T tube was randomly assigned within the plot prior to installation. All M and T tubes remained undisturbed after installation.

Two years after tube installation, microbial respiration from M and T tubes was measured from May to September 2011. Respiration rate (CO2 efflux rate) was measured using a Li-8100 soil CO2 flux system (LI-COR Inc., Lincon, NE, United States) every 10 days (if weather conditions were acceptable). Right after each respiration measurement, the soil temperature and soil moisture was recorded inside each tube at 5-cm soil depth. Background soil temperature and moisture were also measured near each pair of tubes. Soil temperature was recorded using the Li-8100 temperature probe, and soil moisture (volumetric water content) was measured using time domain reflectometry (TDR, Soil Moisture Equipment Corp., Santa Barbara, CA, United States). In total, there were 864 sets of measurements of respiration, temperature, and moisture across all tubes. All measurements were conducted from 10:00 to 16:00.



Soil assay

We examined the influence of N fertilization on soil mineral N dynamics in 2011. After the fertilization on May 11, the forest litter layer and 0–10 cm soils were sequentially sampled on May 13, 16, 19, 22, and 24 in each plot (three replicates per plot). Soil extracts were analyzed by continuous flow analyzer (TRAACS 2000; Bran and Luebbe, Norderstedt, Germany) to determine soil mineral N (NH4+-N and NO3–-N) concentrations.

In the summer of 2011, two new pairs of M and T tubes were installed at random locations in each plot for microbial biomass assessment. Tubes were deployed using the same procedures described above, with T tubes installed in June and M tubes in August. In early October 2011 (before snow), 0–10 cm soils inside the tubes were cored (5-cm-diameter) and kept frozen for later analysis in the lab. We employed phospholipid fatty acid analysis (PLFA) to assess the microbial biomass in these soil samples as described by Bossio and Scow (1998). Briefly, polar lipids in initial soil extracts were separated from neutral and glycolipids by elution with 5 ml chloroform and 10 ml acetone followed by 5 ml methanol. Mild alkaline methanolysis was done on the polar lipid fraction. The peak area of each resulting fatty acid methyl ester was recorded on the chromatogram for each sample before identification. Peaks were identified by chromatographic retention time and a standard qualitative mix that ranged from C9 to C30 using a microbial identification system (Microbial ID Inc., Newark, DE, United States). The sum of the i14:0, i15:0, a15:0, 15:0, i16:0, 10Me16:0, i17:0, a17:0, cy17:0, 17:0, br18, 10Me17:0, 18:1ω7, 10Me18:0, and cy19:0 markers was used a measure of the bacterial biomass. The sum of 18:1ω6 and 18:2ω9 was used as a measure of fungal biomass.



Statistical analysis

Soil microenvironment (e.g., temperature and moisture) may differ between the paired T tube and M tube, which consequently influences the measured microbial respiration rate. Thus, we adjusted the respiration rate measured in each pair of M and T tube to the same temperature and moisture. We first fitted an exponential regression between the raw respiration rate (R) and soil temperature at each N level of each tube type. The R was then converted to respiration rate at 15°C (R15) using the fitted exponential regression function. Second, we calculated the difference of R15 between the paired M tube and T tube (R15_diff) in each measurement and explored its potential linear relationships with the corresponding difference in soil moisture across the measurement of each N fertilization level.

[image: image]

where SWM and SWT were the soil moisture at the time of respiration measurements for M tubes and T tubes; a was the fitted intercept and b was the slope of the linear regression. With the fitted slope b obtained from Eq. 1, we removed the impacts of difference of soil moisture on R15_diff using Eq. 2.
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where Adj_R15_diff was the adjusted difference of respiration rate between the paired M tube and T tube with the same soil temperature (15°C) and soil moisture (moisture in T tube of each pair).

Finally, the fungal and bacterial PLFAs of M tubes and T tubes, as well as their differences were regressed to the N fertilization gradients. All statistics were performed using R (R Core Team, 2021; version 4.1.1; R Foundation for Statistical Computing). Data are expressed as mean ± standard error.




Results

In general, there were significant (or marginally significant) positive correlations between mineral N concentration and N fertilization levels in the litter layer, as well as in the 0–10 cm soil layer except those on 5/22 and 5/24. Thus, the positive influence of fertilization persisted for at least 2 weeks following fertilization on the forest litter floor, and lasted for nearly 10 days in the 0–10 cm soil layer (Figure 3). Fungal and bacterial PLFA were negatively and significantly (or marginally significantly) influenced by N fertilization levels in the M Tubes (r2 = 0.15, P = 0.05 for bacteria, and r2 = 0.12, P = 0.10 for fungi) but not in the T tubes (P = 0.31 for bacteria and P = 0.42 for fungi, Figures 4A–D). The EMF impacts on microbial PLFAs (i.e., differences of PLFA between M tubes and T tubes) varied largely within and among N fertilization levels (Figures 4E,F), and negatively correlated with the N fertilization levels for both bacteria (r2 = 0.17, P = 0.04) and fungi (r2 = 0.13, P = 0.08) (Figures 4E,F). In control plots, the EMF induced PLFA changes were 6.1% in bacteria (P = 0.74) and 7.9% in fungi (P = 0.70). At the 5 g N m–2 y–1 fertilization level, the changes were still positive, with 8.5% in bacteria (P = 0.54) and 7.0% in fungi (P = 0.67). At the 10 g N m–2 y–1 fertilization level, the EMF-induced PLFA changes shifted from small increase to moderate reduction, with −31.5% in bacteria (P = 0.23) and −30.8% in fungi (P = 0.21). At the highest fertilization level, the PLFA changes induced by EMF significantly (or marginally significantly) differ from 0, with −30.3% in bacteria (P = 0.03) and −25.8% in fungi (P = 0.09).
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FIGURE 3
The relationship between mineral nitrogen concentration (NO3–-N+ NH4+-N) and N fertilization levels in both forest litter layer (left) and 0–10 cm soil layer. Fertilization was applied three times a year since 2009, and the last N application was on 5/11/2011. Mineral N concentration assay was performed on 5/13, 5/16, 5/19, 5/22, and 5/24/2011. Significant (or marginally significant) positive correlations were found between mineral N concentration and N fertilization levels in the litter layer (r2 = 0.32, P < 0.001 for 5/13, r2 = 0.29, P < 0.001 for 5/16, r2 = 0.38, P < 0.001 for 5/19, r2 = 0.26, P = 0.001 for 5/22, and r2 = 0.17, P = 0.013 for 5/24), as well as in the 0–10 cm soil layer except those on 5/22 and 5/24 (r2 = 0.41, P < 0.001 for 5/13, r2 = 0.10, P = 0.06 for 5/16, r2 = 0.14, P = 0.025 for 5/19, P = 0.84 for 5/22, and P = 0.51 for 5/24).
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FIGURE 4
Response of fungal and bacterial PLFAs, as well as ectomycorrhizal fungi (EMF) induced PLFA changes to N fertilization levels. The PLFAs were extracted from soil at 0–10 cm. The bacterial and fungal PLFA negatively and significantly (or marginally significantly) responded to increased N fertilization only in the M tubes (r2 = 0.15, P = 0.05 for bacteria and r2 = 0.12, P = 0.10 for fungi) (A,B), but not in the T tubes (P = 0.31 for bacteria and P = 0.42 for fungi) (C,D). The EMF induced PLFA changes (M tube—T tube) also negatively and significantly (or marginally significantly) responded to increased N fertilization for both bacteria (r2 = 0.17, P = 0.04) and fungi (r2 = 0.13, P = 0.08) (E,F).


We found significantly greater soil moisture, but unchanged soil temperature in the M tubes compared to the T tubes across the 864 measurements throughout the growing season in 2011 (Table 1 and Supplementary Figure 1). On average, soil moisture was 19.5% higher in M tubes than in T tubes. The raw respiration rates were also higher in M tubes than in T tubes (except those in the 10 g N m–2 y–1 plots) (Table 1), and exhibited exponential relationships with soil temperature for both tube treatments (Figures 5A,B). The difference in respiration rate at 15°C between the paired M and T tubes (R15_diff) was negatively and significantly correlated with their differences in soil moisture at each fertilization level (Figure 5C). The Adj_R15_diff, which quantified the difference of respiration between the paired M tube and T tube with the same soil temperature (15°C) and soil moisture (moisture in T tube of each pair), was on average greater than 0 throughout the growing season, except in the 10 g N m–2 y–1 plots (Figure 5D). Even within the 10 g N m–2 y–1 plots, the Adj_R15_diff was on average positive on 8 out of 9 measurement days (Figure 5D). Thus, adjusted microbial respiration was greater in M tubes than in T tubes, despite that the overall microbial biomass was not increased with the presence of EMF (Figures 4, 5).


TABLE 1    Soil temperature and moisture at 5 cm depth and soil respiration of both M tubes and T tubes for each fertilization level.
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FIGURE 5
Raw and adjusted respiration (CO2 efflux) rates of different fertilization levels in 2011. Exponential relationship between raw respiration rate and soil temperature (5 cm depth) in both M tubes (A) and T tubes (B). Linear regression of the differences in respiration rate at 15°C between the paired M tubes and T tubes (R15_diff) against the corresponding differences in soil moisture (C). The seasonal dynamics (May to September) of the Adj_R15_diff, which was the adjusted difference of respiration between the paired M tubes and T tubes with the same soil temperature (15°C) and soil moisture (moisture in T tube of each pair) (D). Both M tubes and T tubes were installed in 2009.




Discussion


Impacts of ectomycorrhizal fungi on saprotrophs

In this study, we focused on the interactions between EMF and SAP that might influence the soil C dynamics. It has been shown in some ecosystems that, competition between SAP and ectomycorrhizas (roots + EMF) for limited N plays a critical role in driving global soil C accumulation (Fernandez and Kennedy, 2016; Figure 1). We showed evidence that the presence of EMF alone, without the symbiotic roots, could result in suppression of SAP in our northern pine plantation, the largest plantation in China. Although we did not directly measure the biomass of saprotrophic and mycorrhizal fungi, we found that the overall fungal biomass in the tubes with both EMF and SAP was either unchanged or decreased from that in the tubes with SAP only (Figure 4F). Since EMF often constitute a significant portion of the soil microbial biomass (Högberg and Högberg, 2002), the saprotrophic fungal biomass has to be decreased with the decreased total fungal biomass. In addition, the averaged bacterial biomass in the tubes that had EMF was not increased compared to that in the tubes with SAP only (Figure 4E). We thus concluded that the overall SAP biomass (saprotrophic fungi + bacteria) was suppressed by EMF. Nonetheless, future studies using modern molecular techniques (e.g., real-time quantitative polymerase chain reaction) are needed to directly quantify the degree of reduction in SAP with the presence of EMF.

As EMF and SAP are both common microorganisms in the soil, our results seem contrary to the accumulating evidence of increased productivity (“overyielding”) in species mixtures relative to monocultures, given that diversity promotes community productivity through niche partitioning among species (Tilman et al., 2001; Huang et al., 2018). Yet, the niche partitioning might be limited in our EMF-SAP interaction since the EMF niches could overlap intensively with those of SAP as they strongly compete for the same N resources. In addition to N competition, the ectomycorrhizal symbioses (roots + EMF) and SAP could also compete for water (Koide and Wu, 2003). In previous studies, excluding roots and EMF had yielded greater soil moisture since water uptake was eliminated (Moyano et al., 2007; Averill and Hawkes, 2016). In our study, soil moisture was higher in M tubes (excluding roots only) than in the surrounding undisturbed soils (Supplementary Figure 1), suggesting that the roots alone can drive potential suppression of SAP via water competition. Yet, we found higher soil moisture in M tubes (EMF + SAP) than in T tubes (SAP only, Table 1 and Supplementary Figure 1), suggesting that mycorrhizal hyphae alone may increase soil moisture (Moyano et al., 2007). The reason for higher soil moisture in M tubes than in T tubes is not fully clear, probably because of the hydraulic redistribution from plant to fungus under drought (Querejeta et al., 2003), which could be frequent in soil with low water retention (e.g., sandy soil in our system), or it is simply a side effect of tube design and installation. Since elevation of soil moisture can likely benefit SAP growth (Xu et al., 2020), the difference in SAP between paired M and T tubes might be an underestimation of the N-suppression by EMF.

We also hypothesized an alternative pathway that EMF could contribute to soil C accumulation via transporting photosynthetic C to microbial biomass (Figure 1). However, in contrast to our hypothesis, we found that fungal and bacterial biomass did not increase in the presence of EMF in our pine plantation (Figure 4). Therefore, although EMF provided plant-derived C to the soil, the incorporation of this labile C into fungal and bacteria biomass was limited. Instead, the presence of EMF hyphae increased the overall soil microbial respiration (Figures 4, 5), indicating that the plant-derived C allocated to EMF could have been largely consumed through respiration in our pine plantation. This result is in line with a recent finding in a mature Eucalyptus forest where the majority of increased photosynthetic carbon under elevated CO2 was consumed via microbial respiration rather than contributing to soil C accumulation (Jiang et al., 2020). A number of previous studies have also reported greater respiration rate in tubes with SAP + EMF (M tubes) than in tubes with SAP only (T tubes) (Heinemeyer et al., 2007; Nottingham et al., 2010; Hasselquist et al., 2012; Vallack et al., 2012; Zeng et al., 2018; Yan et al., 2019). Theoretically, the increased respiration could come from the ingrowth of EMF hyphae, and from the potential stimulation of SAP given that exudation and necromass of EMF could be used as a metabolic substrate for saprotrophs (i.e., EMF priming effect). However, the potential EMF-priming effect on SAP should be relatively small since we found suppression, rather than stimulation, of SAP biomass by EMF. Therefore, the increased respiration should be mainly from the ingrowth of EMF hyphae. We suggest future studies use advanced techniques such as DNA-SIP to better trace the carbon flow from hosts to EMF and other rhizosphere microorganisms (Hannula et al., 2020).



Impacts of nitrogen fertilization on ectomycorrhizal fungi-saprotrophs interactions

The impacts of EMF on microbial respiration were mostly positive along the N fertilization gradient (Figure 5D), while the impacts of EMF on microbial biomass were more negative with greater level of N fertilization (Figures 4E,F). Higher levels of N fertilization have resulted in greater concentration of mineral N in both forest litter layer and surface soil (Figure 3), but this higher N availability did not stimulate the growth of SAP. In addition, EMF-bacteria interaction responded to N fertilization in a similar manner as did the interaction between the EMF and saprotrophic fungi (Figures 4E,F), confirming that the role of bacteria should not be ignored in understanding and predicting impacts of N fertilization on EMF-SAP interactions. Previous studies also suggested that total microbial biomass continue to decrease with increasing N fertilization (Demoling et al., 2008; Treseder, 2008), and our results further suggested that the negative response of microbial biomass to inorganic N fertilization could be partly driven by EMF.

As EMF often became less dominant with increasing soil N (Morrison et al., 2016), it has been expected that suppression of SAP by EMF would be relieved under N deposition (Fernandez and Kennedy, 2016). We found the exact opposite pattern in our plantation. One of the possible explanations is that rather than the relative abundances of EMF and SAP, the abundances of key fungal taxa are the main drivers of EMF-SAP interactions (Fernandez et al., 2020; Lindahl et al., 2021). For instance, some EMF taxa often more strongly decrease in response to N fertilization, but these taxa are not necessarily strong N acquirers and competitors (Morrison et al., 2016). Thus, reduction in the relative abundance of EMF may not always translate into relief of the Gadgil effect. In addition, some key EMF taxa may even increase its relative abundance under N fertilization (e.g., Russula vinacea, Morrison et al., 2016), potentially enhancing its competition with SAP. Therefore, the overall response of EMF-SAP interactions to N fertilization may vary from site to site and depends on the local community structure (Morrison et al., 2016; Maaroufi et al., 2019; Fernandez et al., 2020; Moore et al., 2021). Also, the dose of N fertilization that caused significant reduction in SAP in our site (15 g N m–2 y–1) was relatively high compared to the dose found significant in other sites (e.g., 5 g N m–2 y–1 in Maaroufi et al., 2019). Yet, the tree density in our plantation (3,460 stem ha–1) was much higher than the global average in temperate coniferous (∼400 stem ha–1) and boreal (∼800 stem ha–1) forests (Crowther et al., 2015), probably leading to a substantial amount of the N inputs being sequestrated by the densely planted trees.

Since the suppression of SAP by EMF was stronger under higher level of N fertilization in our study, the soil C accumulation driven by the Gadgil effect would likely be amplified with accumulation of anthropogenic N deposition in this area, which is the largest plantation in China. Previous studies also showed that soil C accumulation was enhanced by N deposition in N-limited boreal and temperate forests (Frey et al., 2014; Zak et al., 2017; Maaroufi et al., 2019). A meta-analysis suggests that nitrogen deposition impedes organic matter decomposition, and thus stimulates carbon sequestration in forest soils (Janssens et al., 2010). We did not measure decomposition directly, but the reduced SAP biomass, or some keystone SAP taxa (Jin et al., 2022), could very likely lead to slowed decomposition and enhanced soil C accumulation. More specifically, our results suggested that N fertilization could enhance soil C accumulation in N-limited temperate conifer forests only where EMF were present.



Summary

By studying the EMF-SAP interactions in a northern conifer plantation, we found that the plant-derived C allocated to EMF could have been largely respired by soil microbes (mainly EMF) and contributed little to soil microbial biomass accumulation. We also found direct evidence of the Gadgil effect that EMF tend to reduce SAP biomass. This reduction of SAP by EMF was unlikely to be relieved when soil N availability was increased. Instead, suppression of SAP seemed to be even stronger under higher levels of N fertilization, suggesting that future C accumulation in China’s largest plantation would likely be amplified with accumulation of anthropogenic N deposition.
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