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activities are higher (Chen et al., 2002) and more sensitive to plant-soil 
feedbacks (Ochoa-Hueso et al., 2017). In sum, soil microbial responses 
to P-fertilization in this experiment may be restricted by soil mineralogy, 
and feedbacks on SOM dynamics are more likely related to loss of 
plant-fungal symbioses following P-fertilization than to enzyme product 
inhibition in bulk soils. 

Weaker, conditional support for the copiotrophic hypothesis – The 
copiotrophic response in community composition was supported most 
strongly under the combined N- and P-fertilization treatment, which 
produced more significant and stronger changes in the relative abun
dance of putative copiotrophic and oligotrophic groups than did N- or P- 
fertilization alone. Similar soil microbial groups across different eco
systems have positively responded to N-fertilization (Ramirez et al., 
2012; Leff et al., 2015), so greater N availability appears to support the 
growth of certain taxa with a competitive advantage under non-limiting 
growth conditions (Fierer et al., 2007). But, in contrast to this hypoth
esis, there was no evidence for a tradeoff between microbial population 
growth and resource acquisition, since soil EEAs did not decrease in the 
combined N- and P-fertilization treatment. Only under fire suppression 
combined with chronic N fertilization did all cellulolytic (BG and CBH) 
and NAG activities decrease significantly, despite weaker shifts in 
copiotroph and oligotroph relative abundance. Thus, in contrast to re
sults of laboratory experiments in which N-addition decreased soil EEAs 
concurrent with shifts in microbial community composition (Ramirez 
et al., 2012), we observed “copiotrophic” turnover in bacterial and 
archaeal community composition independent of soil enzymatic feed
backs, and vice versa. Furthermore, across the field experiment, soil N 
availability was highest in the fire-suppressed, N-fertilized treatment 
(approximately 40 times higher than in the burned, unfertilized treat
ment) (Nieland et al., 2021), suggesting that a threshold of high N load 
must be crossed before a decrease in overall enzyme production occurs. 
These observations may help explain why chronic N-fertilization does 
not change soil total C concentrations across many grasslands (Keller 
et al., 2022) despite some consistency in microbial taxonomic responses 
among the same distributed experiments (Leff et al., 2015). 

Notably, for a soil microbial response mechanistically based on faster 
growth to manifest, soil available C, N, and P must all meet the demand 
for biomass synthesis. In this study ecosystem, plant primary production 
is co-limited by N and P. The root-AMF symbiosis allows dominant 
grasses to meet increased P demand following N addition; to support this 
interaction, this also means that new C is fixed by grasses into the soil 
under chronic-N addition (Wilson et al., 2009). Under dual N- and P- 
fertilization, then, soil microorganisms will also experience a relief from 
C-limitation, promoting the strongest “copiotrophic” response in terms 
of taxonomic turnover towards populations with the highest possible 
growth rates. In contrast, N-fertilization alone also increased bulk soil 
microbial P-limitation relative to both C and N (Fig. 2), which would in 
turn constrain growth rates and related taxonomic turnover. In a related 
study, microbial biomass C was higher in burned, unfertilized soils than 
unburned or N-fertilized soils, but we did not measure biomass in 
P-fertilized soils (Nieland et al., 2021); higher microbial biomass may 
not be correlated with growth rates. The complex and critical in
teractions that exist between plants and soil microorganisms in situ also 
make it challenging to predict ecosystem responses based on mecha
nisms observed in laboratory experiments. 

Weakest support for the soil pH shift hypothesis – Soil enzyme activity 
was not correlated with soil pH, suggesting that the small increase in soil 
acidity from chronic N-fertilization is not a primary driver of SOM 
decomposition feedbacks at this experiment. Recent meta-analyses 
compile evidence that long-term N-fertilization often lowers soil pH 
(Ouyang et al., 2018; Jia et al., 2020), which can in turn decrease the 
activity of soil enzymes by moving away from their pH optima for 
maximum catalytic activity or by decreasing soil microbial biomass and 
its activity (Treseder, 2008; Turner, 2010; Sinsabaugh and Follstad 
Shah, 2012). For example, chronic N-fertilization in hardwood and pine 
forests lowered soil pH by 0.4 units and led to a decrease in soil 

microbial biomass and soil microbial respiration (Bowden et al., 2019). 
However, this study site might be different because of soil characteris
tics. Limestone parent material and base cation levels near saturation in 
these soils (Ransom et al., 1998) help to buffer soil pH for longer periods 
of time. Therefore, soil pH change has been minimal at this experiment 
relative to other locations, and thus becomes a weaker factor in regu
lating ecosystem functional shifts measured after 30 years of 
fertilization. 

Temporal dynamics of soil microbial structure and function – There was 
no consistent monthly shift in soil microbial community structure or 
extracellular enzyme activity over the sampling time course, despite the 
strong seasonality of temperature and plant growth in this temperate 
ecosystem (Knapp et al., 1998). This observation contrasts with Medi
terranean or snowpack-dominated ecosystems, where strong links be
tween soil microbial taxonomic turnover and C and N cycling can occur 
(Schmidt et al., 2007; Cruz-Martínez et al., 2009). During the same time 
course of sampling at this experiment, we observed a large increase in 
bacterial gene copy number during June, July, and August, across all 
control and N-fertilized field treatments (Carson and Zeglin, 2018), 
which we attributed to higher labile C availability from root exudation 
during the plant growing season. The lack of seasonality in C-cycling 
enzyme activities suggests that root exudate C may be rapidly assimi
lated and sequestered into enzyme-protected pools following bacterial 
death (Bai and Cotrufo, 2022), or that a large proportion of active soil 
enzymes are stabilized and not rapidly responsive to changes in sub
strate availability (Burns, 1982). In support of the latter possibility, 
there was no transient decrease in N-acquiring enzyme activity 
following the experimental fertilizer application in June, despite a pulse 
in nitrification potential at that time (Nieland et al., 2021), and there 
was a consistent increase in enzyme activity across all field treatments 
through the sampling time course, perhaps in response to increased root 
tissue input through what was a relatively wet year (Carson and Zeglin, 
2018). Interestingly, however, both soil microbial communities and 
enzyme activities varied through time in a manner dependent on 
whether or not the soils were fertilized with P. While most interactions 
between P-fertilization and time on soil enzyme activities were idio
syncratic, soil microbial communities not fertilized with P clearly shifted 
across the year, converging after the fertilizer application in June 
(Fig. S6). This pattern was a surprise, and it deserves future exploration 
and interpretation: There are likely to be factors beyond fertilization and 
fire management playing out at different time scales that affect soil 
microbial community composition and soil enzymatic feedbacks, not 
necessarily in a synchronous manner. 

In addition to elevated N availability and lower N-acquiring enzyme 
activities, chronic fire suppression also caused higher cellulolytic 
enzyme activities, likely driven by the multiannual accumulation of 
aboveground litter that is not consumed by fire (Ajwa et al., 1999; 
Pellegrini et al., 2020). However, POX activity did not respond to fire 
suppression, despite this increase in litter input and a concurrent shift 
toward greater woody plant cover, which adds more litter with higher 
lignin content (Norris et al., 2001; Carson et al., 2019). One reason for 
this may be related to the limited change in the soil fungal community 
following fire suppression. Fungal communities in unburned prairie soils 
are not dominated by the lignin-decomposing Basidiomycetes typical of 
forest soils, despite concurrent woody encroachment (Morrison et al., 
2016; Carson et al., 2019). This stability in the fungal community has 
implications for decomposition responses to N-fertilization in grasslands 
pressed by global change. In forests, higher N availability slows 
decomposition because of the decline in basidiomycete relative abun
dance and soil oxidative enzyme activity (Fog, 1988; Frey et al., 2004; 
Edwards et al., 2011), while in other grassland soils, N-fertilization 
tends to either increase or not change oxidative enzyme activity (Keeler 
et al., 2009; Riggs and Hobbie, 2016). In our study, N-fertilization also 
did not affect POX activity even under fire suppression and woody 
encroachment, showing that soil microbial communities, even with 
significant changes to their structure, can maintain “grassland-like” 
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functioning in prairies that have transitioned from a grassland state to a 
woodland state (Ratajczak et al., 2014). 

Summary and conclusions – The product-inhibition feedback (cellular 
level), copiotrophic feedback (population level), and soil pH shift 
feedback (ecosystem level) mechanisms we evaluated are likely active 
over different time scales in response to eutrophication, particularly 
with N, so there is a possibility that soil microbial community function 
and composition responses emerged at different points in time during 
the three decades of treatment. On the cellular level, increased N 
availability from fertilizer application in soils with no fertilization his
tory may quickly repress N-acquiring enzyme synthesis, but soil mi
crobial response to one pulse of N is likely short-lived as immobilization 
and plant uptake also quickly reduces N availability in the soil solution 
(Dell and Rice, 2005). Any changes to microbial community composi
tion from early fertilization events may have also been ephemeral, as 
there was no strong shift in response to a one-time fertilization event of 
N in a switchgrass field with no recent fertilization history (Chen et al., 
2019). But, as soil N pools begin to increase due to accumulation of 
higher quality plant litter following multiple growing seasons of 
N-fertilization, or from total accumulated aboveground litter resulting 
from fire suppression (Johnson and Matchett, 2001; Connell et al., 
2020), the alleviation of microbial N-limitation could transition from 
being transient to persistent, which might explain the lack of fertilizer 
event responses to soil enzyme activities in this experiment after thirty 
years of fertilization. Moreover, elevated N availability from internal 
mineralization rather than supplemental addition could also support the 
growth of copiotrophs over time (Hart et al., 1994; Blaško et al., 2013), 
and their associated smaller biomass pool could explain the small 
decrease in soil microbial biomass in N-fertilized and unburned prairie 
soils at this experiment and others (Nieland et al., 2021). Although soil 
pH is not a leading mechanism for altered SOM decomposition potential 
at our experiment, this mechanism can shape soil microbial responses at 
other sites on a faster trajectory; for example, soil pH declined within a 
decade of annual N-fertilization at a different tallgrass prairie with 
sandy soil that resulted in significant shifts in the soil bacterial and 
archaeal community composition (Widdig et al., 2020). Given the po
tential for strong changes to abiotic (i.e., SOM pools and pH) and biotic 
(i.e., microbial populations) soil properties from fertilization, soil mi
crobial responses may reverse in a similar manner if chronic fertilization 
is ceased (e.g., Clark et al. 2009; Bowman et al. 2018; Nieland et al. 
2021), but with significant, and potentially asynchronous, time lags for 
recovery of both soil microbial community function and composition 
(Gilliam et al., 2019). In addition, fire suppression may continue to 
constrain these microbial responses and recovery. 

Our repeated measurements of the soil microbial community 
composition and enzyme activities found cellular level product- 
inhibition feedbacks tied to microbial nutrient demand can vary be
tween nutrients, with their sensitivities to fertilization depending on 
baseline nutrient levels. Specifically, N-fertilization reduced microbial 
investment to acquire N because it alleviated N-limitation and the need 
to produce N-acquiring enzymes, but this phenomenon did not occur 
under P-fertilization. Additionally, there was limited evidence for a 
tradeoff between microbial population growth and nutrient acquisition; 
therefore, mild shifts to the soil microbial community may not result in 
drastic changes to enzymatic feedbacks tied to SOM decomposition. 
Instead, a threshold-response dynamic may be more widespread. Soil 
properties at this site prevented soil pH to decrease, and thus had min
imal effect on soil enzyme activities. In conclusion, changes to nutrient 
availability induced by global change drivers and land management 
practices at the local level will affect the N and P cycles in different ways 
since microbial nutrient demand is constrained by local environmental 
conditions (Burns et al., 2013), but soil microbial community change 
may not always portend a slower breakdown of organic matter supplied 
by the aboveground world. 
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Chróst, R.J., 1991. Environmental Control of the Synthesis and Activity of Aquatic 
Microbial Ectoenzymes, pp. 29–59. https://doi.org/10.1007/978-1-4612-3090-8_3. 

Clark, C.M., Hobbie, S.E., Venterea, R., Tilman, D., 2009. Long-lasting effects on nitrogen 
cycling 12 years after treatments cease despite minimal long-term nitrogen 
retention. Global Change Biology 15, 1755–1766. https://doi.org/10.1111/j.1365- 
2486.2008.01811.x. 

Connell, R.K., Nippert, J.B., Blair, J.M., 2020. Three decades of divergent land use and 
plant community change alters soil C and N content in tallgrass prairie. Journal of 
Geophysical Research: Biogeosciences 125. https://doi.org/10.1029/ 
2020JG005723. 

Cordell, D., Drangert, J.-O., White, S., 2009. The story of phosphorus: global food 
security and food for thought. Global Environmental Change 19, 292–305. https:// 
doi.org/10.1016/j.gloenvcha.2008.10.009. 

Cruz-Martínez, K., Suttle, K.B., Brodie, E.L., Power, M.E., Andersen, G.L., Banfield, J.F., 
2009. Despite strong seasonal responses, soil microbial consortia are more resilient 
to long-term changes in rainfall than overlying grassland. The ISME Journal 3, 
738–744. https://doi.org/10.1038/ismej.2009.16. 

DeAngelis, K.M., Silver, W.L., Thompson, A.W., Firestone, M.K., 2010. Microbial 
communities acclimate to recurring changes in soil redox potential status. 
Environmental Microbiology 12, 3137–3149. https://doi.org/10.1111/j.1462- 
2920.2010.02286.x. 

Dell, C.J., Rice, C.W., 2005. Short-term competition for ammonium and nitrate in 
tallgrass prairie. Soil Science Society of America Journal 69, 371–377. https://doi. 
org/10.2136/sssaj2005.0371. 

Edwards, I.P., Zak, D.R., Kellner, H., Eisenlord, S.D., Pregitzer, K.S., 2011. Simulated 
atmospheric N deposition alters fungal community composition and suppresses 
ligninolytic gene expression in a northern hardwood forest. PLoS One 6, e20421. 
https://doi.org/10.1371/journal.pone.0020421. 

Elser, J.J., Bracken, M.E.S., Cleland, E.E., Gruner, D.S., Harpole, W.S., Hillebrand, H., 
Ngai, J.T., Seabloom, E.W., Shurin, J.B., Smith, J.E., 2007. Global analysis of 
nitrogen and phosphorus limitation of primary producers in freshwater, marine and 
terrestrial ecosystems. Ecology Letters 10, 1135–1142. https://doi.org/10.1111/ 
j.1461-0248.2007.01113.x. 

Fierer, N., Bradford, M.A., Jackson, R.B., 2007. Toward an ecological classification of soil 
bacteria. Ecology 88, 1354–1364. https://doi.org/10.1890/05-1839. 

Fierer, N., Wood, S.A., Bueno De Mesquita, C.P., 2021. How microbes can, and cannot, be 
used to assess soil health. Soil Biology and Biochemistry 153, 108111. https://doi. 
org/10.1016/j.soilbio.2020.108111. 

Fixen, P.E., West, F.B., 2002. Nitrogen fertilizers: meeting contemporary challenges. 
AMBIO: A Journal of the Human Environment 31, 169–176. https://doi.org/ 
10.1579/0044-7447-31.2.169. 

Fog, K., 1988. The effect of added nitrogen on the rate of decomposition of organic 
matter. Biological Reviews 63, 433–462. https://doi.org/10.1111/j.1469- 
185X.1988.tb00725.x. 

Frey, S.D., Knorr, M., Parrent, J.L., Simpson, R.T., 2004. Chronic nitrogen enrichment 
affects the structure and function of the soil microbial community in temperate 
hardwood and pine forests. Forest Ecology and Management 196, 159–171. https:// 
doi.org/10.1016/j.foreco.2004.03.018. 

Gilliam, F.S., Burns, D.A., Driscoll, C.T., Frey, S.D., Lovett, G.M., Watmough, S.A., 2019. 
Decreased atmospheric nitrogen deposition in eastern North America: predicted 
responses of forest ecosystems. Environmental Pollution 244, 560–574. https://doi. 
org/10.1016/j.envpol.2018.09.135. 

Hairston, N.G., Smith, F.E., Slobodkin, L.B., 1960. Community structure, population 
control, and competition. The American Naturalist 94, 421–425. https://doi.org/ 
10.1086/282146. 

Harpole, W.S., Ngai, J.T., Cleland, E.E., Seabloom, E.W., Borer, E.T., Bracken, M.E.S., 
Elser, J.J., Gruner, D.S., Hillebrand, H., Shurin, J.B., Smith, J.E., 2011. Nutrient co- 
limitation of primary producer communities. Ecology Letters 14, 852–862. https:// 
doi.org/10.1111/j.1461-0248.2011.01651.x. 

Hart, S.C., Nason, G.E., Myrold, D.D., Perry, D.A., 1994. Dynamics of gross nitrogen 
transformations in an old-growth forest: the carbon connection. Ecology 75, 
880–891. https://doi.org/10.2307/1939413. 

Hernández, D.L., Hobbie, S.E., 2010. The effects of substrate composition, quantity, and 
diversity on microbial activity. Plant and Soil 335, 397–411. https://doi.org/ 
10.1007/s11104-010-0428-9. 

Hobbie, S.E., 2015. Plant species effects on nutrient cycling: revisiting litter feedbacks. 
Trends in Ecology & Evolution 30, 357–363. https://doi.org/10.1016/j. 
tree.2015.03.015. 

Ippolito, J.A., Blecker, S.W., Freeman, C.L., McCulley, R.L., Blair, J.M., Kelly, E.F., 2010. 
Phosphorus biogeochemistry across a precipitation gradient in grasslands of central 
North America. Journal of Arid Environments 74, 954–961. https://doi.org/ 
10.1016/j.jaridenv.2010.01.003. 

Jia, X., Zhong, Y., Liu, J., Zhu, G., Shangguan, Z., Yan, W., 2020. Effects of nitrogen 
enrichment on soil microbial characteristics: from biomass to enzyme activities. 
Geoderma 366, 114256. https://doi.org/10.1016/j.geoderma.2020.114256. 

Jian, S., Li, J., Chen, J., Wang, G., Mayes, M.A., Dzantor, K.E., Hui, D., Luo, Y., 2016. Soil 
extracellular enzyme activities, soil carbon and nitrogen storage under nitrogen 
fertilization: a meta-analysis. Soil Biology and Biochemistry 101, 32–43. https://doi. 
org/10.1016/j.soilbio.2016.07.003. 

Johnson, L.C., Matchett, J.R., 2001. Fire and grazing regulate belowground processes in 
tallgrass prairie. Ecology 82, 3377–3389. https://doi.org/10.1890/0012-9658 
(2001)082[3377:FAGRBP]2.0.CO;2. 

Johnson, N.C., Rowland, D.L., Corkidi, L., Egerton-Warburton, L.M., Allen, E.B., 2003. 
Nitrogen enrichment alters mycorrhizal allocation at five mesic to semiarid 
grasslands. Ecology 84, 1895–1908. https://doi.org/10.1890/0012-9658(2003)084 
[1895:NEAMAA]2.0.CO;2. 

Johnson, N.C., Wilson, G.W.T., Wilson, J.A., Miller, R.M., Bowker, M.A., 2015. 
Mycorrhizal phenotypes and the law of the minimum. New Phytologist 205, 
1473–1484. https://doi.org/10.1111/nph.13172. 

Kanakidou, M., Myriokefalitakis, S., Daskalakis, N., Fanourgakis, G., Nenes, A., Baker, A. 
R., Tsigaridis, K., Mihalopoulos, N., 2016. Past, present, and future atmospheric 
nitrogen deposition. Journal of the Atmospheric Sciences 73, 2039–2047. https:// 
doi.org/10.1175/JAS-D-15-0278.1. 

Keeler, B.L., Hobbie, S.E., Kellogg, L.E., 2009. Effects of long-term nitrogen addition on 
microbial enzyme activity in eight forested and grassland sites: implications for litter 
and soil organic matter decomposition. Ecosystems 12, 1–15. https://doi.org/ 
10.1007/s10021-008-9199-z. 

Keller, A.B., Borer, E.T., Collins, S.L., DeLancey, L.C., Fay, P.A., Hofmockel, K.S., 
Leakey, A.D.B., Mayes, M.A., Seabloom, E.W., Walter, C.A., Wang, Y., Zhao, Q., 
Hobbie, S.E., 2022. Soil carbon stocks in temperate grasslands differ strongly across 
sites but are insensitive to decade-long fertilization. Global Change Biology 28, 
1659–1677. https://doi.org/10.1111/gcb.15988. 

Knapp, A.K., Briggs, J.M., Hartnett, D.C., Collins, S.L. (Eds.), 1998. Grassland Dynamics: 
Long-Term Ecological Research in Tallgrass Prairie. Oxford University Press. 

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. lmerTest package: tests in 
linear mixed effects models. Journal of Statistical Software 82, 1–26. https://doi. 
org/10.18637/jss.v082.i13. 

Leff, J.W., Jones, S.E., Prober, S.M., Barberán, A., Borer, E.T., Firn, J.L., Harpole, W.S., 
Hobbie, S.E., Hofmockel, K.S., Knops, J.M.H., McCulley, R.L., La Pierre, K., Risch, A. 
C., Seabloom, E.W., Schütz, M., Steenbock, C., Stevens, C.J., Fierer, N., 2015. 

M.A. Nieland et al.                                                                                                                                                                                                                             

https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.2136/sssaj2018.08.0293
https://doi.org/10.2136/sssaj2018.08.0293
https://doi.org/10.1002/eap.1783
https://doi.org/10.2307/3897682
https://doi.org/10.1007/s10021-002-0187-4
https://doi.org/10.1674/0003-0031(2002)147[0287:EOWPIT]2.0.CO;2
https://doi.org/10.1674/0003-0031(2002)147[0287:EOWPIT]2.0.CO;2
https://doi.org/10.1016/0038-0717(82)90099-2
https://doi.org/10.1016/0038-0717(82)90099-2
https://doi.org/10.1016/j.soilbio.2012.11.009
https://doi.org/10.1111/ele.12896
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.funeco.2019.03.002
https://doi.org/10.1016/j.soilbio.2018.03.023
https://doi.org/10.1016/j.soilbio.2018.03.023
https://doi.org/10.1016/S0038-0717(01)00207-3
https://doi.org/10.1016/S0038-0717(01)00207-3
https://doi.org/10.1371/journal.pone.0211310
https://doi.org/10.1371/journal.pone.0211310
https://doi.org/10.1007/978-1-4612-3090-8_3
https://doi.org/10.1111/j.1365-2486.2008.01811.x
https://doi.org/10.1111/j.1365-2486.2008.01811.x
https://doi.org/10.1029/2020JG005723
https://doi.org/10.1029/2020JG005723
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1038/ismej.2009.16
https://doi.org/10.1111/j.1462-2920.2010.02286.x
https://doi.org/10.1111/j.1462-2920.2010.02286.x
https://doi.org/10.2136/sssaj2005.0371
https://doi.org/10.2136/sssaj2005.0371
https://doi.org/10.1371/journal.pone.0020421
https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.1890/05-1839
https://doi.org/10.1016/j.soilbio.2020.108111
https://doi.org/10.1016/j.soilbio.2020.108111
https://doi.org/10.1579/0044-7447-31.2.169
https://doi.org/10.1579/0044-7447-31.2.169
https://doi.org/10.1111/j.1469-185X.1988.tb00725.x
https://doi.org/10.1111/j.1469-185X.1988.tb00725.x
https://doi.org/10.1016/j.foreco.2004.03.018
https://doi.org/10.1016/j.foreco.2004.03.018
https://doi.org/10.1016/j.envpol.2018.09.135
https://doi.org/10.1016/j.envpol.2018.09.135
https://doi.org/10.1086/282146
https://doi.org/10.1086/282146
https://doi.org/10.1111/j.1461-0248.2011.01651.x
https://doi.org/10.1111/j.1461-0248.2011.01651.x
https://doi.org/10.2307/1939413
https://doi.org/10.1007/s11104-010-0428-9
https://doi.org/10.1007/s11104-010-0428-9
https://doi.org/10.1016/j.tree.2015.03.015
https://doi.org/10.1016/j.tree.2015.03.015
https://doi.org/10.1016/j.jaridenv.2010.01.003
https://doi.org/10.1016/j.jaridenv.2010.01.003
https://doi.org/10.1016/j.geoderma.2020.114256
https://doi.org/10.1016/j.soilbio.2016.07.003
https://doi.org/10.1016/j.soilbio.2016.07.003
https://doi.org/10.1890/0012-9658(2001)082[3377:FAGRBP]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[3377:FAGRBP]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[1895:NEAMAA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[1895:NEAMAA]2.0.CO;2
https://doi.org/10.1111/nph.13172
https://doi.org/10.1175/JAS-D-15-0278.1
https://doi.org/10.1175/JAS-D-15-0278.1
https://doi.org/10.1007/s10021-008-9199-z
https://doi.org/10.1007/s10021-008-9199-z
https://doi.org/10.1111/gcb.15988
http://refhub.elsevier.com/S0038-0717(23)00309-7/sref52
http://refhub.elsevier.com/S0038-0717(23)00309-7/sref52
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13


Soil Biology and Biochemistry 189 (2024) 109247

10

Consistent responses of soil microbial communities to elevated nutrient inputs in 
grasslands across the globe. Proceedings of the National Academy of Sciences 112, 
10967–10972. https://doi.org/10.1073/pnas.1508382112. 

Lenth, R.V., 2016. Least-squares means: the R package lsmeans. Journal of Statistical 
Software 69. https://doi.org/10.18637/jss.v069.i01. 

Leprince, F., Quiquampoix, H., 1996. Extracellular enzyme activity in soil: effect of pH 
and ionic strength on the interaction with montmorillonite of two acid phosphatases 
secreted by the ectomycorrhizal fungus Hebeloma cylindrosporum. European 
Journal of Soil Science 47, 511–522. https://doi.org/10.1111/j.1365-2389.1996. 
tb01851.x. 

Martinez Arbizu, P., 2020. pairwiseAdonis: Pairwise Multilevel Comparison Using 
Adonis. R package version 0.4.  

McMurdie, P.J., Holmes, S., 2013. Phyloseq: an R package for reproducible interactive 
analysis and graphics of microbiome census data. PLoS One 8, e61217. https://doi. 
org/10.1371/journal.pone.0061217. 

Mori, T., Rosinger, C., Margenot, A.J., 2023. Enzymatic C:N:P stoichiometry: 
questionable assumptions and inconsistencies to infer soil microbial nutrient 
limitation. Geoderma 429, 116242. https://doi.org/10.1016/j. 
geoderma.2022.116242. 

Morrison, E.W., Frey, S.D., Sadowsky, J.J., van Diepen, L.T.A., Thomas, W.K., Pringle, A., 
2016. Chronic nitrogen additions fundamentally restructure the soil fungal 
community in a temperate forest. Fungal Ecology 23, 48–57. https://doi.org/ 
10.1016/j.funeco.2016.05.011. 

Nieland, M.A., Moley, P., Hanschu, J., Zeglin, L.H., 2021. Differential resilience of soil 
microbes and ecosystem functions following cessation of long-term fertilization. 
Ecosystems 24, 2042–2060. https://doi.org/10.1007/s10021-021-00633-9. 

Norris, M.D., Blair, J.M., Johnson, L.C., 2001. Land cover change in eastern Kansas: litter 
dynamics of closed-canopy eastern redcedar forests in tallgrass prairie. Canadian 
Journal of Botany 79, 214–222. https://doi.org/10.1139/cjb-79-2-214. 

Ochoa-Hueso, R., Borer, E.T., Seabloom, E.W., Hobbie, S.E., Risch, A.C., Collins, S.L., 
Alberti, J., Bahamonde, H.A., Brown, C.S., Caldeira, M.C., Daleo, P., Dickman, C.R., 
Ebeling, A., Eisenhauer, N., Esch, E.H., Eskelinen, A., Fernández, V., Güsewell, S., 
Gutierrez-Larruga, B., Hofmockel, K., Laungani, R., Lind, E., López, A., McCulley, R. 
L., Moore, J.L., Peri, P.L., Power, S.A., Price, J.N., Prober, S.M., Roscher, C., 
Sarneel, J.M., Schütz, M., Siebert, J., Standish, R.J., Velasco Ayuso, S., Virtanen, R., 
Wardle, G.M., Wiehl, G., Yahdjian, L., Zamin, T., 2020. Microbial processing of plant 
remains is co-limited by multiple nutrients in global grasslands. Global Change 
Biology 4572–4582. https://doi.org/10.1111/gcb.15146. 

Ochoa-Hueso, R., Hughes, J., Delgado-Baquerizo, M., Drake, J.E., Tjoelker, M.G., 
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