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anticipate, potentially because they are understudied compared to 
aboveground plant and biogeochemical responses (Wilcox et al., 2016; 
Yue et al., 2017; Vilonen et al., 2022). 

Soil organic matter (SOM) is a central belowground component of 
grasslands, as it stores nutrients and C to be used by plants and microbes, 
but surprisingly, SOM has been shown to be relatively unresponsive to 
increased precipitation in meta-analyses (Yue et al., 2017; Rocci et al., 
2021). Given the diverse processes and controls affecting SOM forma
tion and loss, and the decadal timescale of SOM turnover (Cotrufo and 
Lavallee, 2022), it is not clear if limited belowground responses to 
changes in precipitation in mesic grasslands are evidence of an unre
sponsive system or a result of potentially offsetting responses of multiple 
SOM component pools and fluxes. Improved understanding of SOM re
sponses to increased precipitation will be important for predicting future 
land biogeochemical feedbacks to climate change in mesic grasslands. 

Changes in SOM in response to increased water availability are 
dependent on responses of plants and soil microbes. Plants generally 
respond more strongly to climate manipulation than do soil microbes 
(Yue et al., 2017), suggesting plant responses may be the dominant 
control on SOM responses to increased precipitation. Plants generally 
increase aboveground and belowground growth in response to increased 
precipitation, although this response is dampened, yet still positive, in 
wetter systems like mesic grasslands (Knapp et al., 2017; Wang et al. 
2020, 2021). Plants responses to increased precipitation may also 
include altered tissue quality, which we define as increasing with the 
proportion of nitrogen (N) and water soluble and acid unhydrolyzable 
fibers, either directly or through plant community changes (Soong et al., 
2015). While meta-analyses show greater responses of plant quality in 
drier sites that experience long-term or large increases in precipitation, 
there is mixed evidence for mesic grassland sites, with minimal response 
of plant tissue N but higher crude protein with higher moisture avail
ability (Craine et al., 2010; Dumont et al., 2015; Komatsu et al., 2019; 
Ochoa-Hueso et al., 2020; Yue et al., 2020; Korell et al., 2021; Wu et al., 
2022). Greater plant input, potentially of higher quality, may promote 
both SOM formation and long-term stabilization under increased pre
cipitation, since removing plant inputs strongly reduces C content in 
prairie soils (Lajtha et al., 2014), and higher quality inputs can promote 
formation of more stable SOM (Cotrufo et al., 2013). 

Although plants generally respond more strongly than soil microbes 
in altered precipitation experiments, microbes have evolved a number of 
traits to manage both deficit and excess water, as water is key for 
biogeochemical reactions and substrate and microbial movement 
(Jansson and Hofmockel, 2020). In mesic systems, increased soil mois
ture has the potential to push microbes past their optima and reduce 
their activity due to oxygen limitation (Knapp et al. 2008; Moyano et al., 
2013). Thus, while soil microbial biomass generally increases with 
increased precipitation, there is mixed evidence (increase and neutral) 
in mesic systems, and little data on responses of microbial community 
composition in mesic grasslands (Liu et al., 2016, Zhou et al., 2018; Xu 
et al., 2020). Similar to microbial biomass, soil respiration responses are 
generally positive but only weakly positive to neutral in mesic systems, 
although these responses seem be driven by autotrophic respiration (e. 
g., plants) across aridity gradients (Liu et al., 2016; Moinet et al., 2016; 
Yang et al., 2020; Diao et al., 2022, Zhang et al., 2022b). Despite this, 
oxidative enzyme activity can be stimulated by increased precipitation 
in wetter ecosystems, suggesting increased microbial activity in mesic 
systems may be limited to decomposition of lower quality substrates 
(Ren et al., 2017; Jing et al., 2018). Given that both plant and microbial 
responses influence SOM and these drivers are rarely measured simul
taneously, predicting the response of SOM to increased water avail
ability has proven difficult. 

Soil organic matter is made of a diversity of compounds. By sepa
rating SOM into constituent components, we can investigate more ho
mogenous and discrete pools that may have relatively unique plant and 
microbial controls. Different SOM physical components, or fractions, 
have different pathways of formation and mechanisms of protection 

(Cotrufo and Lavallee, 2022), and respond differently to global changes 
and across gradients in climate (Haddix et al., 2020; Rocci et al., 2021). 
For example, free particulate organic matter (fPOM), which is not pro
tected by aggregates, is most similar to plant inputs in its quality and 
lacks physical protection from decomposition, reducing its persistence 
(Six et al., 2001; Heckman et al., 2022). Under increased precipitation, 
increased microbial decomposition of lower quality substrates could 
override increased plant inputs and reduce fPOM (Ren et al., 2017; 
Wang et al., 2021). In contrast, occluded POM (oPOM), which is pro
tected in aggregates and largely of plant origin, may increase with 
increased precipitation (Six et al., 2001). This would result from 
increased plant input coupled to increased aggregation with higher 
precipitation (Caplan et al., 2019; Bai et al., 2020; Wang et al., 2021). 
Mineral-associated organic matter (MAOM) is thought to form via two 
main pathways. These are 1) the ex vivo pathway, where dissolved 
organic matter (DOM), produced either directly (i.e., exudation and 
leaching) or following exoenzyme processing of structural inputs and 
POM, sorbs to mineral surfaces and 2) the in vivo pathway, where DOM 
substrates are taken up by microbes whose products and necromass sorb 
to mineral surfaces (Cotrufo et al., 2015; Liang et al., 2017). The ex vivo 
pathway may be more important in mineral-rich, microbe-poor bulk 
soil, while the in vivo pathway may dominate in high-input, microbe-rich 
rhizosphere (Sokol et al., 2019). Greater DOM from higher root pro
duction and turnover, and greater microbial biomass resulting from 
increased precipitation may spur MAOM formation via both ex vivo and 
in vivo pathways, respectively (Bai et al., 2010; Zhou et al., 2018; Haddix 
et al., 2020; Wang et al., 2021). However, little is known about the in
fluence of increased precipitation on microbial necromass and MAOM 
desorption, important controls on the formation and loss of MAOM, 
respectively. Although, there is evidence to suggest that 
drying-rewetting cycles increase microbial necromass and sorption, 
promoting MAOM formation (Kaiser et al., 2015). These cycles could 
occur under increased precipitation treatments depending on the timing 
of increased precipitation. This potential for increased MAOM and 
oPOM, but decreased fPOM under increased precipitation has been 
supported by other studies, but the mechanisms driving these responses 
have not been explored (He et al., 2012; Rocci et al., 2021). Further, 
opposing responses of SOM fractions may explain findings of both no 
change and increased SOM C under increased precipitation, where 
differing fraction responses could be driving the overall SOM response 
(Yue et al., 2017; Wang et al., 2021). 

The Konza Prairie Irrigation Transect Experiment has simulated 
increased precipitation to an annually burned tallgrass prairie by adding 
29% more water on average for 30 years across a topographic gradient, 
providing a long-term experiment to investigate the effect of greater 
moisture availability on SOM, which turns over relatively slowly (Sup
plemental Fig. 1). Results from this experiment have revealed increases 
in aboveground plant growth and soil microbial activity and changes in 
plant community composition due to increased precipitation, depending 
on landscape position, but no changes in bulk soil C and N (Knapp, 1998; 
Wilcox et al., 2016; Broderick et al. 2022a, 2022b). Annual burning at 
this experiment has been suggested as a mechanism for stabilization of 
soil C and N pools (Wilcox et al., 2016). There has likely been increased 
pyrogenic (fire-altered) OM (PyOM) input in plots with increased pre
cipitation due to increased aboveground biomass, from which PyOM 
originates. Increased PyOM, which is resistant to microbial decompo
sition, could reduce C and N losses from the soil. However, the contri
bution of PyOM to soil C and N pools has not yet been investigated at this 
site. Additionally, because bulk soil C and N integrates responses of 
multiple SOM fractions, the character of SOM may have changed at this 
site, without changes in the absolute amount of bulk soil C and N. 
Because fPOM, oPOM, and MAOM have different functional roles in the 
soil, changes in the relative distribution of C and N between these pools 
could modify long-term C and N stability and ecosystem functioning 
(Cotrufo and Lavallee, 2022). 

We used this long-term irrigation experiment to determine the 
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likely not the driver, as we had expected (Caplan et al., 2019). Lower 
oPOM + hcOM C:N was also unlikely to be driven by higher quality root 
inputs or greater entrapment of microbial materials or PyOM in aggre
gates. Rather, we found that increased precipitation decreased root 
input quality (e.g., increased root AUR; Fig. 4), had no effect on amino 
sugars (Fig. 2), and increased PyC:PyN in the lowland (Fig. 3), respec
tively. Carbon and N in oPOM + hcOM responded in similar direction 
and magnitude to plant and microbial measures when combined in 
multiple regression (Fig. 5), suggesting coupled C and N responses to the 
belowground drivers we measured. Thus, lower oPOM + hcOM C:N (i.e., 
an uncoupled response) under increased precipitation may instead be 
driven by enhanced soil N availability under increased precipitation 
(Broderick et al., 2022b). 

In contrast to the other fractions, MAOM C and N were not signifi
cantly related to any predictor in the lowland, making it difficult to 
determine what drove increases in lowland MAOM C and N under 
increased precipitation (Fig. 5). In theory, MAOM formation could have 
increased through either in vivo or ex vivo pathways. We focus on 
changes in inputs as drivers for MAOM responses since mineral pro
tection reduces MAOM availability for decomposition. In the lowland, 
increased MAOM C was marginally related to increased root biomass, 
which is associated with higher root exudation (Fig. 5; Eisenhauer et al., 
2017). However, while it has been suggested that in vivo MAOM for
mation is promoted in the rhizosphere due to efficient microbial use of 
root inputs (Sokol et al., 2019), we found no changes in microbial nec
romass quantity that aligned with greater microbial use efficiency. 
Rather, higher root exudation potentially could have formed MAOM via 
the ex vivo pathway (Villarino et al., 2021). We found lower DOM C and 
DOM C:N with increased precipitation, across the landscape transect 
(Fig. 1). These relatively N-rich inputs of DOM under increased pre
cipitation may have also formed MAOM via the ex vivo pathway, given 
greater stabilization of N-rich compounds (Possinger et al., 2020). 
Alternatively, greater root biomass and potentially exudation could 
promote formation of reactive short-range order minerals that could 
retain relatively more C and N in MAOM (Yu et al., 2017). We were 
surprised that our hypothesized microbial pathway of increased MAOM 
formation under increased precipitation was not supported by our data, 
especially since the only other study we know of that investigated mi
crobial necromass response to increased precipitation found that it 
increased (Shao et al., 2018). However, we note that we did not measure 
other potentially important microbial parameters that might align with 
increased MAOM formation, such as extracellular products, microbial 
growth and turnover rate, substrate use efficiency, or more specific 
microbial community data than fungi and bacteria. These may have 
revealed different microbial responses to increased precipitation (Triv
edi et al., 2016; Sokol et al., 2022). Further, we did not measure 
mineralogy, which may have been modified by precipitation to increase 
C and N sorption via changes in redox or pH (Doetterl et al., 2015). This 
could be particularly important at our site given that it lies at the 
interface between humid and arid conditions, known to differentially 
influence MAOM persistence (Heckman et al., 2023). This uncertainty 
highlights the need for better understanding of MAOM controls. 
Regardless, our findings of greater stable SOM formation under 
increased precipitation suggest soil C storage may act as a negative 
feedback to increased atmospheric CO2 in mesic environments if pre
cipitation increases. However, the lack of change in the total SOM pool 
indicates that this negative feedback may be minimal. 

The stronger lowland responses in this study are similar to studies 
examining legacy effects of our site’s enhanced precipitation treatment 
(Broderick et al. 2022a, 2022b). The lowlands are a depositional envi
ronment, where material eroded from the upland deposits in the low
land. Depositional settings may have inherently more stable OM than 
erosive landscapes, due to interactions between OM inputs and reactive 
minerals to form MAOM (Berhe and Kleber, 2013). The potentially 
higher availability of OM and reactive materials at the lowland site may 
facilitate the stronger responses of minerally-protected OM pools to 

increased precipitation in this study. However, we find that MAOM C 
stock is higher in the upland than the lowland in the 5–15 cm depth, 
suggesting greater reactive minerals and OM in the lowland may be less 
important for our results (Supplementary Fig. 4). Alternatively, greater 
rooting volume of the deeper lowland soils may have supported more 
root-microbe interactions that could facilitate MAOM formation (Sokol 
and Bradford, 2019). Additionally, the depositional setting of the low
land created deeper soils, which have higher soil water content under 
increased precipitation, promoting N cycling and stable SOM responses 
(Haddix et al., 2020; Broderick et al. 2022a, 2022b). Differences in 
depth between lowland soils and upland soils may be why we did not 
find interactions of increased precipitation treatment and soil depth at 
our site. The shallow upland soils prevented us from consistently sam
pling down to 30 cm. More studies on precipitation alteration in deeper 
soils will help clarify if variable responses occur over depth, as has been 
found for other global changes (Rocci et al., 2021; Soong et al., 2021). 

4.3. Conclusions 

Although bulk soil C and N were unresponsive to three decades of 
increased precipitation in this mesic grassland, we found differing re
sponses of SOM fractions that could be used to evaluate dominant SOM 
theories. Changes in soil N availability and plant input quantity and 
quality under increased precipitation, that surpassed potential increases 
in microbial decomposition, likely drove POM pool responses. However, 
MAOM responses were more difficult to explain, reflecting the idea that 
MAOM has a diversity of inputs and controls that are not always easily or 
commonly measured (Rasmussen et al., 2018; Whalen et al., 2022). 
Determining the mechanistic controls of POM and MAOM, and how they 
vary with increased precipitation will be key for understanding and 
predicting soil biogeochemical feedbacks to climate change. Relatedly, 
there is strong interest in using grassland soils for C storage to mitigate 
climate change (Bai and Cotrufo, 2022). Our study suggests that soil C 
may be preferentially stored in MAOM under increased precipitation, 
which could promote a more resilient soil C pool to other global changes, 
such as warming (Rocci et al., 2021). However, relatively small re
sponses of MAOM in this study, that do not translate to the total SOM 
pool, suggest that changes in the stable OM pool under increased pre
cipitation will likely not be sufficient to provide a strong negative 
feedback to climate change in mesic grasslands. 
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Wu, Q., Yue, K., Ma, Y., Heděnec, P., Cai, Y., Chen, J., Zhang, H., Shao, J., Chang, S.X., 
Li, Y., 2022. Contrasting effects of altered precipitation regimes on soil nitrogen 
cycling at the global scale. Global Change Biology 28 (22), 6679–6695. 

Wurster, C.M., Lloyd, J., Goodrick, I., Saiz, G., Bird, M.I., 2012. Quantifying the 
abundance and stable isotope composition of pyrogenic carbon using hydrogen 
pyrolysis. Rapid Communications in Mass Spectrometry 26, 2690–2696. 

Yang, Z., Wei, Y., Fu, G., Song, H., Li, G., Xiao, R., 2020. Asymmetric effect of increased 
and decreased precipitation in different periods on soil and heterotrophic respiration 
in a semiarid grassland. Agricultural and Forest Meteorology 291, 108039. 

Yue, K., Fornara, D.A., Yang, W., Peng, Y., Peng, C., Liu, Z., Wu, F., 2017. Influence of 
multiple global change drivers on terrestrial carbon storage: additive effects are 
common. Ecology Letters 20, 663–672. 

Yue, K., Jarvie, S., Senior, A.M., Van Meerbeek, K., Peng, Y., Ni, X., Wu, F., Svenning, J. 
C., 2020. Changes in plant diversity and its relationship with productivity in 
response to nitrogen addition, warming and increased rainfall. Oikos 129, 939–952. 

Zhang, X., Amelung, W., 1996. Gas chromatographic determination of muramic acid, 
glucosamine, mannosamine, and galactosamine in soils. Soil Biology and 
Biochemistry 28, 1201–1206. 

Zhang, J., Ru, J., Song, J., Li, H., Li, X., Ma, Y., Li, Z., Hao, Y., Chi, Z., Hui, D., 2022. 
Increased precipitation and nitrogen addition accelerate the temporal increase of soil 
respiration during eight-year old-field grassland succession. Global Change Biology 
28 (12), 3944–3959. 

Zuur, A.F., Ieno, E.N., Elphick, C.S., 2010. A protocol for data exploration to avoid 
common statistical problems. Methods in Ecology and Evolution 1, 3–14. 

K.S. Rocci et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0038-0717(23)00207-9/sref55
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref55
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref55
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref56
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref56
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref57
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref57
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref57
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref58
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref58
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref58
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref58
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref59
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref59
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref59
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref60
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref60
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref60
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref61
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref61
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref61
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref62
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref62
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref62
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref62
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref63
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref63
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref64
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref64
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref64
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref65
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref65
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref65
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref65
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref66
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref66
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref66
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref67
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref67
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref67
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref68
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref68
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref68
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref68
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref69
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref69
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref70
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref70
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref71
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref71
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref71
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref72
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref72
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref72
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref73
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref73
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref73
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref74
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref74
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref74
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref75
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref75
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref75
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref76
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref76
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref76
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref77
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref77
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref77
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref78
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref78
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref78
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref78
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref79
http://refhub.elsevier.com/S0038-0717(23)00207-9/sref79

	Thirty years of increased precipitation modifies soil organic matter fractions but not bulk soil carbon and nitrogen in a m ...
	1 Introduction
	2 Methods
	2.1 Study site and experimental design
	2.2 Sampling
	2.3 Soil analyses
	2.4 Root quality analyses
	2.5 Data analyses

	3 Results
	3.1 Soil organic matter carbon and nitrogen
	3.2 Amino sugars
	3.3 Pyrogenic organic matter
	3.4 Root biomass and quality
	3.5 Multiple regression

	4 Discussion
	4.1 Limited responses of bulk SOM C and N
	4.2 Connecting SOM fraction responses to biotic drivers
	4.3 Conclusions

	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


