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A B S T R A C T   

Fertilization with macronutrients, e.g., nitrogen (N) and phosphorus (P), has wide-ranging and well- 
characterized effects on terrestrial ecosystem functions. In contrast, influences of other elements, e.g., sodium 
(Na), calcium (Ca), and potassium (K), hereafter, ‘micronutrients’, are poorly understood. To determine effects of 
macronutrients, micronutrients, and their interactions on soil carbon (C) cycling, we conducted a full factorial 
experiment where treatments consisted of fertilizing experimental plots with Na, Ca, and K (each manipulated 
individually) and macronutrients (N + P added together). Each year of the experiment we measured above-
ground plant biomass and sampled soils to quantify mineralizable C pools and active microbial biomass. To 
further explore micronutrient effects on microbial-mediated soil C cycling, in the final year of the experiment we 
assessed microbial C cycle functions using a catabolic profiling technique and quantified multiple additional soil 
C pools: particulate (POM-C), mineral-associated (MAOM-C), and total (TC). Macronutrients (N + P) affected 
nearly all measured variables – when N + P was added, active microbial biomass increased, catabolic profiles 
were altered, and mineralizable C, POM-C, and TC pools all increased. Micronutrients also had effects on soil C 
cycling that were generally smaller than effects of macronutrients – Ca addition reduced mineralizable C pools 
relative to the other treatments and K addition increased POM-C and TC pools. Further, Ca + K addition altered 
microbial catabolic profiles, but only when N + P was also added. Our study reveals several influences of 
micronutrients on soil C cycling – specifically, that Ca and K may influence the size of soil C pools by influencing 
the C cycle functions of soil microbial communities.   

1. Introduction 

Soil contains the largest terrestrial stock of carbon (C) globally (IPCC, 
2013). Accumulation of C in soil depends upon the relative rates of 
processes that add C to soil (e.g., photosynthetic activity of plants) and 
processes that remove C from soil (e.g., decomposition and respiration of 
organic matter by soil microorganisms). The processes that influence 
soil C balance are sensitive to multiple anthropogenic global change 
drivers (e.g., Jansson and Hofmockel, 2020; Osburn et al., 2021; Schi-
mel, 2018; Wieder et al., 2015), thus representing potentially important 
feedbacks among human activities, soil, and climate. One anthropogenic 
influence on the soil C cycle that has received considerable research 
attention is nutrient fertilization; for example, nitrogen (N) and/or 
phosphorus (P) additions have altered C cycling in many ecosystems (e. 
g., Averill and Waring, 2018; Bradford et al., 2008; Crowther et al., 

2019; Janssens et al., 2010; Ramirez et al., 2010a, 2010b). Though the 
effects of N and P are widely studied and well-characterized, other el-
ements, e.g., calcium (Ca), sodium (Na), and potassium (K), may also 
influence soil C cycling. These elements may be important in soil eco-
systems because each is added to soils as a result of specific land man-
agement practices. For example, soil Ca increases following liming 
(Kellaway et al., 2022), Na can increase in soils following application of 
road deicers (Craig and Zhu, 2018) or Na-rich irrigation water (Gao 
et al., 2021), and K is a common component of crop fertilizers. However, 
these elements (hereafter, ‘micronutrients’) have received far less 
attention and are poorly understood within the context of the soil C 
cycle. 

Macronutrient (i.e., N and P) availability is widely acknowledged to 
constrain the cycling and storage of C in terrestrial ecosystems (Vitousek 
and Howarth, 1991). Influences of N and P on soil C cycling can be 
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attributed to effects of these nutrients on plants and on soil microbial 
processes. Here, we primarily focus on effects of nutrient fertilization on 
soil microbial processes. For example, microbial activity often declines 
with long-term N fertilization, potentially associated with soil acidifi-
cation following N addition (Averill and Waring, 2018; Janssens et al., 
2010; Ramirez et al., 2010a). These declines in microbial decomposer 
activity (i.e., reduced C respired), in turn, likely account for the greater 
soil C that is often observed following N fertilization (Bradford et al., 
2008; Lu et al., 2011; Yue et al., 2016; Zak et al., 2017). N effects on soil 
C cycling may also be related to microbial community composition, 
which often shifts following N fertilization (e.g., Fierer et al., 2012; Pan 
et al., 2014; Ramirez et al., 2010b; Widdig et al., 2020). P addition has 
also been observed to increase soil C pools (Crowther et al., 2019; Yuan 
et al., 2020), though in some cases P addition has promoted soil C loss 
(Bradford et al., 2008; Poeplau et al., 2016). Similar to N, effects of P 
addition on soil C is likely related to changes in microbial activity and 
community composition (Huang et al., 2016; Li et al., 2015; Liu et al., 
2012; Turner and Joseph Wright, 2014; Widdig et al., 2020). Increases 
in soil C with N and P addition are also likely related to increases in 
terrestrial primary productivity, which is known to be co-limited by 
multiple nutrients, including N and P (Fay et al., 2015; Harpole et al., 
2011). 

Though N and P can exert independent influence on soil C cycling, 
soil C storage also exhibits multiple nutrient co-limitation, where 
fertilization with combinations of N, P, and potentially other elements 
are required to observe increased soil C stocks (Crowther et al., 2019; 
van Groenigen et al., 2006). In particular, micronutrients, i.e., elements 
required by organisms in trace amounts, may be important in regulating 
terrestrial C cycling. Similar to macronutrients, effects of micronutrients 
on soil C balance will depend on how C addition processes (e.g., primary 
productivity) and C loss processes (e.g., decomposition/respiration) 
respond to micronutrient additions. For example, previous studies found 
both soil C storage and primary productivity to be stimulated by mac-
ronutrients and a cocktail of 9 micronutrients (Crowther et al., 2019; Fay 
et al., 2015). Litter decomposition processes have also been shown to be 
stimulated by a micronutrient cocktail (Kaspari et al., 2008), though 
these results have been contradictory depending on the micronutrient. 
For instance, other studies have shown that some micronutrients (e.g., 
zinc) can stimulate decomposition, while others (e.g., magnesium) can 
inhibit it (Powers and Salute, 2011). In general, these studies have 
demonstrated the potential for soil C cycle processes to be co-limited by 
several micronutrients – however, the influences of individual micro-
nutrients remain largely unknown. 

Though studies considering individual micronutrient effects on 
terrestrial ecosystems are rare, some isolated examples do exist. For 
example, the micronutrient calcium (Ca) is important for plant physi-
ology and may therefore limit primary productivity (Kirkby and Pil-
beam, 1984). Ca has also been shown to influence microbial diversity 
and microbial mineralization of organic C (Feng et al., 2016) and Ca may 
also be important for mineral-associated stabilization of soil organic C 
(Rowley et al., 2018). Another micronutrient, Na, may also influence 
soil C cycling by stimulating plant productivity and invertebrate herbi-
vore activity (Jennings, 1976; Kaspari et al., 2017; Krishnasamy et al., 
2014; Prather et al., 2018) and potentially by inhibiting microbial ac-
tivity (Rietz and Haynes, 2003). Potassium (K) can also be considered a 
micronutrient for some organisms and may exert influence on the soil C 
cycle – K has long been known to be essential for plant growth and has 
been shown to influence soil microbial communities in some studies (e. 
g., Pan et al., 2014). Overall, though these studies illustrate the potential 
for individual micronutrients to affect terrestrial ecosystem processes, 
the roles of these micronutrients in influencing the soil C cycle remain 
poorly understood. 

The goal of this study was to investigate the roles of the micro-
nutrients Ca, Na, and K on grassland soil C cycling, and to determine if 
any soil processes were co-limited by macronutrients and any of these 
micronutrients. We chose these specific micronutrients because they 

have been shown by previous studies and by our own preliminary an-
alyses to be important in structuring grassland communities (e.g., Kas-
pari et al., 2017; Prather et al., 2018), and because their concentrations 
in soils may be altered by land management practices globally. To 
accomplish our study goals, we assessed soil C cycling in experimental 
plots that were fertilized with Ca, Na, and/or K (each manipulated 
individually) both with and without the addition of the macronutrients 
N and P (added together). We predicted that short-term N + P addition 
would stimulate microbial activity and associated C cycling and storage 
rates. We also predicted that Ca and K would promote soil C accumu-
lation through mineral-associated C stabilization and stimulation of 
primary productivity, respectively. Finally, we predicted that the soil C 
cycle would exhibit multiple nutrient co-limitation, i.e., cycling and 
storage of C would be highest under fertilization with combinations of 
macro- and multiple micronutrients. 

2. Materials and methods 

2.1. Experimental design and soil sampling 

We conducted this experiment in a coastal tallgrass prairie ecosystem 
in Texas at the University of Houston's Coastal Center (UHCC; 
29◦23′26.96′′ N; 95◦1′51.95′′ W). The site contains soils in the Lake 
Charles series, classified as Hapluderts with a clay texture. Treatments 
for the study consisted of fertilizing with macronutrients (N and P added 
together) and three micronutrients (Ca, K and Na, each manipulated 
individually). The initial motivation for this study was to investigate 
micronutrient limitations on invertebrate herbivore communities – Ca, 
K, and Na are considered micronutrients for herbivores and were 
correlated with invertebrate abundances in preliminary analyses. As per 
Prather et al. (2018), the experiment consisted of fertilized 30 × 30 m2 

plots using a fully-crossed, factorial design: 2 macronutrient (N + P) 
levels (ambient vs. fertilized) × 2 Ca levels (ambient vs. fertilized) × 2 K 
levels (ambient vs. fertilized) × 2 Na levels (ambient vs. fertilized), for a 
total of 16 treatments. Each treatment was replicated 8 times for a total 
of 128 plots across 8 blocks. Treatments were assigned randomly to plots 
within each block and each block contained a single replicate of each 
treatment. Fertilization treatments began in 2016. Hurricane Harvey 
occurred on-site in late summer of 2017 creating heavy rainfall, which 
led to flooding of the study site. 

Macronutrient (N + P) fertilizer was a combination of granular 
monoammonium phosphate and urea (i.e., NH4H2PO4 + N2H4CO). The 
micronutrients were added as granular calcium carbonate (CaCO3) for 
Ca, granular potassium chloride (KCl) for K, and granular soda ash 
(Na2CO3) for Na. Fertilizer treatments were applied in late winter in 
2016 and 2017 before the start of the growing season. The macronu-
trients (N + P) were added at a concentration of 10 g m− 2, an application 
rate commonly used in fertilization experiments (e.g. Nutrient Network: 
Borer et al., 2014). Treatments with micronutrient additions were tar-
geted to increase micronutrient concentrations ~30 % above ambient 
levels in the top 10 cm of soil. Accordingly, fertilizer was added to create 
micronutrient concentrations of 46.5 g m− 2 for Ca, 3.1 g m− 2 for K, and 
6.2 g m− 2 for Na. 

2.2. Soil pH, plant biomass, mineralizable C, and microbial activity 

At the end of the growing season in the years 2015–2018, we 
collected three 0–10 cm depth soil cores within each plot using a stan-
dard steel soil auger 8 cm in diameter. The three cores from each plot 
were composited, sieved at 4 mm and homogenized. We then measured 
soil pH, soil mineralizable C, and microbial activity in all collected soils. 
Soil pH was determined in water (2:1 ratio of DI water:soil) using a 
benchtop pH meter (Mettler Toledo, Columbus, OH, USA). To measure 
soil labile C content (i.e., mineralizable C), we conducted a 30-day C 
mineralization incubation with each soil sample. Incubations consisted 
of 6 g dry weight equivalent of soil weighed into 50 mL conical tubes. On 
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a weekly basis, tubes were capped, flushed with CO2-free air, allowed to 
incubate for 24 h, and then the headspace gas sampled for CO2 content 
using an infrared gas analyzer (IRGA; Model LI-7000, Li-Cor Biosciences, 
Lincoln, Nebraska, USA). Incubations were maintained at 65 % of the 
water holding capacity of each soil to maximize microbial activity. Total 
mineralizable C was calculated by integrating under CO2 evolution time 
series curves. To estimate active microbial biomass, we used a substrate- 
induced respiration (SIR) method, where 4 g soil were incubated with an 
autolyzed yeast substrate for 5 h and then CO2 was measured using an 
IRGA as described above. We additionally used the C mineralization and 
SIR data to calculate qCO2 (i.e., metabolic quotient), for each sample. 
qCO2 is a metric of microbial efficiency and was calculated according to 
Wardle and Ghani (1995), i.e., the ratio of basal respiration to SIR. We 
also measured plant biomass annually from 2016 to 2018 by sampling 
aboveground plant material from five 0.25m2 quadrats per plot and then 
drying and weighing the collected plant material. 

2.3. Soil carbon pools and microbial community functioning 

For samples collected in the last year of sampling (2018), we 
measured total soil C (TC), particulate organic matter C (POM) and 
mineral-associated organic matter C (MAOM). Of these two fractions, 
mineral-associated C pools are presumed to be primarily microbial- 
derived C with slower turnover rates, whereas POM pools are primar-
ily plant-derived with faster turnover rates (Bradford et al., 2008). To 
determine MAOM and POM C pools, we used the size fractionation 
method described in Bradford et al. (2008). Briefly, duplicate soil sam-
ples (10 g of air-dry soil) from each plot were dispersed with NaHMP 
(30 mL sample− 1) via shaking (18 h) and then passed through a 53 μm 
sieve. Material <53 μm is considered MAOM and material >53 μm is 
considered POM. Both mineral and POM material were dried (105 ◦C), 
ball-milled to a fine powder, and percentage C determined using an ECS 
4010 CHNS-O analyzer (Costech Analytical Technologies, Valencia, CA, 
USA). 

To assess microbial community function, we measured catabolic 
responses to multiple classes of C compounds abundant in soil, including 
simple sugars (i.e., glucose), amino acids (i.e., glycine), and organic 
acids (i.e., oxalic acid). We added each substrate to 4 g soil using the 
optimal concentrations of each class of substrate determined by Degens 
and Harris (1997). Microbial catabolic responses to each substrate were 
determined by measuring CO2 in the headspace of each tube after 
incubating for 5 h using the IRGA method described above. 

2.4. Statistical analyses 

All statistical analyses were performed in R (R Core Development 
Team, 2019) using the lme4 and vegan packages (Bates et al., 2019; 
Oksanen et al., 2019). For variables assessed over multiple years (i.e., 
plant biomass, soil pH, mineralizable C, SIR), we determined effects of 
fertilization treatments using linear mixed effects models (‘lmer’ func-
tion, lme4 package). Models contained ‘year’ and individual fertilizer 
treatments as fixed effects and ‘plot’ nested within ‘block’ as a random 
effect, which accounts for repeated measurements from the same plots 
over time. We assessed assumptions of normality of residuals using q-q 
plots and when deviations from normality were observed, we used 
generalized linear mixed models (‘glmer’ function with gamma distri-
bution and log link function, lme4 package). For variables assessed at 
the end of the experiment (i.e., catabolic responses, soil C fractions), we 
used mixed effects models with fertilization treatments as fixed effects 
and ‘block’ as a random effect. To determine effects of fertilization 
treatments on multivariate microbial catabolic profiles, we used PER-
MANOVA with Euclidean distances (‘adonis2’ function, vegan package) 
and visualized catabolic profiles using principal components analysis 
(‘princomp’ function, vegan package). For all statistical analyses, P <
0.05 was considered significant while P < 0.1 was considered marginally 
significant. 

3. Results 

3.1. Plant biomass and soil pH 

To assess effects of macro- and micronutrients on aboveground 
ecosystem processes and key soil properties, we measured plant biomass 
and soil pH in each year of the experiment. Macronutrient (i.e., N + P) 
additions significantly increased plant biomass by 21 % on average 
(Fig. S1). Plant biomass also significantly varied among years with a 
large decline in 2017, likely due to effects of Hurricane Harvey (Fig. S1). 
Micronutrients also influenced plant biomass, evidenced by a significant 
N + P × Year × Na × K interaction, where K and Na addition increased 
plant biomass in the presence of N + P addition, but only in 2016 
(Fig. S1). Macro- and micronutrient additions also influenced soil pH. 
Specifically, Ca addition increased pH, particularly in 2017 when N + P 
was also added (Fig. S2). Without Ca addition, N + P addition decreased 
soil pH (Fig. S2). 

3.2. Mineralizable C and microbial activity 

To quantify mineralizable C pools in soil, we measured cumulative C 
mineralization in all collected soils over 30 days. Soil mineralizable C 
generally increased in all fertilization treatments over time after treat-
ments began in 2016 (Fig. 1A). Macronutrients had the largest effect on 
mineralizable C: N + P addition significantly increased mineralizable C 
by 17 % on average (Fig. 1A). Ca addition also influenced mineralizable 
C; on average, Ca addition decreased mineralizable C by 5 % relative to 
other treatments, though the effect was only marginally significant 
(Fig. 1B). Only N + P influenced active microbial biomass (i.e., SIR), and 
the N + P effect varied among years (Fig. 2). Specifically, N + P addition 
increased SIR, but only in 2016, where N + P plots had 16 % higher SIR 
than plots not receiving N + P (Fig. 2). Microbial efficiency (i.e., qCO2) 
also varied among years and among fertilization treatments (Fig. S3). In 
particular, we identified a significant Year × N + P interaction, where N 
+ P reduced qCO2 (i.e., increased microbial efficiency) in 2016 and 2017 
(Fig. S3). 

3.3. Soil C fractions 

To quantify effects of macro- and micronutrients on fast- and slow- 
turnover soil C pools, we quantified particulate (POM), mineral 
(MAOM), and total (TC) C pools in the last year of sampling (2018). Both 
macro- and micronutrients significantly influenced soil POM-C pools, 
where POM-C was 12 % higher when N + P was added and 11 % higher 
when K was added (Fig. 3A). These increases in POM-C led to increases 
in total C, where TC was 7 % higher with N + P addition and 5 % higher 
with K addition, though the K effect was only marginally significant 
(Fig. 3C). None of the fertilization treatments significantly affected 
MAOM-C (Fig. 3B). 

3.4. Microbial catabolic profiles 

To assess the effects of macro- and micronutrients on microbial 
function, we measured microbial catabolic responses to several C sub-
strates in the last year of soil sampling (2018). Multivariate catabolic 
profiles were significantly affected by N + P addition (Fig. 4). This N + P 
effect was driven by generally greater microbial responses to all sub-
strates, where responses to glucose, glycine, and oxalic acid were 20 %, 
17 %, and 24 % higher, respectively, when N + P was added (Fig. S4). 
Catabolic profiles were also influenced by micronutrients, evidenced by 
a significant N + P × Ca × K interaction, where Ca + K addition influ-
enced catabolic profiles but only when N + P was also added (Fig. 4). 
The N + P × Ca × K interaction is due to Ca + K addition amplifying the 
N + P effect on oxalic acid responses (Fig. S4C) but dampening the N + P 
effect on glucose responses (Fig. S4B). Ca also exhibited an independent 
significant effect on glucose metabolism and a marginally significant 
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effect on glycine metabolism, where soils with Ca addition had 8 % 
lower catabolic responses to both glucose and glycine (Fig. S4A, B). 

4. Discussion 

Our study reveals important influences of both macro- and micro-
nutrients on soil C pools and microbial C cycle functioning. In general, 
macronutrients (N + P) had larger and more consistent effects on the soil 
C cycle variables we measured. However, individual micronutrients also 
had significant influences, including reduced mineralizable C pools, 
increased POM-C and total C pools, and altered microbial catabolic 
functioning. Further, in some cases the effects of micronutrients were 
dependent upon the presence of macronutrient additions, indicating 
that some soil C cycle processes are co-limited by several macro- and 
micronutrients. In general, this study shows that elements such as Ca 
and K represent underappreciated but important mediators of soil C 
cycling that are worthy of further investigation. 

Similar to many previous studies, we found that macronutrient (N +
P) additions resulted in larger soil C pools (e.g., Crowther et al., 2019; Lu 
et al., 2011; Yuan et al., 2020; Zak et al., 2017). Specifically, mineral-
izable C, POM-C, and total C all increased with N + P addition. Many 
prior studies have attributed increased soil C with N addition to reduced 

microbial activity due to soil acidification (e.g., Averill and Waring, 
2018). We also observed reduced soil pH with N + P addition. However, 
in contrast with previous studies, we observed greater soil C despite 
higher microbial activity (i.e., higher SIR) as well as greater catabolic 
responses to several C substrates when N + P was added. In our exper-
iment, increased soil C with N + P addition may be partly attributed to 
greater plant-C inputs from litterfall and/or root exudates resulting from 
increased primary productivity. Indeed, plant biomass was significantly 
higher in our experimental plots where N + P was added. Additions of N 
+ P may have also alleviated microbial nutrient limitation and therefore 
reduced microbial ‘mining’ of nutrients from soil organic C (Craine 
et al., 2007), thereby reducing respiration of C from organic matter. We 
also observed greater microbial efficiency with N + P addition, which 
may have contributed to increased soil C pools via increased input of 
microbial residues following biomass turnover (Cotrufo et al., 2013). 
Regardless, our results demonstrate that mechanisms other than reduced 
microbial decomposer activity may be responsible for increases in soil C 
following macronutrient fertilization. 

In addition to effects of macronutrients, we observed significant in-
fluences of calcium (Ca) on soil C cycling. Specifically, we observed 
reductions in mineralizable C pools when Ca was added relative to the 
other fertilization treatments. In contrast to macronutrients, Ca addition 

Fig. 1. Mineralizable C among all macronutrient (N + P) and micronutrient fertilization treatments across sampling years (A) and effects of Ca addition averaged 
across all other treatments and years (B). Values shown are treatment means, while error bars represent standard errors of the mean. P values are from mixed models 
with ‘year’ and fertilization treatments as fixed effects and ‘plot’ nested within ‘block’ as a random effect. On (A), only P values < 0.05 are shown. 

Fig. 2. Effects of micronutrients (with and without N + P addition) on active microbial biomass (SIR) across sampling years. Values shown are treatment means, 
while error bars represent standard errors of the mean. P values are from mixed models with ‘year’ and fertilization treatments as fixed effects and ‘plot’ nested within 
‘block’ as a random effect. Only P values < 0.05 are shown. 
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did not influence plant biomass, and therefore the effects of Ca on soil C 
cycling we observed are likely attributed to effects of Ca on microbial 
communities and mineral-organic C interactions rather than effects on 
primary productivity. For example, the reduction in mineralizable C 
with Ca addition we observed may be due to stabilization of soil organic 
C by formation of inner- and outer-sphere bridges by Ca2+ ions (Rowley 
et al., 2018), thereby reducing C available for microbial degradation. 
The effects of Ca on soil C cycling may also be partially attributed to 
effects of Ca on microbial community abundance and/or composition, as 
has been observed in other studies (Feng et al., 2016). This possibility is 
supported by our observation that Ca addition increased soil pH, which 
is known to be a dominant driver of microbial community composition 
in soils (e.g., Lauber et al., 2009). 

We also observed effects of potassium (K) on soil C cycling. Specif-
ically, fertilization with K increased both POM-C and total C pools. These 
increases in soil C are likely attributed in part to increases in primary 
productivity following K addition. Indeed, K has long been recognized as 
an important plant nutrient and K addition promoted increased above-
ground plant biomass in our experiment. This greater plant productivity 
likely increased rates of root, leaf and/or root exudate material entering 

soil pools, thereby contributing to the greater POM-C and total C pools 
we observed. The K effects on soil C may also be related to effects on 
microbial functioning, as K addition altered microbial catabolic profiles, 
though the effect was only evident when N + P and Ca were also added. 
Regardless, our results reveal K to be an important regulator of soil C 
cycling, both independently and in combination with macronutrients 
and other micronutrients. 

Previous studies, including prior work from these same experimental 
plots, have found sodium (Na) and macronutrients (N + P) to co-limit 
insect herbivore abundance and diversity (Kaspari et al., 2017; 
Prather et al., 2018). Similarly, our study revealed aboveground plant 
biomass to be co-limited by Na and other nutrients (specifically, K and N 
+ P). These influences of Na on plant productivity and herbivores sug-
gest that Na may be important in regulating terrestrial C cycling. 
However, our results did not show any effects of Na on any soil C pools. 
It is possible that effects of Na on soil C pools in our experiment were 
small in magnitude and difficult to detect or may only manifest over 
longer time scales. Regardless, our study suggests that other micro-
nutrient elements (e.g., K, Ca) are likely to be more important than Na in 
regulating the cycling and storage of C in grassland soils. 

Importantly, it should be noted that our study was relatively short in 
duration and only considered effects of a select few elements indicated 
by preliminary analyses to be important in grassland ecosystems. 
However, many other micronutrient elements are required by organ-
isms, e.g., zinc (Zn), cobalt (Co), magnesium (Mg), and iron (Fe), to 
name only a few (Wackett et al., 2004). These elements may have 
important influences on primary production, microbial community 
composition and function, and mineral-organic C interactions (e.g., 
Lalonde et al., 2012) and should be considered in future studies. Future 
studies should also investigate effects of micronutrient fertilization 
across multiple seasons and in deeper soil layers, as effects of these el-
ements may be temporally and spatially variable. Finer classification of 
soil C pools into microaggregate and macroaggregate classes may also 
reveal interesting insights. Despite these limitations, however, our study 
shows that elements such as K and Ca can have important influences on 
soil C cycling and therefore these and other micronutrient elements 
should be comprehensively assessed within the context of soil ecosystem 
functioning. 

Fig. 3. Effects of micronutrients (with and without N + P addition) on soil 
POM-C (A), MAOM-C (B), and Total C (C) in the last year of sampling (2018). 
Values displayed are means, while error bars represent one standard error of the 
mean. P values are from mixed models with the fertilization treatments as fixed 
effects and ‘block’ as a random effect. Only P values < 0.1 are shown. 

Fig. 4. Principal components analysis showing effects of micronutrients on 
microbial catabolic profiles in the last year of sampling (2018). Values dis-
played are centroids for each treatment while error bars represent standard 
errors. P values shown are from PERMANOVA with Euclidean distances. Only P 
values < 0.05 are shown. 
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5. Conclusions 

Overall, our results largely support our original hypotheses: we 
observed increases in soil C with N + P addition as well as influences of K 
and Ca on soil C pools, which appeared to be linked to increases in 
primary productivity and mineral stabilization of organic C, respec-
tively. We also found some evidence of multiple element co-limitation of 
the soil C cycle – plant biomass and microbial catabolic profiles were 
most significantly altered by combinations of macronutrients and mul-
tiple micronutrients. However, the soil C pools we quantified appeared 
to be influenced independently by individual fertilization treatments – 
mineralizable C was influenced independently by N + P and Ca, while 
POM-C and total C were influenced independently by N + P and K. 
Therefore, our results suggest that some soil C cycle components may 
not exhibit multiple element co-limitation. In addition, it should be 
noted that we observed no effects of our fertilization treatments on 
MAOM-C pools. This is important because MAOM-C is thought to be a 
slower turnover pool where soil C is stabilized over long time scales in 
grasslands (Bradford et al., 2008; Cotrufo et al., 2019). It is possible that 
changes in MAOM-C would manifest if micronutrient additions took 
place over longer durations. Alternatively, it is possible that MAOM-C 
pools in the clay-rich vertisols of this grassland ecosystem are satu-
rated, and therefore MAOM-C would not exhibit changes. Regardless, 
our study reveals important influences of micronutrient elements on soil 
microbial communities and soil C pools, with implications for the 
cycling and storage of C across terrestrial ecosystems globally. 
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