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Abstract: Karst is a widespread ecosystem with properties that affect the microbial activity and
storage and cycling of soil organic carbon. The mechanisms underlying microbial resource availability
in karst, which limit the microbial growth and activity in soil aggregates, remain largely unknown. We
assessed the microbial resource limitations using exoenzymatic stoichiometry and key extracellular
enzyme activities in bulk soil and aggregates in karst and non-karst forest soils. Soil organic carbon,
total nitrogen, and microbial biomass carbon and nitrogen were significantly higher in bulk soil and
the aggregate fractions in karst forests. However, the microbial biomass accumulation was higher in
finer aggregates than in macroaggregate fractions. This may be attributed to the surface area of finer
aggregates that increase the microbial C accumulation. In karst forests, the activity of extracellular
enzymes β-D-glucosidase, β-N-acetylglucosaminidase, α-glucosidase, and α-D-1,4-cellobiosidase
was two to three times higher in microaggregates (0.053–0.25 mm) and mineral fractions (<0.053 mm)
than in macroaggregates. This coincided with the distribution of microbial biomass carbon and
phosphorus in finer aggregate fractions. The microorganisms in bulk soil and aggregates in karst
forests were largely co-limited by carbon and phosphorus and rarely by nitrogen and only by
phosphorus in non-karst soils. The microbial phosphorus limitation in non-karst soils was alleviated
in finer soil aggregates, while these fractions reflected slightly higher. microbial C limitations than
bulk and other aggregates in karst forests. The patterns of microbial resource limitations in the
bulk and aggregate fractions in karst ecosystems reflected the regulation of enzyme activity and soil
organic carbon accumulation in finer aggregate fractions but not in other aggregates.

Keywords: exoenzymatic stoichiometry; enzyme activities; soil aggregates; karst forests; soil mi-
crobes; resource limitation

1. Introduction

Karst ecosystems cover a considerable amount of the world’s land area and are
significant reservoirs for soil inorganic and organic carbon (SOC) [1–5]. SOC is concentrated
in soils under changing global environmental conditions, which become more vulnerable
to microbial decomposition, leading to flux emissions of CO2 [2] and further impacting the
climate change. Information related to the mechanism for microbial SOC decomposition in
karst soils is lacking.

Soil microorganisms regulate the nutrient cycle (C, N, and P); playing crucial roles
in nutrient availability; and immobilization [6–10]. Microorganisms in the soil function
optimally when the ratio of essential elements, such as N or P, relative to C (e.g., N:C or
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P:C) are above the threshold required for microbial growth [10–13]. The microbial biomass
and activities in soil are thus constrained (or co-limited) by resource availability, which is
considered as a microbial resource limitation [13–17] or substrate limitation [18]. Microbial
processes in soil ecosystems are controlled by the percentage (over 50%) of C that microbial
residues can add to C stock [19].

Microbial activities and growth should be further investigated [20] to improve our
understanding of the biological processes of SOC sequestration in karst and non-karst
ecosystems. This will help to predict the ecosystem’s response to environmental change.

Microbial resource availability is affected by land use, particularly in karst envi-
ronments [21–24]. Land use changes are increasing because of human activity. Other
influencing factors include the soil characteristics [25] and soil types [20]. Cumulatively,
these account for differential patterns in microbial resource limitation.

While there is some understanding of the effect of resource limitation on above-ground
plant growth, the effect on soil microorganisms is unclear [26–28]. Recent studies focused
on resource limitation on microbes in soils [29–32]. However, it is not known which
resources limit microbial growth in soil aggregates in karst forests.

Enzyme activity can be used to assess the microbial nutrient demand [33,34] and
to develop an ecological response index that reflects the environmental changes [35,36].
β-glucosidase (BG) was used to assess the microbial responses to long-term N changes in
tall grass prairie soils [34], and N-acetyl-glucosaminidase (NAG) was used to quantify the
effect of N limitation on woody plant encroachment in grasslands [37]. Exoenzymatic stoi-
chiometry indicates C and N limitations in soil processes, which are related to the substrate
availability, soil pH, and climatic factors (e.g., precipitation and temperature) [36,38,39].
Studies indicate that the enzyme activity was influenced by the soil chemicals proper-
ties [40–42], temperature, moisture, and nutrient availability [43–46]. High Ca and Mg
contents, as well as a high pH [47], affect the enzyme activity within karst ecosystems.
The positive relationship between pH and enzyme activity, such as β-D-glucosidase (BG),
polyphenol oxidase, and L-Leucine aminopeptidase (LAP), in karst forests explains the
higher activity in karst than in non-karst forests [48]. In contrast, there is a negative re-
lationship between pH and acid phosphatase (AP) and NAG activity, with a decrease in
enzyme activity in karst forests [48]. Despite higher SOC levels in karst forests, microbes
are limited by a lack of C. High levels of C limitations could be attributed to high Ca
levels in karst forests, which combine strongly with SOC, leading to stabilization in a
non-available form [49]. P in karst forests also react with Ca and precipitate as insoluble
P, resulting in P limitations in karst forests. However, the degree of P limitation depends
on the total P content (ten times higher than that in non-karst forests), which can reduce
the P limitation. These factors influence the soil enzyme activity and microbial resource
limitations, which are affected by the soil physical structure [50,51].

Soil aggregates provide a microenvironment for microorganisms and are important
parameters for stability of the soil structure. They allow for the stabilization of C and N
in the soil, which is a determinant of the soil fertility. Previous research has indicated
that the storage capacities of SOC and N vary with the soil particle size and soil stabil-
ity [52]. Local microaggregates contain less C, N, and P than large aggregates, and the
C:N, C:P, and N:P ratios are relatively low [53], limiting the biological activities of these
aggregates. The resource microbial limitation in the bulk and aggregate fractions has not
been studied in karst ecosystems. In this respect, the identification of such limits, particu-
larly across soil aggregates, is crucial for understanding the mechanisms responsible for
resource limitations.

We studied the bulk soil and aggregate fractions in a typical karst ecosystem in one of
the largest karst areas in the world located in Southwest China. We identified extracellular
enzymes as indicators to distinguish the mechanisms responsible for the overall C, N, and
P acquisition in bulk soil and aggregate fractions. Non-karst soils were used as the control
for comparison. We wanted to compare the differences in aggregation between the two
ecosystems. We hypothesized that the microbial and enzyme activity would be higher
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in macroaggregates, as indicated by the aggregate hierarchical model, and that limited
microbial C and P would follow a similar pattern in the bulk and aggregate fractions.
Therefore, we aimed to benefit from the microbial and enzymatic activities in such soils in
relation to nutrient availability to improve our understanding of the biological processes of
SOC sequestration in karst and non-karst ecosystems and, at the same time, to predict the
ecosystem response to environmental change.

2. Materials and Methods
2.1. Study Sites

Both karst and non-karst forests (two 35-year-old forest ecosystems), exposed to
the same edaphic, climatic, and topographic conditions and derived from calcareous
and red soils, respectively, were studied. The site was located in Huanjiang County
(24◦42′–25◦02′ N; 107◦7′–108◦21′ E) in the Guangxi Zhuang Autonomous Region in South-
west China. The mean annual temperature ranged from 17.8 to 21.1 ◦C, and the annual
rainfall ranged from 1346 to 1498 mm, with distinct seasonal patterns. The area supports
subtropical, humid forests. The major lithology of karst areas was limestone and, to a lesser
extent, dolomite, whereas clasolite was the major lithology of non-karst areas. The area
was characterized by gentle valleys flanked by steep hills. The soils are classified according
to the FAO/UNESCO system [3,54] as calcareous (limestone) and Haplic acrisol (red) over
the karst and non-karst areas, respectively. The distance between the two sites was about
26 km. Coordinates and soil texture details, as well as dominant tree species of the two
ecosystems, are provided in Table S1.

2.2. Soil Sampling

The organic layer was removed from a representative area of 100 m × 100 m in each
forest ecosystem. Nine 10 m × 10 m plots were selected for soil sampling. Soil samples
were collected from a depth of 0–10 cm at three sampling points in each plot, using soil
cores and mixed as one composite sample. Three replicate soil samples were collected for
nine plots in each ecosystem. Roots and stones were removed using forceps, and soils were
broken by hand, passed through an 8-mm sieve (bulk soil) and divided into two portions.
One portion of each soil sample was passed through a 2-mm mesh sieve and air-dried to
determine the physiochemical properties. The second portion was kept on ice and stored
at 4 ◦C for soil aggregate fractionation and analyses of the soil enzyme activity.

2.3. Soil Aggregate Fractionation

The microbiological analysis was as per reference [55]. The soil aggregates were
separated into four aggregate size fractions (>2 mm, 0.25–2 mm, 0.053–0.25 mm, and
<0.053 mm) using a sequence of sieves (2 mm, 0.250 mm, and 0.053 mm). Samples with
an equivalent weight of 100 g of oven-dried soil (sieved to less than 8 mm and stored at
4 ◦C) were submerged in deionized water 1 cm deep. This was placed atop the 2-mm sieve
nest in a 0.053-mm sieve for 5 min before the wet-sieving process. Soils were sieved by
gently moving the sieve up and down in the water for 50 repetitions, with an amplitude
of 3 cm, over a period of 2 min. The floating organic material >2 mm was aspirated, and
the remaining aggregates were transferred to an aluminum cane and recovered as >2-mm
soil macroaggregates. Macroaggregates (0.25–2 mm) and microaggregates (0.053–0.25 mm)
were recovered from the soil slurry from the 2-mm and 0.250-mm sieves, respectively. The
final slurry from the 0.053-mm sieve was centrifuged at 2500 rpm for 2 min, decanted,
and <0.053-mm silt and clay particles were collected [55]. One complete fractionation
procedure took approximately 3 h. The moisture content was determined from an aliquot
of each fraction. A subsample was freeze-dried for an analysis of the soil physical and
chemical properties. The remainder of the moist soil fractions were stored at 4 ◦C for 3 d
for enzyme analyses.
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2.4. Measurements of Soil Properties and Enzyme Activities

Air-dried subsamples of the bulk soil and all aggregate fractions were analyzed for the
physicochemical properties, including SOC (soil organic carbon, total N (TN), dissolved
organic C (DOC), total dissolved N (TDN), available P (AP), and pH as per reference [56].
Fresh bulk soil and all aggregate samples were analyzed for the microbial biomass of C
(MBC, microbial biomass carbon), N (MBN, microbial biomass nitrogen), and P (MBP,
microbial biomass phosphorus) using the chloroform fumigation extraction method [57,58]
and analyzed for enzyme activity [55,59,60]. The activity of seven extracellular enzymes:
BG, LAP, NAG, AP, β-1,4-xylosidase (BX), α-glucosidase (AG), and α-D-1,4-cellobiosidase
(CBH), were assayed using the microplate protocol, as described by reference [61]. The
enzyme activity was expressed as nmol g−1soil h−1.

The microbial resource limitation was assessed using four approaches [57]. Exoenzy-
matic stoichiometry scatter plots between (LAP + NAG):AP and BG:(LAP + NAG) were
used to show the resource limitations of four groups (N, P, C, and N and C and P limita-
tions), based on the deviation from the expected enzyme activity ratios of C:N (1:1) or N:P
(1:1) [62]. Higher data points within one of four different groups indicated one resource
limitation group.

The enzyme activity ratios were determined, particularly BG:(LAP + NAG) and BG:AP,
where higher values represented lower N and P limitations, respectively [38]. A vector
analysis was determined through exoenzymatic stoichiometry [63]. The vector length
(unitless) and vector angle (degree) were calculated using Equations (1) and (2), as follows:

VectorL =

√
(lnBG/ ln[NAG + LAP])2 + (ln BG/lnAP)2 (1)

VectorA =Degrees (ATAN2((lnBG/lnAP), (lnBG/ ln[NAG + LAP])) (2)

A relatively longer vector L indicates a greater C limitation, while angles <45◦ and
>45◦ indicate the relative degrees of the N and P limitations, respectively [34].

The Threshold Elemental Ratios (TER) for C:N and C:P (TERC:N and TERC:P) were
calculated using Equations (3) and (4), as follows [38]:

TERC:N = (BG/(NAG + LAP)) × BC:P/no (3)

TERC:P = (BG/AP) × BC:P/p0 (4)

where TERC:N and TERC:P are the threshold ratios (dimensionless), BC:N and BC:P are
the C:N or C:P ratios of the microbial biomass, and n0 and p0 are the dimensionless
normalization constants for N and P, respectively. n0 and p0 are the intercepts from the
regressions of ln(BG) vs. ln(NAG + LAP) and ln(BG) vs. ln(AP), respectively. TER was
used to reflect the microbial resource limitation by comparing it to the available soil C:N
and C:P ratios. Resource limitations were indicated if the available soil C:N or C:P ratio
was greater than the TER for that element [11].

Data were tested for normality and homogeneity before analysis. A nonparametric
independent sample test was performed for significance. Correlation and regression
analyses were performed to determine the relationship between the studied variables.
Statistical analysis was performed using SPSS statistical software (version 21.0, IBM SPSS
Inc., New York, NY, USA). A redundancy analysis (RDA) was used to evaluate the effect
of the environmental factors on the enzyme activity and the ratios of BG:(NAG + LAP),
(NAG + LAP):AP, and BG:AP. The RDA was measured out using CANOCO software
(version 5.0, Microcomputer Power, Inc., Ithaca, NY, USA). A manual forward selection
procedure was implemented in the RDA to determine the significance of the environmental
variables (p < 0.05) using a Monte Carlo test with 999 permutations.
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3. Results
3.1. Soil Properties

The soil properties differed in karst and non-karst soils (Table 1). The SOC, MBC,
AP, and MBP were significantly higher in the bulk soils and all soil aggregate fractions in
karst forests. In karst forests, the SOC in macroaggregates (>2 mm) was significantly lower
than in microaggregates (0.053–0.25 mm). However, the SOC did not change significantly
between the bulk soil and aggregate fraction in non-karst forests.

The TN was significantly higher in the bulk and all aggregate fractions in karst forests
than in the corresponding soil aggregate fractions in non-karst forests, while the C:N
ratio did not differ significantly between both ecosystems. In karst forests, the highest
DOC levels were detected in microaggregates, followed by macroaggregates and mineral
particles, while the highest levels of DOC were detected in mineral particles in non-karst
forests. Similarly, the TDN was higher in mineral particles and microaggregate fractions
than in other fractions in karst forests. The TDN was significantly higher in the bulk soil
and >2-mm aggregates in non-karst soils. The <0.053-mm fraction in karst forests had
a higher TDN content than the corresponding soil aggregate faction in non-karst forests
(Table 1). The available P was higher in the 0.25–2-mm fractions than in the bulk soil and
other aggregate fractions in both ecosystems; it was also higher in karst forests.

The MBC of karst forests increased in bulk, large aggregates, macroaggregates, mi-
croaggregates, and mineral particles by 1.6, 2.6, 2.9, 3.0, and 5.0 times, compared to the
corresponding bulk and aggregate fractions in non-karst forests, respectively. Similarly,
the MBN was one to five times higher in soil aggregate fractions in karst forests. The MBP
accumulated one-and-a-half to two times more in soil microaggregates than in other soil
fractions in karst forests. Similar trends were detected to a lesser extent in the non-karst
forest ecosystem.
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Table 1. Differential soil properties between karst and non-karst forests in Guangxi, Southwest China. Values are the M ± SE.

Location Aggregates SOC (g/kg) TN (g/kg) C:N Ratio DOC (mg/kg) TDN (mg/kg) Ap (mg/kg) MBC (mg/kg) MBN (mg/kg)

Karst

Bulk 44.3 ± 2.1Aab 7.3 ± 0.5Aab 6.2 ± 0.2Aa 79.4 ± 7.2Bcd 27.3 ± 1.0Bb 8.2 ± 1.2Ab 675 ± 68.1Aa 170.8 ± 21.3Aab

>2 mm 39.7 ± 1.3Ab 6.5 ± 0.4Aab 6.2 ± 0.3Aa 88.9 ± 4.7Abc 26.2 ± 0.4Bb 8.8 ± 1.4Ab 827.7 ± 79.9Aa 222.8 ± 20.7Aa

0.25–2 mm 45 ± 2.2Aab 6.9 ± 0.7Aab 7.7 ± 1.5Aa 96.4 ± 7.8Ab 28.7 ± 1.9Ab 12.3 ± 1.4Aa 711.2 ± 60.3Aa 203.6 ± 21.2Aa

0.053–0.25 mm 50 ± 1.9Aa 8.4 ± 0.4Aa 6.0 ± 0.2Ba 122.6 ± 3.0Aa 31.5 ± 3Aab 8.1 ± 0.8Ab 627.5 ± 78.5Aab 124.9 ± 33.6Bb

<0.053 mm 44.9 ± 2.3Aab 5.6 ± 1.5Ab 7.9 ± 1.9Aa 65.0 ± 0.0Ad 52.6 ± 7.5Aa 5.3 ± 0.7Ab 443.5 ± 42.8Ab 114.5 ± 14.4Bb

Non-karst

Bulk 17.4 ± 1.6Ba 2.6 ± 0.2Bab 6.8 ± 0.6Aab 101.4 ± 5.0Aa 47.0 ± 6.6Aab 7.2 ± 0.8Ab 446.4 ± 41.2Ba 176.5 ± 20.1Aa

>2 mm 15.9 ± 0.9Ba 2.6 ± 0.4Bab 6.9 ± 0.9Aab 53.2 ± 0.0Bb 52.7 ± 6.9Aa 2.8 ± 0.1Bc 511.7 ± 91.6Ba 174.8 ± 17.8Aa

0.25–2 mm 16.2 ± 1.0Ba 3.1 ± 0.4Ba 5.8 ± 0.6Ab 108.6 ± 3.7Aa 34.8 ± 3.9Ab 9.4 ± 0.0Ba 403.5 ± 41.9Ba 210.3 ± 22.8Aa

0.053–0.25 mm 14.8 ± 1.8Ba 1.8 ± 0.3Bb 8.8 ± 0.5Aa 92.2 ± 11.9Ba 37.2 ± 1.3Ab 7.8 ± 0.2Ab 425.8 ± 80.1Aa 225.8 ± 22.1Aa

<0.053 mm 18.4 ± 1.6Ba 2.3 ± 0.4Aab 7.6 ± 1.1Aab 69.6 ± 0.0Ab 19.3 ± 2.6Bc 3.8 ± 0.0Bc 223.7 ± 16.5Bb 210.4 ± 17.0Aa

Note: Different lowercase letters denote significant differences (p < 0.05) between different aggregates in karst forests or non-karst forests. Different uppercase letters denote significant differences (p < 0.05)
between karst forests and non-karst forests within the same aggregate. Soil organic carbon(SOC), Total N(TN),Dissolved organic C(DOC), Total dissolved N (TDN), Available P (Ap), Microbial biomass
carbon(MBC), Microbial biomass nitrogen(MBN), Microbial biomass phosphorus(MBP).



Agronomy 2021, 11, 1591 7 of 18

3.2. Soil Enzyme Activity

The enzyme activity (nmol h−1 g−1) varied between ecosystems and soil aggregate frac-
tions (Figure 1). AP, BX, and NAG activities were higher in non-karst forests (Figure 1A,C,D).
However, BG, AG, and CBH activities were higher in karst forests (Figure 1B,E,F). LAP activity
was unaffected by the ecosystem type (Figure 1G).
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Figure 1. Soil enzyme activity (nmol h−1 g−1) in the bulk soil and aggregates in the forest ecosystems. Error bars
represent the standard deviation. Capital letters indicate differences among the forest ecosystems in the same aggregate
size. Lowercase letters indicate differences in the aggregate size fractions in the same forest ecosystem. Phosphatase (AP),
β-glucosidase (BG), β-1, 4-Xylosidase (BX), cellobiohyrolase (CBH), β-N-acetylglucosaminidase (NAG), α-Glucosidase
(AG), leucine aminopeptidase (LAP).

The activity of AP and BX were lower in the 0.053–0.25-mm microaggregates than
in the bulk soil and other soil aggregate fractions in non-karst forests (Figure 1A,C). The
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soil BG, NAG, AG, and CBH activities were significantly higher (two to three times) in
0.053–0.25-mm microaggregates and soil mineral particles (<0.053 mm) compared to the
other aggregate fractions in karst forests (Figure 1B,D–F). The changes in the activity of AP,
BX, and LAP in karst forests and CBH, LAP, BG, NAG, and AG in non-karst forests were
not significant for the soil aggregate fractions. This confirmed that the ecosystem type is
important for shaping enzyme activity (Figure 1).

3.3. Exoenzymatic Stoichiometry Ratio

The exoenzymatic stoichiometry scatter plots showed that most of the data points for
the aggregate fractions of the non-karst forests fell within the P limitation group (Figure 2).
Most aggregates in the karst forests were co-C and P-limited. Some showed P limitations,
while only a few points of 0.053–0.25 mm microaggregates fell within the N limitation
group (Figure 2).
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Figure 2. Scatter plots of the soil exoenzymatic stoichiometry for the studied sites. Red and Blue dots
represent karst and non-karst, respectively. Different symbols represent different aggregate sizes.

The acquisition activity of N and P was significant (significant relationships p < 0.0001)
compared to the C acquisition activity in the bulk soil and aggregates in both ecosystems
(Figure 3A,B). The regression slopes for Ln (BG) vs. Ln (NAG + LAP) and Ln (BG) vs.
Ln (AP) were 0.71 and 0.45 in karst forests and 0.74 and 0.65 in non-karst forests, respec-
tively. The N and P acquisition activity in relation to the C acquisition activity in both soils
fell mostly along the 1:1 line and was higher in karst forests.

There were no significant changes in the vector length for the bulk soil and all aggre-
gates across the ecosystems. However, the vector length was significantly longer in karst
(1.36) than in non-karst forests (1.1) (Figure 4). The vector angle was significantly lower in
karst than non-karst soils, but it was higher than 45◦ (vector angle > 45◦) in both ecosystems.
The ratios of BG:AP, BG:(NAG + LAP), and (NAG + LAP):AP were significantly higher in
the bulk soils and all aggregates across the karst ecosystems (Figure 5). The ratios in the
karst soils were 2.5–4 times higher than in the non-karst soils.
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the same aggregate size. Lowercase letters indicate differences in the aggregate size fractions in the
same forest ecosystem.
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The critical ratio or TER of C:N (Figure 6A) and C:P (Figure 6B) required for optimum
growth were significantly higher in karst forests. The TER values in karst forests were
0.4–4.2 (TERC:N) and 2.2–15.4 (TERC:P) times higher than in non-karst forests. The TERC:N
in mineral particles (<0.053 mm) was significantly higher in other aggregate fractions than
in karst forests, whereas it was significantly higher in microaggregates (0.053–0.25 mm) in
non-karst forests compared to other aggregates within the same ecosystem (Figure 5A).

The TERC:P in non-karst forests was the lowest for the soil mineral particles (<0.053 mm)
compared to other aggregates (Figure 5B). DOC:AP in non-karst forests was significantly
higher in the bulk and macroaggregates (0.25–2 mm) than in the other aggregate fractions
within the same forests but was the highest (0.25–2 mm) in karst forests (Figure 5C).

The RDA indicated that the environmental variables induced 327% and 23.7% of the
variance in the enzyme activity and enzyme stoichiometric ratio of karst and non-karst
soils, respectively. The RDA model selection procedure indicated that the MBC, DOC, and
Bn:p were significant predictors of the enzyme activity and the enzymatic stoichiometric
ratio in karst soils. The SOC and MBN were significant predictors for enzyme activity and
the enzymatic stoichiometric ratio in non-karst soils (Figure 7).
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4. Discussion
4.1. Effect of Soil Properties on Individual Enzyme Activity in Karst and Non-Karst Forests

Recent studies indicated that karst ecosystems have unique ecological and chemical
properties. Karst ecosystems usually have higher levels of OM, pH, Ca, and Mg than other
ecosystems [2–4,48]. We observed significantly higher levels of SOC, TN, MBC, MBN,
and MBP in karst forests. This could be attributed to litter removal or addition in karst
ecosystems, which was not the case in non-karst ecosystems [64,65]. The decomposition of
litter is the first step in the formation of soil humus [66] and can be affected by the nutrient
availability and decomposers in the soil [67].

We observed a greater accumulation of MBP and MBC in finer aggregates (<0.053 mm)
than in macroaggregates in karst forests (Table 1), which is consistent with the observations
by Dorodnikov and Li [68,69]. The accumulation of MBC in finer aggregate fractions is
usually due to higher specific surfaces for microbial habitats and greater protections of
microorganisms from predation by protozoa or from desiccation, which help in stabilizing
microbial residues [69,70] and may cause high levels of C sequestration in karst forests.
MBP accumulated more in finer aggregates in both karst (<0.053mm and 0.053–0.25mm)
and non-karst (<0.053 mm) ecosystems for the same reason. We found similar patterns in
the enzymes activity (BG, NAG, LAP, and AP) in both ecosystems to those in Chen [62].
The BG, AG, and CBH activity were generally higher in karst forests (Figure 1B,E,F). In
contrast, the AP, BX, and NAG activity were higher in the aggregates in non-karst forests
(Figure 1A,C,D). Distinct soil properties in the ecosystems in the current study (Table 2)
were the main factor affecting the enzyme activity in the ecosystems. Higher BG, AG,
and CBH activity in karst forests may result from higher MBC, SOC, and DOC levels
in these ecosystems. As mentioned in other studies, the enzyme activity was positively
related to these indexes [36,71]. Alternatively, the increase might be related to higher pH
levels in karst forests [48]. The enzyme activity in the bulk and aggregate fractions in
both ecosystems was also related to the soil properties. The BG, NAG, AG, and CBH
activities were significantly higher (two to three times) in 0.053–0.25 mm microaggregates
and in soil with mineral particles <0.053 mm than in other aggregate fractions in karst
forests, which coincides with the distribution of MBC in finer aggregate fractions, and
maybe this is also the reason why the soil carbon content was higher in Karst soil samples
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than the control. The higher activity in the 0.053–0.25-mm microaggregates and soil
mineral particles of <0.053 mm compared with those in the other aggregates might be also
associated with a higher MBC, with a higher contribution of fast-growing microorganisms
in microaggregates [68]. The higher AP, BX, and NAG activity in non-karst soils may be due
to the higher C:N ratios that were often used as an index of the SOM quality [72,73]. Our
results indicate that karst forests were likely saturated with N, but non-karst forests were
limited by N [62], which was explained by the study of Li [74] that TN was significantly
relevant with the PLFA community.

Table 2. Results (r values) from the correlation analysis showing the relationship between the soil properties and the
indicators of microbial resource limitations.

Variable TERC;N TERC;P
Vector Vector BG/ (NAG + LAP)/

BG/APLength Angle (NAG + LAP) AP

SOC 0.057 0.533 ** 0.533 ** −0.496 ** 0.398 ** 0.536 ** 0.630 **
TN −0.018 0.417 ** 0.424 ** −0.271 ** 0.398 ** 0.324 ** 0.452 **
CN 0.096 −0.302 ** −0.310 ** 0.099 −0.369 ** −0.157 * −0.275 **

DOC −0.173 * 0.318 ** 0.284 ** −0.23 ** 0.211 ** 0.240 ** 0.315 **
TDN −0.084 0.241 ** 0.251 ** −0.212 ** 0.181 * 0.225 ** 0.287 **
AP 0.12 0.163 * 0.396 ** −0.376 ** 0.287 ** 0.386 ** 0.448 **

MBC 0.204 ** 0.680 ** 0.514 ** −0.435 ** 0.385 ** 0.476 ** 0.586 **
MBN −0.243 ** 0.449 ** 0.332 ** −0.243 ** 0.272 ** 0.267 ** 0.362 **
MBP 0.12 0.163 * 0.396 ** −0.376 ** 0.287 ** 0.386 ** 0.448 **

DOC/TDN −0.134 −0.097 −0.158 * 0.122 −0.133 −0.14 −0.176 *
DOC/ap −0.214 ** 0.135 −0.11 0.177 * −0.06 −0.178 * −0.157 *

BC:P 0.129 0.500 ** 0.158 * –0.066 0.152 * 0.096 0.152 *
BC:N 0.640 ** 0.199 ** 0.192 ** −0.215 ** 0.125 0.239 ** 0.232 **
BN:P −0.315 ** 0.210 ** −0.023 0.112 0.017 −0.098 −0.05

Note: Bold values with one or two asterisks indicate that the relationships are significant or highly significant (p value < 0.05 or
p value < 0.01). Information about the abbreviations can be found above.

4.2. Microbial Resource Limitation in Karst and Non-Karst Forests

The exoenzymatic stoichiometry scatter plots indicate that the soil microbes in the bulk
soil and aggregates across the karst forests were largely co-limited by C and P but rarely by
N (Figure 2). The microbes in non-karst soils were limited more by P than N, supporting the
results of the other microbial resource limitation approaches. The vector length, which is an
indicator of microbial C limitation [34], was greater in karst forests (Figure 4A), suggesting
that microbes in karst forests were more limited by C, which is consistent with the result
that soil organic carbon was the primary factor affecting the abundance of soil microbial
communities in karst forests [74]. The vector angles were greater than 45◦ in the bulk
soil and all aggregates across both karst and non-karst forests (Figure 4). However, the
angles were greater in non-karst forests, indicating that microbes in non-karst forests were
more limited by P than in karst forests. The microbial P limitation in non-karst forests was
supported by the results of the TER, where the values of RC:P-TERC:P were higher than zero
within the bulk and all aggregate fractions (Figure 6). However, the values RC:P-TERC:P in
karst forests were greater than zero only in the bulk soils and 0.25–2-mm macroaggregates.
This confirmed that the two fractions were more co-limited by P than the other fractions
in karst forests. The microbes were also co-limited by C and P in karst forests, which
was partially supported by the results of the BG:(LAP + NAG) ratio from the current
study (Figure 5B) and is consistent with previous studies [47], and were higher in karst
forests, which is in line with the results that TP was significantly relevant to the total PLFA
community [74]. This indicated that microbes in karst forests need more available C relative
to N, which also suggested that karst forests were more C-limited. Chen [47,62] attributed
the microbial C limitation in karst soils to high N but not to low P levels. This aligned
partially with our findings, where high N (TN: Table 1) and low P contents were detected.
Chen [61] reported that, despite the fact that there are high levels of microbes in some
organic soils with an abundance of degradable C, they are commonly C-limited. Compared
with karst forests, the available P content in non-karst forests was lower in the bulk and all
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aggregate fractions, indicating that non-karst forests were more P-limited than karst forests.
The data from Casle [25] confirmed that microbial resource limitations are often related
to the available nutrients in soils. Zheng [75] indicated that conversion and fertilization
strategies in croplands impacted the soil microbial resources. The application of inorganic
fertilizers may alleviate microbial C limitations [76]. Due to additional C resources, the
application of organic fertilizers or litter can also alleviate microbial C limitations but may
lead to microbial nutrient limitations [77]. Since the TN in karst soils is high compared to
that in non-karst soils, the C:N ratio in karst soils may not reach a threshold ratio conducive
to the growth of microbes, resulting in C limitations [47,62]. Previous studies recognized
Ca as the strongest variable for both soil C and N variations [54]. Despite the higher
SOC content in karst forests, microbes are highly limited by C. This C limitation could be
attributed to high Ca levels (calcareous soil) in karst forests, which combined strongly with
SOC, leading to its stabilization in a nonlabile pool [49,78,79] This is also supported by
a previous study [80], which suggested that the formation of a Ca complex was mainly
responsible for the SOM stability.

Previous studies reported that non-karst forests were dominated by microbial N
limitations, while microbes were not limited by N in karst forests [47]. This partially
supported our results of RC:N-TERC:N (Figure 6), where the N limitation was >0 This was
also supported by the fact that the BG:(LAP + NAG) (Figure 5) was significantly lower in
karst forests in the bulk and all aggregate fractions.

The soil microbes in karst forests were largely co-limited by C and P but limited
by P in non-karst forests. This was the general pattern of microbial resource limitations
in the ecosystems in the study. The microbial resource limitation in the bulk soils and
aggregate fractions in karst and non-karst forests followed the same general pattern. The
microbial P limitation has been alleviated in finer soil aggregate fractions (0.053–0.25 mm
and <0.053 mm) compared with other fractions in non-karst forests. This was supported
by the RC:P-TERC:P results, which were lower in the finer soil aggregate fractions relative to
the bulk and other fractions. Lower levels of available C in the soils may lead to a decrease
in the C:P ratio, thus alleviating the microbial P limitation. This is true for the finer soil
aggregate fractions (0.053–0.25 mm and <0.053 mm), where lower available C:P ratios
(i.e., DOC:AP) were found in finer aggregates than those in other fractions, resulting in an
alleviated P limitation (Figure 6). The increase in P levels within the aggregate fractions
(Table 1) could also alleviate the P limitations. The fractions had a slightly higher microbial
C limitation than the bulk and other aggregate fractions in karst forests. This was supported
by the BG:(LAP + NAG) and BG:AP results, which in the finer soil aggregate fractions,
were higher relative to the bulk and other fractions (Figure 6). Our study highlighted
the mechanisms for differential patterns of microbial resource limitations in karst forests,
which could be strongly regulated by the resource limitations in finer aggregate fractions
compared to in other aggregates.

5. Conclusions

The soil enzyme activity (BG, NAG, LAP, and AP) and SOC, TN, MBC, MBN, and
MBP levels were significantly enhanced in the bulk soil and all aggregate fractions in
karst forests. The MBP levels were more concentrated in finer aggregates in both karst
(<0.053 mm and 0.053–0.25 mm) and non-karst (<0.053 mm) ecosystems. The BG, NAG,
AG, and CBH activities were significantly higher (two to three times) in 0.053–0.25-mm
microaggregates and soil mineral particles (<0.053 mm) compared with the other aggregate
fractions in karst forests, which coincided with the distribution of MBC and MBP in finer
aggregates. The soil microbes in karst forests were largely co-limited by C and P and by
P in non-karst forests. The microbial P limitation was alleviated in finer soil aggregates
(0.053–0.25 mm and <0.053 mm), compared with other fractions in non-karst forests. This
could be due to the lower available C:P ratio (i.e., DOC:AP) in finer aggregates. These two
fractions had slightly greater microbial C limitations than the bulk and other aggregate
fractions in karst forests. Our results indicated patterns of the microbial resource limitations
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in the bulk and aggregate fractions in karst ecosystems and highlighted that the enzyme
activity, SOC accumulation, and microbial resource limitations in karst ecosystems may be
correlated with finer aggregates (Figure 8).
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