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Abstract

This study aimed to disentangle the relative influence of inherent soil properties and annual
starter P fertilization on active carbon (C) pools and C-, nitrogen (N)-, and phosphorus
(P)-cycling enzyme activities in silage corn production systems with high-legacy P. Six fields
with Mehlich-3 P ranging from 53.5 to 332 mg kg~ ! were investigated in 2020 and 2021 in
the Fraser Valley, Canada. The experiments at each site consisted of five starter P rates (0, 5,
10, 15, and 20 kg P ha~! as triple super phosphate) arranged in a randomized complete
block design with four replicates. Soil samples were collected at the V3 and V6 stages
of silage corn and analyzed for active C, soil enzyme activities, and chemical properties.
N-acetyl-f3-glucosaminidase varied significantly across the six sites, suggesting substantial
differences in the rate of C and N cycling. For instance, in 2020, N-acetyl-3-glucosaminidase
was similar at Sites 1 and 2 at V6 and was approximately three times (514.51 pmol MUF
g~ 1 soil h~') higher than at Site 3 (170.29 pmol MUF g~! soil h~!). Similarly, in 2021, a
2.8-fold higher MBC observed at Site 4 at V6, compared with the averages of Sites 5 and 6,
further confirms an active C pool. Meanwhile, sites with the lowest MBC concentrations
were linked to acidic soils (pH 5.3), and a negative correlation between inherent site-year
characteristics and enzyme activities confirm enzymes repression. Acid phosphatase at
Site 4 was 3-fold higher than at Site 5 and Site 6, while alkaline phosphatase was detected
only at Site 4. We conclude that long-term soil conditions are the main factors influencing
biological functionality, thereby overshadowing transient fertilization. This indicates that
Fraser Valley farmers can prioritize long-term soil health management and safely reduce
starter P applications in these high-legacy systems.

Keywords: dairy manure; Fraser Valley; microbial biomass C and N; phosphatases; silage
corn; soil health
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1. Introduction

Soil is an intricate ecosystem characterized by complex interactions between biotic and
abiotic components that govern processes such as nutrient cycling and the maintenance
of soil fertility [1]. As the largest terrestrial carbon (C) reservoir, the soil organic C (SOC)
pool plays a pivotal role in sustaining soil health [2,3]. However, conventional agricultural
practices, especially excessive use of mineral fertilizers, can adversely affect soil structure,
fertility, and microbial function, thereby limiting crucial soil processes [4-6]. Effective
nutrient management and resource efficiency require elucidating the dual role of microor-
ganisms in C cycling, acting both as decomposers of organic matter and contributors to
stable microbial C accumulation [2,7]. Meanwhile, soil enzyme activity serves as a proxy for
microbial activity and is a crucial indicator of soil health. These extracellular enzymes act as
catalysts that enhance the breakdown of complex organic substrates, supplying C, nitrogen
(N), and phosphorus (P) needed for microbial assimilation and plant uptake [8-10]. Thus,
sustainable agricultural strategies, such as integrating manure or crop rotation, are essential
for improving soil fertility and enhancing overall soil ecosystem functioning [11,12].

In coastal British Columbia (BC), Canada, agricultural practices have led to widespread
high-legacy soil P, particularly in the intensive peri-urban agricultural sector of the Fraser
Valley [13-15]. The continual application of dairy and poultry manures, alongside chemical
fertilizers, contributes substantial annual P inputs that often exceed crop needs, leading to
excessive soil P concentrations [16,17]. The dominant agricultural system in this region, i.e.,
silage corn and forage grass rotation, historically involves an annual P surplus, contributing
to the persistent legacy P problem [18]. A series of field experiments in the Fraser Valley
indicated that local starter P recommendations are excessive, demonstrating that critical
starter P rates can be significantly reduced without affecting final silage corn yield, espe-
cially in soils that already have high P concentrations [13-15]. This suggests that the large
pool of legacy soil P and animal manure, which is usually applied annually at ploughing,
can often supply sufficient phosphates throughout the growing season, overriding the
perceived need for high initial starter fertilizer P inputs [13,14]. While these yield-based
studies provide practical management thresholds, a significant knowledge gap persists re-
garding the underlying biological mechanisms and nutrient cycling dynamics that support
this resilience [13,14]. Specifically, it remains poorly understood whether transient, annual
nutrient inputs like starter P exert any meaningful influence on active C pools and the
activities of enzymes responsible for C, N, and P cycling when compared with the persistent
influence of long-term inherent soil properties [5]. Furthermore, existing research presents
conflicting evidence on how mineral fertilization affects microbial biomass, highlighting
the need to disentangle the relative impact of immediate fertilization from historical soil
management legacies in intensive agricultural environments [8-10].

Understanding how to sustainably manage these high-P systems requires insight into
the underlying mechanisms controlling soil biological activity, especially those involved in
nutrient cycling. For instance, Feng et al. [5] observed that applying N fertilizer continu-
ously for six years increased microbial biomass C (MBC) due to its strong association with
increased soil C, as it disturbed the mineral protection of organic matter. In contrast, Kam-
ran et al. [19] showed that long-term application of mineral fertilizers actually accelerates
C loss, which was also linked to a reduced aggregate stability. Existing research suggests
a profound disconnect between short-term fertilizer inputs and the fundamental drivers
of soil health, particularly those related to nutrient cycling and C sequestration. Studies
show that minor and transient inputs, such as starter P, do not significantly alter short-term
active C pools [2,7,20-22]. Instead, long-term inherent site characteristics, including SOC,
total N, clay content, and pH, are the main factors driving the activities of active C pools
and the key enzyme activities related to C, N, and P cycling [2,21,22]. Moreover, microbial
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communities often repress the production of P-acquiring enzymes to conserve energy in
high-legacy P soils [23-26]. This confirms that microbial metabolic investment is governed
by overall resource sufficiency, as dictated by long-term management and legacy status,
overshadowing the acute effects of minor fertilizer inputs.

Therefore, a comprehensive assessment is critical to fully integrate these biological con-
straints into the refinement of P management for agricultural sustainability in P-sensitive
regions. This study aimed to disentangle the relative influence of inherent soil properties
and annual starter P fertilization on active C pools and C-, N-, and P-cycling enzyme
activities in silage corn production systems with high legacy P. We hypothesized that
inherent soil characteristics exert a dominant influence on soil biochemical function relative
to annual starter P applications in high-legacy P soil environments.

2. Materials and Methods
2.1. Site Description

Three field trials in 2020 and another three in 2021 were conducted in Agassiz, Chill-
iwack, and Rosedale in the Fraser Valley, BC, Canada. Soils in these sites belong to the
subgroups of Orthic Humic Gleysols (Site 1), Rego Gleysols (Site 2), Luvic Gleysol (Site 3),
Rego Humic Gleysols (Site 4), Eluviated Eutric Brunisol (Site 5), and Dark Gray Luvisol
(Site 6) [27]. As described by Nyamaizi et al. [14,15], five sites (Sites 1,2, 3, 4, and 5) had a
loam texture and one site (Site 6) had a sandy loam texture. The minimum and maximum
initial soil properties across the sites were: total C 1.30-3.49%; total N 0.10-0.32%; C:N ratio
9.4-13.7; Py 53.5-332 mg kg~ !; Ky 97.5-280 mg kg~ !; Mgy 114-315 mg kg~ !; Cays
660-1485 mg kg~ !; Alyiz 791-2065 mg kg~ !; Fepms 37-386 mg kg~ !; pH 5.3-6.3; and cation
exchange capacity (CEC) 9.7-14.2 meq,)/100 g (Table 1). Detailed information about the
studied sites can be found in Nyamaizi et al. [14,15].

Table 1. Average general properties of soils (0-30 cm) at six studied sites in 2020 (three sites) and 2021
(three sites) in the Fraser Valley of British Columbia, Canada (n = 4).

Olsen PM3 KM3 MgM3 CaM3 A1M3 FeM3 CEC

T(:f,zl) ¢ ;0(';21) CN P (mg (mg (mg (mg (mg (mg (mg PHzo) (meq(,) 100 ((3(}/:)}' S(;:/i‘;i
kg1) kg1 kg 1) kg1) kg1 kg1) kg 1) g1

Site 1 1.38 0.10 13.7 35.4 142.4 180.0 314.8 1278 1279 386.8 6.3 11.2 18.0 43.5
Site 2 2.77 0.23 12.3 60.3 268.4 131.5 185 1413 2065 281.6 5.9 14.2 12.0 51.5
Site 3 1.55 0.11 13.5 57.4 3329 197.2 269.2 1060 1085 259.0 5.8 9.7 15.0 47.0
Site 4 3.49 0.32 10.8 4.5 136.5 280.0 238.5 1485 791 49.8 5.8 11.5 20.5 51.5
Site 5 2.31 0.22 10.7 255 53.5 97.5 203.5 1030 814 36.7 5.3 11.4 20.0 40.0
Site 6 1.30 0.14 94 50.0 164.5 155.0 113.5 660 1606 N.D 5.3 11.9 10.5 59.5

ND, not determined; Kyz, Mgwms, Cams, Alvs, and Feygs measured in Mehlich-3 extractions; CEC, cation exchange
capacity; particle size analyses determined using hydrometer method and soil pH [14,15].

The climate in the region is moderate oceanic with relatively cool, dry summers
and warm, rainy winters. Annual rainfall ranges from 1483 to 1689 mm, with a peak of
280-350 mm in November. The normal temperature range is from 3.4 °C in January to
18.7 °C in August (Agassiz Climate Daily Almanac—Agassiz CDA station). On average,
the 2021 soil temperatures were warmer than in the 2020 growing season. A detailed
description of weather conditions over the two years of the study period can be found in
the study by Nyamaizi et al. [14,15].

2.2. Experimental Design and Treatments

The six trials consisted of five treatments of starter P rates (0, 5, 10, 15, and
20 kg P ha~!). The treatments were set in a randomized complete block design with four
replicates for a total of 20 experimental plots (10 m x 5 m). Starter fertilizer P treatments
were applied as a single application as triple super phosphate (0-46-0) by hand, 5 cm
from the seeding row of silage corn, and buried to a depth of 5 cm in the soil to mimic
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mechanized applications at planting. All fields were sprayed in the spring with Roundup
[glyphosate(N)-phosphonomethyl glycine at 1000 g ha~!] to eradicate weeds. The fields
were conventionally tilled in late spring to a 30 cm depth using a moldboard plough,
and dairy manure (applied at 50 kg P ha~!) was mechanically incorporated, followed by
harrowing and disking to a depth of 10 cm. No manure was applied to Site 5 because it was
established in a manure-restricted location. Site 5 was under grass for the past five years
prior to this study. Nitrogen was applied as urea (46% N) at provincially recommended
rates of 150 kg N ha~!. Starter fertilizer N at 30 kg N ha~! was band-applied at seeding
using a disk opener, and a supplement of N fertilizer was side-dressed at the V6 stage.
Glyphosate-tolerant silage corn was seeded in late May to early June at 86 x 103 plants ha~!
with a 75 cm row spacing and six rows per plot. After emergence, Roundup (1000 g ha—!)
was applied twice between the V3 and V6 stages, in accordance with provincial recommen-
dations. Details on the chemical properties of dairy manure and field activities, including
planting, harvesting, and sampling dates, are presented in Nyamaizi et al. [14,15].

2.3. Rhizosphere and Plant Sample Collection and Analysis

Two corn plants were randomly selected from the innermost rows of each plot at the
V3 and V6 stages. Briefly, the plants were uprooted using a shovel and separated at the
collar with scissors. The shovel and scissors were cleaned with alcohol after use between
plots to mitigate microbial contamination. The plant stumps were placed in a plastic bag
and kept in a portable cooler on ice during fieldwork. The above-ground parts were placed
in cryobags and kept in a different box. All harvested materials collected from each field
were transported to the lab at Agassiz RDC. In the lab, the plant stumps were removed
from the plastic bags, placed in a tray, and shaken off by hand to remove the loose soil. The
soil that remained firmly attached to the roots after intensive agitation was considered the
rhizosphere [28]. The rhizosphere soil was carefully removed from the roots of the two
stumps with a spatula (avoiding inclusion of root fragments), mixed, and divided into two
portions. One part of the rhizosphere soil was placed in a plastic bag and kept frozen at
—20 °C prior to microbial and enzyme assay analyses. The second part was air-dried and
sieved to 2 mm prior to other chemical analyses. At the V6 stage, only three of the four
blocks were sampled due to the heavy workload of enzyme analysis.

The potential soil enzyme activities of 3-glucosidase (C cycling), N-acetyl-3-glucosaminidase
(Cand N cycling), acid and alkaline phosphatase activities (P cycling), and arylsulphatase
(sulfur cycling) were measured using a microplate fluorimetric assay method [29]. The
reagent used for the assays included (i) modified universal buffer (MUB) (pH 5.5 for
assessment of N-acetyl-3-glucosaminidase, pH 6.0 for 3-glucosidase and acid phosphatase,
and pH 8.5 for alkaline phosphatase) stored at 4 °C; (ii) 1 mM methylumbelliferyl (MUF)
substrates including MUF (3-D-glucoside (M3633, Sigma-Aldrich Chemical, St. Louis, MO,
USA), MUF N-acetyl-p-glucosaminidase (M2133, Sigma-Aldrich Chemical), and MUF
phosphate (M8883, Sigma-Aldrich Chemical) stored at 4 °C; (iii) p-nitrophenyl sulphate
buffered at pH 6.0 for arylsuphatase; (iv) 0.5 M NaOH used to terminate the enzymatic
reaction; and (v) methylumbelliferyl working standards (MUF working standards): 0, 5, 10,
20, and 30 uM MUF standards stored in the dark at 4 °C.

Frozen soil was thawed at room temperature. Then, 1.0 g of soil was mixed with
120 mL of deionized water in a beaker for 30 min at 600 rpm on a stir plate. To analyze
the first four enzymes, four black microplates were prepared by adding 50 uL of each
MUB reagent and 50 pL of MUF to each well. Then, 100 pL of the stirred suspension
was pipetted into each well with a multichannel pipette. The microplates were shaken up
and down 10 times to thoroughly mix the solutions. The microplates with the mixtures
were covered with parafilm and incubated at 37 °C for 1 h in the dark. To terminate the
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enzymatic reaction and increase the fluorescence signal and detection, 50 uL of 0.5 M NaOH
was added to each well. Deng et al. [30] showed that the relative signal remains stable
under the stated conditions for several hours. The same procedure was used to prepare
calibration curves, but MUF substrates were replaced by the MUF working standard.
Controls were also prepared using the same procedure, but the substrate was added
following the addition of 0.5 M NaOH. The autohydrolysis during the incubation period
was performed using deionized water instead of the soil suspension. Immediately after the
end of the enzyme reaction, fluorescence was quantified using a fluorescence plate reader
(TwinkleTM Fluorescent Reader, Berthold Technologies USA, Oak Ridge, TN, USA) with
355 nm excitation and 460 nm emission. Then, we used a bench-scale assay to measure
arylsulphatase activity. In brief, 1 g of soil was incubated with p-nitrophenyl sulphate in a
buffered medium at pH 6.0 and 37 °C. The p-nitrophenol produced by the enzyme was
quantified by colorimetric analysis using a microplate reader (Synergy HTX multi-mode
reader, Biotek, Santa Clara, CA, USA) at 420 nm [31].

Soil MBC was estimated using the substrate respiration method described by Horwath
and Paul [32]. Briefly, a solution containing 300 mg of glucose, prepared in 4.5 to 6.0 mL
of water, was added to 50 g of air-dried soil to achieve 50% water-holding capacity. The
amount of water added was determined based on the soil’s water content and water-
holding capacity. The soil was mixed by stirring and incubated for 3 h at 22 °C in a
1 L jar. Analyses of the CO, accumulated in the headspace were performed using gas
chromatography (Model 3800, Varian Inc., Walnut Creek, CA, USA) equipped with a flame
ionization detector. The active C or permanganate oxidizable C (POXC) was determined
as described by Weil et al. [33]. Briefly, 2.50 g of air-dried soil was mixed with 18.0 mL of
deionized water and 2.0 mL of 0.2 M KMnO4 solution in a dark 50 mL centrifuge tube. The
tube was shaken at 180 rpm for 2 min and allowed to settle for 10 min. The supernatant
was analyzed by colorimetry using a microplate reader (Synergy HTX multi-mode reader,
Biotek) at 550 nm.

2.4. Statistical Analyses

All the data were analyzed using the Imer4 package in R version 4.3.1 [34]. Prior
to analysis, the data were tested for the normality assumption of the residuals using
the Shapiro-Wilk test and homogeneity of variance using Bartlett’s test. Where these
assumptions were violated, appropriate transformations were applied to satisfy statistical
requirements; however, the majority of the parameters met these criteria in their original
form. Two-way analysis of variance (ANOVA) was performed with starter fertilizer P, with
site and two-way interaction as fixed effects, while blocks were treated as a random effect
at the V3 and V6 stages for each year independently. For variables where ANOVA F-tests
were significant, mean comparisons were performed to compare the different starter P rates
and sites using least square means (LSMs) and the Tukey multiple comparison procedure
in the emmeans package. The statistical significance level, p = 0.05, was considered for all
analyses. A principal component analysis (PCA) with contribution arrows was conducted
using Factominer. Euclidean vectors were developed using the function prcomp() and
fviz_pca_biplot() in the “factoextra” package (version.1.07) to determine the relationship
between soil enzyme activities, corn DM weight at the V3 and V6 stages, plant P concentra-
tions, and soil chemical properties obtained from Nyamaizi et al. [14,15]. We performed
a Pearson correlation analysis using the corrplot and cor.mtest packages to assess linear
relationships between variables.
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3. Results
3.1. Active Carbon and Soil Microbial Biomass Carbon

In 2020, POXC and MBC were not affected by starter P applications at both V3 and
V6 stages of silage corn (Table 2). In contrast, POXC varied significantly among the three
sites during the two growth stages (Table 2). At V3, POXC was markedly higher at Site 2
(637.0 mg kg~ 1), followed by Site 3 (538.3 mg kg_l) and Site 1 (429.0 mg kg ') (Table 2).
At V6, POXC was markedly higher at Site 1 and Site 2, with an average concentration of
601.75 mg kg~! compared with Site 3 (460.8 mg kg~!) (Table 2). Meanwhile, MBC did not
differ significantly among the three sites at V3 (Table 2). However, at V6, distinct variations
appeared, with Site 1 and Site 2 showing comparable MBC concentrations of 683.09 mg
MBC kg~ ! of soil, roughly twofold the level at Site 3 (362.4 mg kg~ !; Table 2).

Table 2. Starter P effects on active carbon, microbial biomass carbon, and enzyme activity in silage
corn rhizosphere during the 2020 early growing season for selected sites in the Fraser Valley of British
Columbia, Canada.

3-Leaf Stage 6-Leaf Stage
G NAGase AS-N G NAGase AS-N
POXC MBC (pmol (pmol (mg p- POXC MBC (pmol (pmol (mg p-
(mg kg~1) (mg kg—1) MUF g1 MUF g1 nitrophenyl | (mgkg-1) (mg kg~1) MUF g1 MUF g1 nitrophenyl
h-1) h-1) kg1 h-1) h-1) h-1) kg1 h-1)
Starter P
0P 5375 + 5282+ 7833 £ 366.4 + 152.8 + 566.3 + 608.4 + 963.3 + 397.8 £ 191.5 +
79.64 a 102.90 a 217.25a 125.15a 47.75a 57.39a 14243 a 236.47 a 120.59 a 41.32a
5p 508.9 £ 543.1 £ 638.0 £ 286.0 £ 138.1 + 503.3 £ 536.4 £ 7333 + 4433 £ 154.4 &
43.75a 104.95 a 144.28 a 76.24 a 39.19a 56.00 a 143.95 a 175.75a 17192 a 38.55a
10P 542.8 £ 550.8 £ 7042 £ 248.1 £ 130.1 + 605.0 £ 620.5 £ 975.5 £ 290.0 £ 158.9 +
54.82 a 70.44 a 116.28 a 45.10a 25.65 a 78.39 a 172.39 a 228.27 a 75.16 a 35.13a
15P 557.3 £ 516.7 = 659.6 £ 367.1 £ 1459 + 540.5 £ 538.7 £ 870.8 = 4294 £ 184.0 +
57.68 a 62.88 a 136.18 a 120.13 a 30.22a 5091 a 9154 a 131.02a 143.24 a 4233 a
20P 5274 + 487.8 £ 7373 £ 2403 £ 1379 + 558.7 £ 576.9 £ 1063.2 4384 + 182.1 +
53.14a 95.86 a 213.12a 68.86 a 30.88a 62.25a 145.54 a 308.39 a 178.82 a 4543 a
Sites
Site 1 429.0 £ 566.6 = 707.2 £ 251.5 £ 129.4 + 565.7 £ 757.8 + 1123.3 &+ 589.6 = 203.4 +
3522C 9592 A 182.93 A 85.20 B 21.67 B 6237 A 134.37 A 24158 A 142.79 A 39.70 A
Site 2 637.0 £ 555.8 £ 884.1 + 391.1 £ 2129 + 637.8 £ 608.3 + 1047.5 + 4394 + 226.3 £
36.20 A 96.13 A 164.10 A 87.70 A 28.26 A 40.60 A 75.07 A 203.76 A 115.52 A 22.64 A
Site 3 538.3 + 453.6 + 5222 + 262.2 + 80.7 £9.77 460.8 + 362.4 + 592.8 + 170.3 £ 92.8 £9.54
4520B 53.86 A 187.34 B 9490 B C 4458 B 115.00 B 98.18 B 55.99 B B
Anova
P rate (P) ns ns ns ns ns ns ns ns ns ns
Site (S) <0.001 ns 0.003 0.025 <0.001 <0.001 <0.001 0.001 <0.001 <0.001
P xS ns ns ns ns ns ns ns ns ns ns

POXC, permanganate oxidizable carbon; MBC, microbial biomass carbon; G, 3-glucosidase activity; NAGase,
N-acetyl-3-glucosaminidase activity; AS-N, arylsulphatase activity; ns, no significant differences. Different
uppercase letters denote significant differences between sites and different lowercase letters denote significant
differences between starter P rates (p < 0.05 after Tukey’s HSD test).

In 2021, POXC and MBC were not affected by starter P applications, while site differ-
ences were observed at both V3 and V6 stages of silage corn. This result is similar to what
was observed in 2020 above. At V3, POXC was markedly higher at Site 4 (842.7 mg kg’l),
followed by Site 5 (580.2 mg kg’l) and Site 6 (369.2 mg kg’l) (Table 3). A similar trend was
observed at Vé: Site 4 (881.7 mg kg~ !) > Site 5 (608.9 mg kg 1) > Site 6 (461.3) mg kg 1)
(Table 3). Similarly, MBC concentration was markedly higher at Site 4 (950.6 mg kg’l),
followed by Site 5 (558.8 mg kg~!) and Site 6 (285.5 mg kg~ !) at the V3 stage (Table 3).
This disparity became particularly pronounced by the V6 stage, where MBC at Site 4 with
943.0 mg kg ! was 2.8 times higher than the levels obtained at both Site 5 and Site 6 with
an average of 325.76 mg kg ! (Table 3).
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Table 3. Starter P effects on active carbon, microbial biomass carbon, and enzyme activity in silage
corn rhizosphere during the 2021 early growing season for selected sites in the Fraser Valley of British
Columbia, Canada.

3-Leaf Stage 6-Leaf Stage
G NAGase AS-N G NAGase AS-N
POXC MBC (pmol (pmol (mg p- POXC MBC (pmol (pmol (mg p-
(mg kg—1) (mg kg—1) MUF g1 MUF g1 nitrophenyl | (mgkg-1) (mg kg~1) MUF g1 MUF g1 nitrophenyl/
h-1) h-1) kg-1h-1) h-1) h-1) kg/h)
Starter P
0P 596.9 + 565.0 758.3 + 492.7 £ 142.7 + 682.1 + 531.4 + 650.5 + 355.8 + 1525 +
114.89 a 182.66 a 281.96 a 265.36 a 4130a 98.71a 177.59 a 286.51 a 199.44 a 48.05a
5p 595.6 + 645.3 £ 864.5 £ 380.8 + 179.6 + 653.8 + 626.6 + 804.6 + 537.4 £ 172.3 +
101.75a 145.80 a 303.80 a 189.21a 60.34 a 95.24 a 195.14 a 34136 a 31474 a 58.65 a
10P 582.0 + 679.7 £ 7619 + 3709 + 164.2 + 6394 + 520.3 + 658.0 £ 454.8 + 148.9 +
108.32 a 181.47 a 306.0 a 200.26 a 4914 a 95.54 a 156.20 a 288.84 a 299.92 a 4524 a
15p 603.8 + 5329 + 869.7 + 436.1 += 142.1 + 634.2 + 459.4 + 656.9 + 4247 + 159.9 +
9228 a 162.83 a 384.20 a 209.74 a 3498 a 104.89 a 121.12a 250.53 a 21844 a 51.01a
20P 608.5 + 568.6 + 789.6 £ 467.0 + 181.2 + 643.6 + 519.7 + 693.5 £ 399.7 £ 157.2 +
111.64 a 166.28 a 310.49 a 249.12 a 58.35a 105.75 a 189.00 a 302.50 a 202.37 a 4998 a
Sites
Site 4 842.7 + 950.6 + 1586.9 + 976.7 + 277.7 + 881.7 + 943.0 + 1442.0 = 1069.3 + 281.6 +=
39.08 A 108.72 A 182.19 A 14571 A 3723 A 40.56 A 112.90 A 110.80 A 141.14 A 27.04 A
Site 5 580.2 + 558.8 + 534.3 £ 209.9 + 128.4 + 608.9 + 365.0 + 421.0 + 154.4 + 123.8 +
15.46 B 99.00 B 52.33B 47.19B 12.64 B 27.97 B 3498 B 55.88 B 34.12B 10.17B
Site 6 369.2 + 285.5 + 3054 + 102.0 + 79.7 +£7.92 461.3 + 286.5 + 215.0 + 79.7 + 69.0 £
17.43 C 43.84C 82.87C 26.86 B C 45.62C 45.09B 73.00 C 24.82B 10.75C
Anova
P rate (P) ns ns ns ns ns ns ns ns ns ns
Site (S) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
P xS ns ns ns ns ns ns ns ns 0.051 ns

POXC, permanganate oxidizable carbon; MBC, microbial biomass carbon; G, 3-glucosidase activity; NAGase,
N-acetyl-B-glucosaminidase activity; AS-N, arylsulphatase activity; ns, no significant differences. Different
uppercase letters denote significant differences between sites and different lowercase letters denote significant
differences between starter P rates (p < 0.05 after Tukey’s HSD test).

3.2. Starter P Effects on Soil Enzyme Activity
3.2.1. B-Glucosidase, N-Acetyl-B-Glucosaminidase, and Arylsulphatase

In 2020 and 2021, the activities of 3-glucosidase, N-acetyl-3-glucosaminidase, and
arylsulphatase were not affected by starter P applications at V3 and V6 stages of silage corn.
In contrast, the activity of the three enzymes varied significantly among the sites during the
two growth stages across both years (Table 2). In 2020, a general pattern emerged where
Site 1 and Site 2 exhibited higher enzyme activities compared with Site 3. Specifically, 3-
glucosidase was on average 795.62 pmol MUF g~ ! soil h~! across Site 1 and Site 2, which is
1.5 times higher than Site 3 with 522.2 pmol MUF g~ ! soil h~! at the V3 stage (Table 2). This
trend carried over to V6, with Site 1 and Site 2 exhibiting 3-glucosidase levels 1.83 times
higher than at Site 3 (Table 2). N-acetyl-3-glucosaminidase was significantly higher at Site
2 with 391.1 pmol MUF g~! soil h™! than at Site 1 and Site 3, with an average activity of
256.86 pmol MUF g~ ! soil h ! at the V3 stage (Table 2). This trend did not carry over to
V6, as Site 1 and Site 2 had significantly higher N-acetyl-3-glucosaminidase levels than
Site 3 (Table 2). Arylsulphatase was significantly higher at Site 2, with activity of 212.9 mg
p-nitrophenyl kg ~! h™!, followed by Site 1 with activity of 129.4 mg p-nitrophenyl kg !
h~! and Site 3 with 80.7 mg p-nitrophenyl kg~ h~! at the V3 stage. A slight discrepancy
among the three sites was obtained at V6 relative to V3, with Site 1 and Site 2 exhibiting
activities 2.3 times higher than at Site 3.

In 2021, the activity of the three enzymes varied significantly among the three sites
during the two growth stages (Table 2). Site 4 emerged as the most active site among
the three enzymes. Specifically, 3-glucosidase at Site 4 was roughly 3- and 5-fold higher
than at Site 5 and Site 6, respectively, across V3 and V6 stages (Table 3). N-acetyl-3-
glucosaminidase at Site 4 (976.7 pmol MUF g~ ! soil h~!) was 6 times higher than at Site 5
and Site 6 (155.93 pmol MUF g~! soil h~!) across V3 and V6 stages (Table 3). Arylsulphatase
was significantly higher at Site 4 with activity of 277.7 mg p-nitrophenyl kg_1 h~1, followed
by Site 5 with activity of 128.4 mg p-nitrophenyl kg~! h~! and, finally, Site 6 with 79.7 mg
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p-nitrophenyl kg~! h=! across V3 and V6 stages (Table 3). This stable ranking suggests that
soil factors inherent to these sites had a persistent impact on enzyme dynamics as silage
corn grew from V3 to V6.

3.2.2. Acid and Alkaline Phosphatases

In 2020 and 2021, acid and alkaline phosphatases were unaffected by starter P ap-
plications at the V3 and V6 stages of silage corn. In contrast, the two enzymes varied
significantly among the sites during the two growth stages across both years. In 2020,
the activity of acid phosphatases was markedly higher at Site 2 with 2756 pmol MUF g~!
soil h™!, but averaged 1609.55 pmol MUF g~! soil h~! at Site 1 and Site 3 at the V3 stage
(Figure 1a). Site 2 and Site 1 had similar activities, averaging 2698.85 pmol MUF g~ soil
h~!, which is 1.7 times higher than at Site 3 with 1557.49 pmol MUF g~! soil h~! at the V6
stage (Figure 1b). The activity of alkaline phosphatases at Site 1 was 172.62 pmol MUF g !
soil h™ 1, which is 2.8 times that of Site 2 and Site 3 with 61.61 pmol MUF g’1 soil h~ 1 at the
V3 stage (Figure 1c). However, by the V6 stage, the activity of alkaline phosphatases at Site
1 was 9.8 times higher than at Site 2 and Site 3 (Figure 1d).
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Figure 1. Violin plots of the activity of (a,b) acid phosphatase and (c,d) alkaline phosphatase at 3-leaf
and 6-leaf stage of silage corn across three sites in the Fraser Valley, BC, Canada, during the 2020
growing season. Different lowercase letters denote significant differences among Sites (p < 0.05 after
Tukey’s HSD test).

In 2021, Site 4 exhibited an activity of acid phosphatases of 5353.35 pmol MUF g~!
soil h~1, which is 3-fold higher than the average activity obtained at Site 5 and Site 6 with
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1661.61 pmol MUF g~ ! soil h ! at the V3 stage (Figure 2a). The activity of acid phosphatases
remained consistent towards the V6 stage, with Site 4 exhibiting levels 3.6 times higher than
at Site 5 and Site 6 (Figure 2b). Among the three sites, the activity of alkaline phosphatases
was observed only at Site 4 with 272.21 pmol MUF g~! soil h~! at V3 (Figure 2c) and
287.69 pmol MUF g~! soil h~! at V6 (Figure 2d); it was 0.0 pmol MUF g~ ! soil h~! at Site 5
and Site 6 (Figure 2¢,d).
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Figure 2. Violin plots of the activity of (a,b) acid phosphatase and (c,d) alkaline phosphatase at 3-leaf
and 6-leaf stages of silage corn across three sites in the Fraser Valley, BC, Canada, during the 2021
growing season. Different lowercase letters denote significant differences among Sites (p < 0.05 after
Tukey’s HSD test).

3.3. Relationships Between Soil Enzyme Activity, Plant P Concentrations, Corn DM Weight, and
Soil Chemical Properties

The results, visualized through PCA biplots (Figure 3a—e) and a correlation matrix
(Figure 3f), describe the relationships among measured soil chemical properties, soil bi-
ological activity indicators, and crop production metrics in the topsoil (0-15 cm depth).
The PCA consistently revealed that the first principal component (PC1) accounted for
the largest portion of the variance (35.8% to 37.4%) across the analyses. Active C pools
(POXC and MBC) and nearly all measured enzyme activities, except alkaline phosphatases,
clustered strongly together and projected along the positive axis of PC1. This demonstrates
significant positive correlations. Measures of readily available P, specifically Pys3 and Pw,
projected strongly along the negative axis of PC1. This opposition of vectors demonstrates
a pronounced negative correlation between Py3 and Pw, and the entire cluster of biolog-
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ical activity indicators and active C pools. Total P is also projected close to Py3 and Pw,
supporting this trend.
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Figure 3. Principal components analysis (PCA) biplot [variables were grouped according to the
sites ((a) V3, (b) V6, and (c) V3 + V6), starter P rates ((d) V3 and (e) V6)] and (f) correlation ma-
trix demonstrate the projection of the variables obtained from topsoil (0-30 cm depth). Variables
include clusters of measured soil chemical properties (pH, Pw, Py3, Alys, Feyrs, total P, organic P),
active carbon pools (POXC and MBC), enzyme activities (3-glucosidase, N-acetyl-3-glucosaminidase
(N-acetyl), arylsulfatase, acid phosphatase [acid phospho]), alkaline phosphatase [alkaline phos-
phol), and crop production metrics (corn DM and corn P uptake). The color of the squares (f) in
the correlation matrix represents the strength of the correlation between pairs of variables (blue
indicates positive correlation and red indicates negative correlation). Significant codes: *** = p < 0.001,
**=0.001 <p <0.01,*=0.01 <p<0.05.

The second principal component (PC2), which explained 21.7% to 26.2% of the vari-
ance, clustered crop production metrics and aluminum and iron. Corn DM and corn P
uptake clustered and projected along the positive axis of PC2 alongside Aly;3 and Feps.
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The vectors for corn DM and corn P Uptake generally opposed the vectors for Pys3 and Pw
in the biplots, reinforcing the finding of a negative correlation between high corn yield and
P uptake and readily available P levels.

When samples were grouped by site (Figure 3a—c), distinct spatial separation was
observed. Site 4 was consistently associated with higher positive PC1 scores, aligning with
elevated biological activity indicators. Conversely, Site 6 aligned strongly with negative
PC1 scores, associated with higher Pys3 and Pw concentrations. In contrast, when grouped
by starter P rates (Figure 3d,e), the ellipses representing the different P treatments (OP to
20P) showed extensive overlap, indicating that starter P rate did not drive the primary
separation of variables as site differences.

The correlation matrix (Figure 3f) explained the relationships observed in the PCA.
Highly significant positive correlations (r > 0.5) were confirmed among all enzyme activities
and active C pools (POXC and MBC) (Figure 3f). Pyp3 and Pw exhibited highly significant
negative correlations with nearly all biological activity indicators (r < —0.5), except alkaline
phosphatases (Figure 3f). Corn DM and P uptake were strongly and positively correlated
(r > 0.5). Corn DM and P uptake also showed strong positive correlation with Alyz and
Fenms (r > 0.5), but significant negative correlations with Pw and Py3 (r < —0.5). pH was
positively correlated with alkaline phosphatases (r > 0.5) and negatively correlated with
acid phosphatases (r < —0.5).

4. Discussion
4.1. POXC and MBC Activity

The analysis of soil C indicators over the two years revealed distinct patterns in how
starter P application and inherent site characteristics influence active soil C pools. Our
findings suggested that starter P did not significantly affect short-term active C pools,
whereas inherent site characteristics were the main factor controlling the activities of POXC
(chemical oxidation proxy) and MBC (biological proxy) during the early growth of silage
corn (Tables 2 and 3). This disparity suggests that the mechanisms controlling short-term
C dynamics in these silage corn production systems are decoupled from minor or tran-
sient nutrient inputs and instead governed by long-term environmental and management
legacies. POXC reflects the chemically labile C pool sensitive to management practices,
while MBC represents the biologically active C immobilized in microbial biomass; to-
gether, they capture complementary chemical and biological dimensions of active soil C
dynamics. POXC and MBC are recognized as critical indicators of active soil C fractions
and microbial activity, reflecting the portion of soil C most readily available for microbial
metabolism [2,21,22]. The observation that starter P application, regardless of the early
growth stage (V3 or V6), did not significantly alter POXC or MBC suggests that soil P
availability was not the dominant short-term constraint limiting microbial activity and
the turnover of labile C pools under the tested conditions (Table 1). Indeed, according to
local recommendations, Pz concentrations were in the very high class, varying between
136.5 mg kg~ ! and 332.9 mg kg !, except at Site 5 with Pys3 of 53.5 mg kg !, considered
to be in the low-to-medium class (Table 1). Site 5 was located in a manure-restricted area,
and a previous study showed that corn DM yield at this site was low and likely caused by
limited P availability [14].

The limited response of POXC and MBC to starter P applications is consistent with
findings regarding mineral fertilization in nutrient cycling studies. It is well known that
the conversion of absorbed C into biomass C in soils is influenced by abiotic factors and
regulated by nutrient availability [35,36]. However, applications of mineral fertilizers,
including starter P, often result in little accrual of soil C and minor effects on C cycling
mechanisms compared to organic amendments like manure [7]. Manure application, which

https://doi.org/10.3390/soilsystems10070084


https://doi.org/10.3390/soilsystems10070084

Soil Syst. 2026, 10, 84

12 0f 18

supplies both C and essential nutrients, is known to significantly enhance the conversion of
absorbed C into biomass C in soils and enhance microbial growth rates [37-39]. Conversely,
mineral-only fertilization, by failing to supply C, forces microbes to rely on native SOC.
Thus, the tested starter P rates were likely insufficient or applied too transiently to overcome
site-specific C or other resource limitations associated with the active C pool dynamics.

The marked variability observed in active C pools among the studied sites (e.g., Site
4 exhibited POXC and MBC 2.8 times greater than Sites 5 and 6 at the V6 stage) strongly
suggests that inherent soil health and long-term management history contribute to the
C dynamics in these systems (Tables 2 and 3). The magnitude of active C differences
across sites was directly mirrored by the long-term accumulated TC in the soil profile,
confirming the role of soil legacy (Table 1). In 2020, Site 2, which had higher POXC and
MBC concentrations than Site 3 at the V6 stage, also had higher TC (2.77% at Site 2 vs. 1.55%
at Site 3) and TN (0.23% vs. 0.11%). This strong covariance demonstrates that the pool sizes
of POXC and MBC are fundamentally constrained by the total amount of stabilized SOC
present in the system, reflecting decades of management and initial soil composition. In
2021, a pronounced hierarchy of active C pools was observed, with Site 4 exhibiting the
highest POXC and MBC values, followed by Site 5 and Site 6 (Table 3). This biological
pattern directly tracked the concentration of TC. Indeed, Site 4 had the highest TC (3.49%),
followed by Site 5 (2.31%), and Site 6 had the lowest TC (1.30%) (Table 1).

Sites with lower active C pools often displayed less favorable physical characteristics.
For example, Site 6 (with the lowest POXC/MBC in 2021) had the lowest clay content
(10.5%) and the highest sand content (59.5%). SOC stability is significantly influenced by
physical protection mechanisms, notably within soil aggregates, which are often stabilized
by fine particles such as clay and mineral-organic complexes [12,40,41]. Conversely, Site 4,
which supported the highest active C pools, had the highest clay content in 2021 (20.5%)
(Table 1). Clay content facilitates the formation of organo-mineral complexes, which
physically protect SOC from rapid decomposition and enhance microbial stability [42].
The low clay content at Site 6 would suggest a limited capacity for aggregation and C
stabilization, resulting in lower microbial C and activity.

The lowest MBC concentrations in 2021 were found at Sites 5 and 6, which were also the
most acidic sites (pH 5.3 for both) (Table 1). Acidity can severely restrict microbial activity
by imposing metabolic stress and increasing maintenance respiration costs, potentially
leading to lower overall microbial biomass [7,43,44]. The fact that MBC at Site 4 (pH 5.8)
was 2.8 times greater than the average of Sites 5 and 6, despite similar C:N ratios across
these three sites (10.8, 10.7, and 9.4, respectively), underscores the critical, complex role of
underlying soil properties, including initial C stock and pH, in determining the biological
health and active C potential of the agricultural environment.

4.2. Soil Enzymes

Site-specific intrinsic properties, particularly SOC status and nutrient availability, ex-
erted a dominant influence on soil enzyme activities (Table 1); conversely, the application
of starter P had minimal effect (Tables 2 and 3). This is evidenced by the consistent finding
across both 2020 and 2021 that the activities of 3-glucosidase, N-acetyl-3-glucosaminidase,
arylsulphatase, and both acid and alkaline phosphatases varied significantly among the
different sites but were generally unaffected by starter P at the V3 and V6 stages of silage
corn (Tables 2 and 3; Figures 1 and 2). The observed lack of response to starter P suggests
that mineral P inputs did not constitute a limiting factor sufficient to drive immediate
changes in microbial P-acquisition strategies. Soil enzyme activities often reflect the re-
source demands of the soil microbial community, where microbes typically increase the
production of specific enzymes (such as phosphatases) when the corresponding nutrient (P)
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is scarce [7,20]. However, the initial site characteristics (Table 1) indicate medium-to-high
concentrations of available P (Py3: 53.5 to 332.9 mg kg ~!) across all six sites. In environ-
ments where P resources are already substantial, the addition of small amounts of starter P
fertilizer is unlikely to significantly alter overall P limitation status or microbial metabolic
investment, thereby suppressing the enzyme response [45,46]. Prior research indicates that
soil P-cycling microorganisms exhibit more pronounced enzymatic responses in low-P soil
than in high-P soil [45,47-49]. Since the studied soils likely contain substantial legacy P, this
high background P status may have saturated microbial demand, overriding any potential
short-term enzymatic signal from the applied starter fertilizer P [23-26].

The pronounced and consistent differences in enzyme activities across sites high-
light the importance of site-specific soil properties, such as SOC content, TN, and overall
soil health, in regulating biogeochemical cycling rates. In 2021, Site 4 exhibited signif-
icantly higher activity for p-glucosidase (1586.9 pmol MUF g soil h~!) and N-acetyl-3-
glucosaminidase (976.7 pmol MUF g soil h™!) at the V3 stage compared to Sites 5 and 6
(Table 3). This high enzymatic activity correlates directly with the high TC (3.49%) and
TN (0.32%) of Site 4 (Table 1). 3-glucosidase is crucial for the degradation of cellulose, a
primary component of plant residues, reflecting C cycling capability, while N-acetyl-f3-
glucosaminidase breaks down chitin and contributes significantly to N mineralization by
transforming organic N into mineralizable N [50]. The increased activity of these enzymes
at Site 4 is likely influenced by its high SOC content. In particular, the elevated labile
SOC pools, as indicated by higher POXC and MBC, may have supplied readily available
substrates that stimulate microbial growth and enzyme production, thereby enhancing
these enzyme activities. Manure application studies suggest that ample C input supports a
higher overall microbial biomass and metabolic activity, enhancing the capacity for organic
matter turnover [7,37]. Conversely, Site 6, which showed the lowest 3-glucosidase and N-
acetyl-B-glucosaminidase activities in 2021, also presented the lowest TC (1.30%) and clay
content (10.5%), illustrating the role of organic resource availability and reduced physical
protection of SOC in low-clay soils, which may accelerate C loss and constrain sustained
microbial activity and enzyme production [44,51].

Site variability significantly affected phosphatases, enzymes critical for hydrolyzing
phosphomonoesters and releasing plant-available P. In 2021, Site 4 displayed over three
times the acid phosphatase activity (5353.35 pmol MUF g soil h) compared to the average
of Site 5 and Site 6. Site 4 was also the only site where alkaline phosphatase activity was de-
tected (Figure 2c,d). This indicates an enhanced capacity for organic P mineralization at Site
4, potentially improving plant P acquisition. While acid phosphatase activity is expected
in acidic soils (Site 4 pH 5.8), the simultaneous presence of alkaline phosphatase activity,
often associated with alkaline environments, indicates the heterogeneous nature of the
soil microenvironment shaped by high organic inputs [47]. Such inputs can locally buffer
microsite pH through organic ligand complexation and microbial turnover, allowing en-
zymes with contrasting pH optima to coexist. Furthermore, Site 4 had the lowest aluminum
content (Aly3: 49.8 mg kg~ 1) compared to other sites with high enzyme activity, such as
Site 2 (Alps: 386.8 mg kg_l) (Table 1). High concentrations of exchangeable aluminum
(AI**) in acidic soils can impose stress on microbial communities, leading to increased
maintenance respiration costs and potentially suppressing enzyme activity [37,44,52]. Con-
sistent with this mechanism, the lower AI** stress at Site 4 aligns with its higher MBC,
indicating greater microbial biomass and metabolic efficiency supporting elevated enzyme
activity. The relatively low stress at Site 4, combined with its high C and N contents,
likely enables enhanced microbial metabolic efficiency and superior enzymatic potential,
reinforcing its role as a highly functional site. Overall, the site differences underscore that
long-term soil conditions, mediated primarily by C and nutrient cycling capacity and the
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chemical stress environment (e.g., AI** levels), are the main factors influencing soil enzyme
activity, overshadowing the short-term influence of starter P fertilizer applications. This
supports findings that soil biochemical properties are key drivers of overall ecosystem
multifunctionality by enhancing soil quality and enzyme activities related to C, N, and P
acquisition [53].

Although the study design confounded specific sites with years, the consistent over-
riding influence of inherent soil properties over annual fertilization across both 2020 and
2021 indicates that long-term site characteristics are the primary drivers of biological func-
tionality. Climatic variations, particularly the warmer soil temperatures recorded during
the 2021 growing season, likely interacted with site-specific attributes such as TC and
clay content to amplify the magnitude of microbial biomass and enzyme activities in sites
like Site 4 compared to those studied in 2020 (Tables 1-3). Despite these inter-annual
temperature differences, the relationships between biological indicators and soil legacies
remained stable, confirming that site-year characteristics are the main factors driving these
high-legacy-P agroecosystems (Figure 3a—f).

4.3. Soil Biological Activity and C, N, and P Cycling Linkages

The PCA biplots and the correlation matrix provide a coherent and robust framework
for understanding the controls on soil biochemical function, crop metrics, and nutrient
dynamics, particularly in high-legacy-P environments (Figure 3a—f). Our results consistently
emphasize that inherent site characteristics and long-term management practices control
ecosystem functionality, overshadowing the transient effects of annual starter P fertilization.
The PCA biplots, when grouped by site, reveal a substantial separation of variables along
the first principal component (PC1), which explains 35.8% to 37.4% of the total variance
(Figure 3a—c). In contrast, grouping by starter P rates (OP to 20P) resulted in a large overlap
of treatment ellipses (Figure 3d,e). This multivariate pattern provides strong confirmation
of the univariate analyses, demonstrating that starter P rates did not exert a measurable
influence on key biological indicators. This reinforces the conclusion that in these systems,
annual starter fertilizer P applications are insufficient or too transient to overcome site-
specific C or other resource limitations that control the dynamics of the active C pool and
associated enzyme activities.

The positioning of variables along the PCA axes further clarifies the key drivers
of function. POXC, MBC, and enzymes are grouped strongly along the positive axis of
PC1, indicating significant positive correlations (Figure 3a—c). This interconnectedness
highlights the strong coupling between microbial biomass, available labile C, and the
enzymes responsible for nutrient acquisition. The positive association emphasizes that
robust microbial communities capable of degrading complex organic matter thrive where
labile C resources are abundant [35,36]. Importantly, this coordinated response supports
the use of POXC as a sensitive and integrative indicator of soil biological function, as it
closely tracks microbial biomass and enzyme activity across sites. Conversely, Py3 and
Pw pointed to the direction of the negative axis of PC1 (Figure 3a—c). This pronounced
opposition of vectors indicates significant negative correlations between readily available
P and nearly all biological activity indicators. The inverse relationship between Py3 and
Pw and P-acquiring enzymes (acid and alkaline phosphatases) and P strongly supports
the concept of enzyme repression in soils with high background P status [46,50]. When P
availability is substantial due to legacy concentrations, microbial communities conserve
energy by suppressing the production of P-acquiring enzymes [7]. The high background
status likely saturated microbial demand, overriding any potential short-term enzymatic
signal from the small starter fertilizer P applications [45,46]. The Pyj3 and Pw, and variables
of biological activity, were also projected near total P, further suggesting that legacy soil
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P, rather than the acute fertilizer application, influences P-cycling enzyme activity [48,49].
The significant negative correlation between available P and enzyme activities may reflect
indirect relationships where sites with lower P levels also possess higher TC and clay
content, which are the primary drivers of microbial enzyme production (Figure 3a-f).
Furthermore, the apparent suppression could be influenced by co-variate abiotic factors
such as pH or Al that independently regulate microbial metabolic efficiency and enzyme
stability [4,7,43]. Consequently, these correlations likely represent an integral response to
long-term soil health legacies rather than a simple biochemical inhibition by P alone [46,50].
The clustering of samples by site demonstrates that inherent soil properties were the true
controllers of functionality. Site 4, which had the highest TC and TN (Table 1), consistently
showed high positive PC1 scores, consistent with elevated biological activity indicators [50].
The activities of 8-glucosidase (C cycling [40,44]) and N-acetyl-3-glucosaminidase (C and
N cycling [7]) were closely associated with POXC and MBC. This pattern reflects that
the overall capacity for C and N cycling, necessary to support microbial metabolism, is
controlled by the magnitude of the underlying enzymes and resource pools maintained by
decades of management [54].

Furthermore, the influence of unfavorable abiotic constraints is visible through the
positioning of other sites. The lowest MBC concentrations occurred at the most acidic sites
(Sites 5 and 6). Acidity severely restricts microbial metabolic efficiency [7,43]. However,
Site 4 maintained high activity despite its moderate acidity. This potential resilience is
supported by the relative lack of Aly; or Feys co-toxicity, which can suppress enzyme
activity by imposing severe stress on microbial communities [7,43]. Site 6, which aligned
with low biological activity (negative PC1 scores), also had the lowest clay content and
highest sand content (Table 1). This suggests that low clay limited aggregation and C
stabilization, resulting in lower microbial activity [12,40,41]. Conversely, Site 4, with the
highest biological activity, also had the highest clay content (20.5%), which favors organo-
mineral complex formation, protecting SOC and enhancing microbial stability.

The PCA also defined the relationship between soil properties and crop productivity.
Corn DM and P uptake clustered together, strongly projecting along the positive axis of
PC2, alongside the metal cations Aly3 and Feygz. Crucially, the vectors for Corn DM and P
uptake opposed those for Pys3 and Pw. This spatial arrangement confirms the significant
negative correlation observed in the matrix between crop yield and readily available P. This
suggests that high yield and P uptake were not dependent on the highest levels of readily
available P, aligning with findings that local starter recommendations may be excessive in
high-legacy environments [11,14,15].

Although the current analysis identifies site-specific drivers, a primary limitation is
the confounding of field sites with the study years, which may restrict the isolation of inter-
annual climatic influences (Figure 3a—f). Additionally, while the multivariate approach is
comprehensive, future research could employ regression or mixed-model methodologies to
more precisely quantify the relationship between continuous soil variables and biological
functionality (Figure 3f).

5. Conclusions

We clearly established that inherent site-year characteristics influence C dynamics and
enzyme activities in highly manured P soils during the early growth stages of silage corn.
This dominant effect stems from a strong covariance between active C pools, including
POXC and MBC, and long-term accumulated SOC, reflecting decades of management. Sites
with high TC and higher clay content exhibited larger active C pools, suggesting a crucial
role for physical protection mechanisms in stabilizing SOC and supporting microbial
stability. Additionally, soil acidity was a critical abiotic constraint, as the lowest MBC
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concentrations were observed at the most acidic sites (pH 5.3), highlighting the impact of
metabolic stress from lower pH on microbial health. The negligible response of C, N, and P
acquisition enzymes (e.g., p-glucosidase, N-acetyl-B-glucosaminidase, and phosphatases)
to starter fertilizer P inputs confirms that inherent soil properties controlled microbial
metabolism. Moreover, variations in enzyme activity across sites were strongly linked
to intrinsic soil health, with sites possessing high SOC, high TN, and lower Al levels
exhibiting enhanced enzymatic potential for SOM turnover. Consequently, long-term soil
environmental conditions, rather than transient fertilization adjustments, are the critical
determinants of C dynamics and overall biological functionality in these agroecosystems
early in the growing season.
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