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ARTICLE INFO ABSTRACT

Keywords: Despite the enormous size of the organic nitrogen (N) pool contained in mineral subsoils, rates of N cycling and
Depth patterns soil exoenzyme activities are rarely measured in soils below 10 or 20 cm depth. Furthermore, assumed re-
Extracellular enzymes lationships between N mineralization rates and the activities of various decomposition exoenzymes are poorly

Enzyme stoichiometry
Gross N mineralization
Nitrogen cycling

characterized. We measured rates of gross and net N mineralization and nitrification as well as the potential
activities of hydrolytic and oxidative enzymes at five soil depths (forest floor to 50 cm) in Spodosols at three

Subsoil hardwood forests of varying age (45 and 100 years post-harvest and old growth) at and near the Hubbard Brook
Experimental Forest in New Hampshire, USA. As expected, rates of N cycling and potential enzyme activities per
unit soil mass correlated strongly with soil carbon (C) concentration, and these parameters declined exponen-
tially with increasing soil depth. After normalization per unit soil organic matter, N cycling rates and specific
enzyme activities generally decreased little with depth within the mineral soil. Gross N mineralization rates
correlated with specific activities of those enzymes that hydrolyze cellulose (p-glucosidase, cellobiohydrolase)
and N-rich glucosamine polymers (N-acetylglucosaminidase), but not those that degrade protein or more com-
plex C compounds. Hence, gross N cycling appear associated with the N released during microbial N recycling,
rather than from decomposition of soil organic matter. Across the three stands, the youngest had a larger ratio of
N- to-phosphorus-acquiring enzyme activities, indicating a greater N demand in younger than older forests. For
all three stands, mineral soil below 10 cm contributed 30-53% of total gross and net N cycling per unit area to 50
cm depth. Overall, even though microbial N cycling and enzyme activities per unit soil mass decreased with
depth, microbial processes in subsoils contributed substantially to ecosystem-scale gross N fluxes because of the
sustained microbial activity per unit soil organic matter at depth and the large size of the organic matter pool in
the mineral soil. These results support the inclusion of often-ignored mineral subsoils and microbial N recycling
in both ecosystem N budgets and in model simulations, due to their contribution to soil N fluxes and the
importance of microbial N dynamics in forest stands.

1. Introduction

Studies measuring soil microbial nitrogen (N) cycling and extracel-
lular enzyme activity (e.g., as synthesized in Booth et al., 2005; Sinsa-
baugh et al., 2008) typically focus exclusively on the carbon (C)-rich
forest floor (O horizon) and surface mineral layers (usually to 10 or 20
cm), where plant root density and soil organic matter (SOM)
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concentrations are typically greatest (Jobbagy and Jackson, 2001).
Much less is known about microbial activity in deeper mineral soils,
where C and N cycling rates are generally expected to be smaller due to
steep decreases in organic C and N content and to expected increases in
SOM stability (Taylor et al., 2002; Rumpel and Kogel-Knabner, 2011;
Stone and Plante, 2015). SOM age and degree of mineral association
both typically increase with soil depth (Gaudinski et al., 2000;
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McFarlane et al., 2013; Schrumpf et al., 2013; Kramer et al., 2017;
Porras et al., 2017). Existing studies of microbial processes in deep soil
have found that microbial biomass, enzyme activity, and N cycling per
unit soil mass decrease with depth, but are still detectable below 30 cm
depth (Federer, 1983; Taylor et al., 2002; Matejek et al., 2010; Iversen
et al., 2011; Herold et al., 2014; Stone et al., 2014, 2015), and can
respond to perturbations by harvest (Kellman et al., 2014), priming
(Bernal et al., 2016), and warming (Fierer et al., 2003; Hicks Pries et al.,
2017). A global data set indicates that over 60% of soil organic N (SON)
in the top meter of soil occurs below 20 cm (Jobbagy and Jackson,
2001). Consequently, when multiplied by the large size of the mineral
soil pool, even small rates of microbial activity per unit soil mass at
depth could contribute meaningfully to ecosystem-scale soil N cycling
(Matejek et al., 2010; Iversen et al., 2011).

Gaps persist in quantifying N cycling rates and N budgets in deep soil
even at well-studied sites, such as the Hubbard Brook Experimental
Forest (HBEF), a Long-Term Ecological Research site in the White
Mountains of New Hampshire, where the mineral soil may play a more
important role than previously recognized in both supplying and
retaining N over the course of succession (Lovett et al., 2018; Fuss et al.,
2019). Changes in SON stocks are extremely difficult to detect because
of the great size and spatial heterogeneity of this pool (e.g., Johnson,
1995). Yet at the HBEF and elsewhere, ecosystem-scale N budgets often
show that trees must acquire N from the mineral soil during early de-
cades of regrowth (e.g., Johnson, 1992; Richter et al., 2000; Compton
et al., 2007; Lovett et al., 2018). They could plausibly do so by stimu-
lating N mineralization through allocation of photosynthate to mycor-
rhizal symbionts (e.g., Hobbie and Hobbie, 2006; Talbot et al., 2008;
Frey, 2019) and by priming of microbial decomposition activity with
exuded labile C compounds (Kuzyakov et al., 2000). As plant biomass
accumulation slows in mature stands, soils could then re-accumulate N
that is no longer required for new plant biomass (Kaye et al., 2003;
Lovett et al., 2018; Fuss et al., 2019).

Microbial processes can both add and remove N from SON pools.
Microbes drive the process of N mineralization, which is the
decomposition-mediated release of N from organic matter. Microbial
production of a range of extracellular enzymes propels the first step of
this process, the depolymerization of complex organic matter into sim-
ple monomers (Schimel and Bennett, 2004; Schmidt et al., 2011). Mi-
crobes also contribute to the production of SON through their uptake
(immobilization) of N and the subsequent turnover and stabilization of
microbial products (e.g., Sollins et al., 2009; Bingham and Cotrufo,
2016). Measurements of net N mineralization capture the balance be-
tween microbial production and consumption of inorganic N and are
relatively simple to conduct, while °N-based measurements of gross N
cycling quantify rates of both the production and the consumption of
inorganic N, but are more complicated and expensive (Davidson et al.,
1991; Hart et al., 1994; Robertson et al., 1999; Schimel and Bennett,
2004). Measurements of the potential activities of soil exoenzymes are
increasingly used to provide information on the decomposition process
(e.g., Sinsabaugh and Moorhead, 1994; Fierer et al., 2001; Schimel and
Bennett, 2004; Sinsabaugh et al., 2002; Weintraub et al., 2007; Allison
et al., 2008), and in construction of a new generation of SOM models (e.
g., Allison et al., 2010; Wieder et al., 2013, 2015). In addition, the ratios
of C-, N- and P-acquiring enzyme activities (“ecoenzymatic stoichiom-
etry”) are sometimes used to assess relative microbial nutrient limitation
(e.g., Sinsabaugh et al., 2008, 2009; Sinsabaugh and Follstad Shah,
2011; Zechmeister-Boltenstern et al., 2015; Moorhead et al., 2016). Yet,
although some studies report relationships between enzyme activities
and rates of substrate C mineralization, few if any have demonstrated
direct correspondences between enzyme activities and rates of gross or
net N mineralization (Mooshammer et al., 2014). Mineralization of
inorganic N might be assumed to correspond simply with the activity of
the N-acquiring enzymes. Alternatively, correspondence of N minerali-
zation with the activity of hydrolytic enzymes involved in breakdown of
labile C compounds could reflect microbial dependence on the supply of
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these substrates, while correspondence with the activity of oxidative
enzymes might reflect dependence on the release of N from more com-
plex organic matter.

This study examined how rates of soil N cycling and potential ac-
tivities of extracellular enzymes varied with each other and with depth
in three forest stands of different ages at and near the HBEF, in order to
quantify the contributions of mineral subsoils to ecosystem N cycling
and to identify links between these N cycling rates and the activity of soil
exoenzymes. Measuring both gross and net N cycling rates and a suite of
potential exoenzyme activities in the same samples allowed examination
of the connections between these indicators of microbial activity, both
per unit soil dry mass and when normalized for SOM concentration. We
hypothesized first that gross N mineralization rates would correspond
with the specific activities of commonly measured soil exoenzymes,
particularly those associated with N acquisition: N-acetylglucosamini-
dase (NAG), which hydrolyzes glucosamine from chitin and other oli-
gosaccharides, and leucine aminopeptidase (LAP), which hydrolyzes
leucine and other amino acids from polypeptides. This hypothesis ad-
dresses the expected link between activities of decomposition enzymes
and N cycling, and whether mineralization of inorganic N depends more
on the activity of enzymes degrading N-containing organic compounds
than those degrading other types of organic matter. Second, we hy-
pothesized that potential enzyme activities and N cycling rates per unit
soil mass would both decrease with depth, because expected decreases
in SOM concentrations provide less organic substrate for decomposition.
In addition we expected that when normalized for SOM content, these
processes would decrease with depth due to expected increases in the
age and stability of the SOM that occurs in deep soil. Third, we hy-
pothesized that potential enzyme activities and gross N mineralization
rates would be greatest in the youngest site, because greater plant de-
mand for N might lead plants to allocate C belowground to stimulate
microbially driven release of N through decomposition of SOM.

2. Methods
2.1. Site description

Soils were collected in July 2014 from three sites at and near the
HBEF, where monthly mean temperature is 18 °C in July and —9 °C in
January, and precipitation averages 1400 mm per year. Soils are largely
acidic sandy loam Spodosols derived from glacial till, and are classified
as well-drained Haplorthods (Likens, 2013). Soil C stocks and the
thickness of the forest floor (O horizon), eluviated (E), and spodic (Bhs
and Bs) soil horizons vary with topographic position (Bailey et al.,
2014), but intensive measurements in HBEF’s Watershed 5 indicate that
the forest floor contains, on average, 1.3tN ha!and 30 t Cha ! and the
mineral soil contains another 5.9 t N ha™! and 130 t C ha™! to the C
horizon or bedrock at about 60 cm depth (Johnson, 1995). The first site
was a young stand at HBEF’s Watershed 4 (W4; “young”), which was
strip-cut between 1970 and 1974 and thus 40-44 years old at the time of
sampling. The second site was a mature forest site west of Watershed 6
(W6; “mature”), which is the biogeochemical reference watershed at
HBEF, and was heavily logged between 1906 and 1920 and thus
approximately 100 years old at the time of sampling (Peart and Cog-
billPalmiotto, 1992). This site was located ~300 m west of the “W6
mid-elevation hardwood” long-term monitoring site described in other
HBEF studies (e.g., Bohlen et al., 2001; Groffman et al., 2018). The third
site was an old-growth stand located on Mt. Moosilauke (MO; “old--
growth”), ~10 km northwest of the HBEF. This site has no history of
forest harvest (Brown, 1958), and has been used to characterize stream
NO3 losses from old-growth forests (Vitousek and Reiners, 1975;
Goodale et al., 2003). Tree-ring measurements confirmed that canopy
trees were >200 years old (Keurajian, 2015). All three sites support
northern hardwood tree species, particularly sugar maple (Acer sac-
charum), which forms associations with arbuscular mycorrhizae, and
yellow birch (Betula alleghaniensis), an ectomycorrizal tree species. The
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youngest site, W4, had less sugar maple than the two older sites, and
instead contained another arbuscular mycorrhizal tree species, white
ash (Fraxinus americana) (Table 1). These three sites formed part of an
eight-site chronosequence (Lovett et al., 2018; Fuss et al., 2019), but the
intensive measurements described here occurred only at these three
focal stands, which thus lack replication by stand age and consequently
provide limited evidence for examining changes in these processes over
succession. Nonetheless, measurements at even a few sites can charac-
terize changes in microbial processes with soil depth and provide useful
examples of cross-site variation by soil or vegetation type (e.g., Fierer
et al., 2003; McFarlane et al., 2013; Stone et al., 2014, 2015; Stone and
Plante, 2014, 2015; Kramer et al., 2017; Porras et al., 2017).

2.2. Field and laboratory methods

At each site, eight soil cores were collected from within a 900 m?
plot; half were randomly selected for the microbial analyses described
here. The forest floor (Oe/Oa) was collected by removing loose leaf litter
(Oi), then using a knife to collect a block of the Oe and Oa horizons from
within a 15 x 15 cm wooden frame. A diamond bit rotary corer (Rau
et al.,, 2011) with a 9.5 cm internal diameter enabled quantitative
collection of the underlying mineral soil in 10 or 20 cm increments to 50
cm depth (0-10, 10-20, 20-30, and 30-50 cm). All analyses described
here were performed on all 60 soil samples (3 sites x 4 cores per site x 5
depths per core), with minor exceptions noted below. Samples were
stored on ice packs during transport and at 4 °C in the laboratory until
processing. Soils were sieved within 24 h of collection using a coarse
sieve (4 mm) to quickly homogenize the sample and remove large rocks
and roots. Sub-samples of sieved soil were stored at —20 °C for later use
in enzyme activity assays. The remaining soil was stored at 4 °C for up to
2 more days for the N cycling assays.

Bulk density and soil C and N stocks were determined from the
quantitative soil samples following Rau et al. (2011). Briefly, 10 g
subsamples of sieved soil were taken for moisture determination by
drying for 1 day at 110 °C, and for C and N analysis after grinding to a
fine powder with a ball mill (Retsch mixer mill MM200; Verder Scien-
tific, Newtown, Pennsylvania, USA). Soil C and N concentration and
isotopic composition were measured at the Cornell Stable Isotope Lab-
oratory in Ithaca, NY, using a Finnigan MAT Delta Plus mass spec-
trometer following combustion with an elemental analyzer (Carlo Erba
NC2500; Thermo Finnigan, San Jose, CA, USA). Surface mineral soil pH

Table 1
Location, soil pH, stand age, and relative biomass of dominant tree species at the
three forest stands.

Young Mature Old-Growth
Watershed 4 West of Mt. Moosilauke
(W4) Watershed 6 (MO)
(W6)
Latitude/Longitude N 43.95442° W N 43.94960° N 44.00077°
71.73004° W 71.74051° W 71.85913°
Elevation (m) 568 635 824
Soil (0-10 cm) pH + 3.8+ 0.3 3.6 +0.01 3.8+0.3
std. dev.
Approximate stand 40 100 >200
age (years)
Fraction of tree
biomass, by species
Acer saccharum (AM) 16% 73% 72%
Fraxinus americana 24% 0% 0%
(AM)
Betula alleghaniensis 55% 17% 27%
(ECM)
Fagus grandifolia 3% 10% 0%
(ECM)
Other species 2% 1% 1%

Tree species typically associated with arbuscular mycorrhizae (AM) or ecto-
mycorrhizae (ECM).
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was measured with an Accumet AB15 pH meter (ThermoFisher Scien-
tific, Waltham, MA, USA) with a 1:2 ratio of dry soil to water (Table 1).

2.3. Gross and net N cycling measurements

Rates of gross N mineralization and nitrification were assessed using
the isotope pool dilution method (Davidson et al., 1991; Hart et al.,
1994), in which a known amount of '>NHZ or '®NO3 is added to a soil
sample, and its rate of dilution by mineralization or nitrification of un-
labeled N is measured over 24 h. To quantify rates of gross N mineral-
ization and °NHF consumption, 7.53 pg N of 98 atom% (*5NH4)2S04
were added to a pair of 15 g field-moist sub-samples, each in a 125 mL
HDPE bottle. The label, along with 1 mL of deionized water, was
distributed within each sub-sample using a 250 pg syringe. One
sub-sample from each pair was extracted with 50 mL of 2M KCl within
15 min of labeling, and the second sub-sample was extracted after in-
cubation in the dark for 24 h at room temperature. The KCI extracts were
stored in 60 mL HDPE bottles and frozen at —20 °C until chemical
analysis. The same procedure was used to estimate rates of gross nitri-
fication and '®NO3 consumption in another pair of subsamples using
1.63 pg N of 98% K'°NO3 per subsample. These '°N additions were
based on previous measurements of gross N cycling at similar northern
hardwood forests (Christenson et al., 2009; Fisk et al., 2002).

The KCl extracts were analyzed with colorimetric methods for NHJ
(alkaline phenate) and NO3 + NO3 (cadmium reduction) concentrations
using a Quikchem 8100 flow injection analyzer (Lachat Instruments,
Milwaukee, WI, USA) at the Cary Institute of Ecosystem Studies in
Millbrook, NY. The N diffusion method (Brooks et al., 1989) was used to
determine N in the extract NHf or NO3. Extracts with small concen-
trations of extractable NH4 or NO3 were spiked with known amounts
(50 or 100 pg N) of unlabeled NH; or NO3 to ensure that each sample
contained sufficient N for diffusion and *°N analysis. For the diffusions,
two small glass fiber filters were acidified with 20 pL. KHSOj4, then sealed
in a Teflon tape packet that was floated on each KCl extract in a 125 mL
HDPE bottle that was placed on a shaker table for seven days. MgO was
added to all samples to increase pH and convert NHJ to NH3 which is
trapped on the acidified filters. Devarda’s alloy was also added to the
15NO§ -labeled extracts to convert NO3 to NHJ; filters in these extracts
collected both NH4 and NO3. Filter '°N contents were analyzed at the
Cornell Stable Isotope Laboratory as described above. Pre-spike >NHJ
and '°NO3 extract concentrations were computed using mean '°N
measurements of the unlabeled spike solutions, and assuming that 1°N
values of the unlabeled NHj in the extracts for gross nitrification
matched the natural abundance '°N measured in corresponding soil
samples (Hogberg, 1997).

Gross N cycling rates were calculated using the differences in atom
percent °N enrichment above background (APE) and in inorganic N
concentrations between the pre- and post-incubated samples using the
equation in Hart et al. (1994), originally developed by Kirkham and
Bartholomew (1955):

[NH{], — [NH7),,, log(APEy/APE,)
' log(INH[),/INH{],)

@

_ INH[], — [NH[ ],
t

c=m 2)
where m = the gross mineralization rate, APE = the >N atom percent
excess in the NHj pool, ¢ = the gross NH4 consumption rate, t = incu-
bation time, and [NH4] = the total extractable NH4-+-N concentration
(pug N/g dry soil) at time O or t. Gross rates of nitrification and NOs.
consumption were calculated using the same equation, after replacing
[NHZ] with [NOs.]. Lack of 15N enrichment for four of the 240 diffusions
prevented calculation of two each of the 60 gross mineralization and
nitrification rates. One-day net N mineralization and nitrification rates
were calculated using the pre- and post-incubation extractable inorganic
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N measurements collected during the gross N mineralization assay. Net
N mineralization was calculated as ([NH4-N] + [NO3.-NDincubation -
(INHZ-N] + [NO3.-NDinitia1 and net nitrification was calculated as [NO3-
Nlincubation = [NO3-Nlinitial-

2.4. Extracellular enzyme potential activities

Two soil slurries were created for each soil sample, each using 2 g of
soil in 150 mL of a 50 mM sodium acetate buffer (pH 5.0) homogenized
with a hand blender. One slurry was used for measurements of hydro-
lytic enzyme activity and the other for oxidative enzyme activity. Lack of
material precluded analysis of oxidative enzyme activity for one sample
at the old-growth site and eight samples at the mature site, including all
four of its forest floor samples. For both sets of enzyme analyses, 50 pL of
each sample slurry was added to 8 replicate wells in a column of a 96-
well plate.

Potential activities of six hydrolytic enzymes used for microbial
acquisition of C-, N-, and P were quantified with fluorometric assays
using the method outlined in German et al. (2011). These enzymes
included two used to degrade cellulose, p-glucosidase (BG) and cello-
biohydrolase (CB); one to degrade hemicellulose, p-xylosidase (BX); one
to acquire phosphorus, acid phosphatase (AP); and two used to acquire
N, NAG for amino sugars and LAP for amino acids. A fluorescent sub-
strate specific to each enzyme function was added to the plate, which
was then incubated in the dark at room temperature. Assays were run
alongside a standard curve containing soil homogenate with an
increasing concentration of methylumbelliferone (MUB), except for the
LAP analyses which used amidomethylcoumarin (AMC) standards.
Fluorescence was measured on a microplate reader set at 365 nm exci-
tation and 450 nm emission, and converted to units of potential enzyme
activity per unit dry mass (nmol g*1 h™1) as in German et al. (2011).

Potential activity of the lignolytic oxidative enzyme phenol oxidase
(POX) was assessed using two different enzyme substrates, ABTS (2,20-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)) and L-DOPA (L-3,4-
dihydroxyphenylalanine), as suggested by Bach et al. (2013) on account
of the variability of these assays. These activities are referred to here as
POXagrs and POX|popa, respectively. Plates were incubated in the dark
for 24 h at room temperature after adding the L-DOPA or ABTS sub-
strates. Before measurement, 150 pL of each well was transferred onto a
clear reading plate with transparent well bottoms. The same storage and
slurry preparation methods were used for assessing potential activities
of hydrolytic and oxidative enzymes, but any disproportional effects of
these methods on larger fungi (e.g. homogenization) are more likely to
affect oxidative than hydrolytic enzyme activities.

Enzyme assays were all conducted on soil samples stored by freezing
at —20 °C. This commonly used storage method (e.g., Stone et al., 2014;
Fatemi et al., 2016; Riggs and Hobbie, 2016; Baker and Allison, 2017;
Looby and Treseder, 2018) is recommended for when these assays
cannot be conducted within a few days of collection (e.g., Robertson
et al., 1999; Lee et al., 2007; DeForest, 2009; Wallenius et al., 2010;
Bach et al., 2013). Methods comparisons show that freezing has little
influence on enzyme activities relative to analyses of fresh samples for
soils spanning a range of SOM concentrations (Lee et al., 2007; Walle-
nius et al., 2010). A study from acidic deciduous forests similar to HBEF
found that storage by freezing increased variability in NAG, AP, and
POX;popa activities but had little effect on BG, BX, and peroxidase ac-
tivities (DeForest, 2009). Thus, values in this study represent relative
indices of potential enzyme activity across samples rather than absolute
quantities, and could possibly include intracellular activity released by
cell lysis from freezing. Any relationships that emerge between enzyme
activities and sample depth or N cycling rates occur in the context of
potential variability induced by storage by sample freezing.

2.5. Statistical analysis

Nitrogen cycling measurements were examined per unit dry soil
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mass (pg N g~ soil d 1), normalized per unit soil Nor C (gNkg ! Norg
N kg_1 C d_l), and on an areal basis (kg N ha™? d_l). Enzyme activities
were examined as both activity per unit soil dry mass (nmol g~ soilh™!)
and as specific activity normalized per unit soil C (umol g Ch™!) (e.g.,
Sinsabaugh et al., 2008; Sinsabaugh and Follstad Shah, 2011; Stone
et al.,, 2014). Enzymatic C- to N and N-to P acquisition ratios were
computed as In(BG) : In(NAG + LAP) and In(NAG + LAP) : In(AP),
respectively, as presented by Sinsabaugh et al. (2008). The ratio of In
(BG) : In(POX) was also computed as an index of the relative abundance
of labile to recalcitrant C (Sinsabaugh and Follstad Shah, 2011).
Two-way ANOVA was used to determine statistically significant (P <
0.05) differences in N-cycling rates and enzyme activities by depth and
site, and Tukey’s tests were used for post-hoc comparisons. Strength of
pairwise relationships between variables were assessed using Pearsons’
correlation coefficients (R) with Bonferroni corrections for multiple
comparisons, as well as corresponding coefficients of determination
(R?). Stepwise multiple linear regression was used to assess whether
gross N mineralization rates were better predicted by activities of
several enzymes together rather than any one enzyme alone.

3. Results
3.1. Soil properties

Soil C and N concentrations decreased exponentially with depth
(Fig. 1 a, b), and correlated very strongly with each other across all
samples (R? = 0.99; P < 0.0001). The forest floor had significantly
greater C and N concentrations than all of the mineral soil depths, and N
concentrations in the surface mineral soils (0-10 cm) were significantly
greater than in deeper soils for all sites. The three sites did not differ
significantly from each other in either C or N concentration at any depth.
However, the old-growth site MO had the smallest C:N ratio (<18) at all
depths and the mature site W6 had the largest (>20) with the young site
W4 intermediate, although this difference was statistically significant
within depth only for the two deepest layers (20-30 and 30-50 cm)
(Fig. 1c). At all sites, soil C:N ratio declined from the organic horizon to
0-10 cm. Soil C:N ratio then increased between 0-10 cm and deeper soils
at the two older sites but not at the young site W4.

3.2. Nitrogen cycling rates

When considered per unit dry soil, rates of gross N mineralization
(Fig. 2a) and nitrification both varied with soil C concentrations, with
stronger relationships for gross N mineralization (R% = 0.83, P < 0.0001)
than gross nitrification (R? = 0.60, P < 0.0001). Rates of NHZ and NO3
consumption (not shown) closely followed their corresponding rates of
gross production (NHZ R? = 0.97, P < 0.0001; NO3 R? = 0.71, P <
0.0001). At all three sites, gross and net N mineralization and nitrifi-
cation rates all decreased significantly between the organic horizon and
surface (0-10 cm) mineral soil, but did not significantly change further
with increasing depth; nor did these four rates differ significantly across
sites at any depth (not shown).

When computed per unit SON to normalize for potential substrate
availability, gross N mineralization decreased non-significantly between
the organic horizon and 0-10 cm depth, then decreased significantly
between 0-10 cm and deeper mineral soil (10-20, 20-30, and 30-50
cm) (Fig. 3a). Gross nitrification rates did not differ among depths
(Fig. 3c). Within each depth, neither gross mineralization nor gross
nitrification differed significantly among the sites of different ages
(Fig. 3 a, c). For net mineralization and net nitrification, the only sig-
nificant differences by depth or site were that both rates were greater in
the old-growth forest floor than at the other two sites or in the old-
growth mineral soil (Fig. 3 b, d).

At the ecosystem scale, N cycling in the mineral soil contributed
more mineralized N than the organic horizon due to the large mass of the
mineral soil (Table 2). The 0-10 cm depth generally had the largest net
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Fig. 1. Soil properties with depth for the young (W4), mature (W6), and old-
growth (MO) site, including (a) soil C concentration and (b) N concentration
(both log scale, % by mass), and (c) C:N ratio.

and gross N fluxes of any measured depth increment, contributing
40-46% of total N cycling on average. Nonetheless, N fluxes in soil
below 10 cm contributed 30-53% of total profile N cycling to 50 cm. The
only statistically significant cross-site differences among total profile
gross or net N cycling rates (kg N ha~! d~!) were that the old-growth site
had more total gross N mineralization and NHJ consumption than the
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mature site.
3.3. Enzyme activities

Similar to depth patterns for the N cycling rates, all of the exoenzyme
activities per unit soil mass declined with depth (not shown), and all
increased (P < 0.0001) with soil C concentration (e.g., Fig. 2 b-d).
Correspondence with soil C was strongest for the N-acquiring enzyme
NAG (R? = 0.83; Fig. 2b) and the P-acquiring enzyme AP R? = 0.73),
and was less strong for cellulose-degrading BG (R? = 0.60; Fig. 2c) and
CB (R? = 0.59), hemicellulose-degrading BX R? = 0.54), amino acid-
degrading LAP (R? = 0.51), and the two assays used for the lignolytic
enzymes POXprs (R% = 0.56; Fig. 2d) and POXy.popa, (R? = 0.39).
Because soil C and N concentrations covaried so strongly with each other
across samples, correlations of exoenzyme activities with soil N con-
centrations were essentially identical as with soil C.

When normalized per unit soil C, specific enzyme activities some-
times differed between the forest floor and mineral soil, but then were
remarkably constant with increased depth in the mineral soil (Fig. 4). In
particular, the specific activities of the enzymes that hydrolyze glucose
from cellulose (BG, CB) or glucosamine from amino sugars (NAG)
sometimes decreased between the forest floor and mineral soil, in that
BG specific activity at the old-growth site decreased significantly be-
tween the forest floor and deepest soil (30-50 cm); CB specific activity at
the old-growth site decreased between the forest floor and all of the
mineral horizons; and NAG specific activity decreased between the
forest floor and mineral soil at both the mature and old-growth site, but
showed more constancy with depth at the young site. By contrast, spe-
cific activities of the enzymes associated with breakdown of more
complex compounds, hemicellulose (BX) and lignin and humic material
(POX), sometimes increased between the forest floor and surface min-
eral soil, in that specific activity of BX at the young site increased
significantly between the forest floor and mid-mineral soil (20-30 cm),
and the specific activity of POXaprs and POXj popa increased between
the forest floor and the mineral soil at both the young and old-growth
sites. (The mature site lacked POX measurements for this comparison.)
Within the mineral soil, specific activity of POX was greatest in the top
two mineral layers (0-10 and 10-20 cm) relative to deeper soil at all
three sites.

Compared across sites, for all enzymes except NAG, the old-growth
site regularly had significantly greater specific enzyme activity than
the mature stand at most depths, while specific activities at the youngest
site typically fell intermediate to the other two sites (Fig. 4). For NAG,
however, the youngest site had greater specific activity throughout the
mineral soil than the two older sites, although these differences were not
statistically significant. The youngest site did have a significantly
smaller enzymatic ratio of C:N-acquisition (i.e., In(BG) : In(NAG + LAP))
than the old-growth site and a significantly larger enzymatic N:P-
acquisition ratio (i.e., In(NAG + LAP) : In(AP)) than both of the older
sites, suggesting greater microbial N limitation relative to either C or P
(Fig. 5). The ratio of In(BG) : In(POXapTs), indicating the ratio of labile to
complex C breakdown, was significantly smaller in the mature site
compared to the other two sites, with a similar trend for In(BG):In
(POXipopa) (P = 0.10).

3.4. Correspondences between enzyme activities and N cycling rates

When considered per unit soil mass, gross N mineralization rate
correlated significantly (P < 0.002) with all enzyme activities (R2 =0.87
for NAG, 0.78 for BG, 0.76 for CB, 0.76 for LAP, 0.73 for BX, 0.38 for
POXagTs, and 0.29 for POX;popa), in part because of the strong covari-
ation of both types of measurements with SOM concentration (e.g.,
Fig. 2). With all variables normalized per unit soil C, gross N minerali-
zation rate corresponded most strongly with the specific activity of NAG
(R?=0.46; Fig. 6); however, it had similar relationships with both of the
cellulose-degrading enzymes (R2 = 0.35 for BG, 0.46 for CB,) (Table 3).
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Fig. 2. Relationships between selected microbial processes and soil C concentration (%), including (a) gross N mineralization rate, (b) N- acetylglucosaminidase
(NAG), (c) Beta glucosidase (BG), and (d) phenol oxidase (POXagrs), all per unit soil mass, for the young (W4, black squares), mature (W6, grey circles), and old-

growth (MO, white triangles) sites.

It did not vary significantly with specific activities of LAP, BX, POXagTs,
or POX1popa (R2 < 0.11, P > 0.30), nor were LAP or POX significant
predictors of variation in gross N mineralization rates after accounting
for variation for NAG in multiple regression analyses. Gross NH4 con-
sumption and gross nitrification rates showed similar relationships with
specific activities of the same enzymes as for gross mineralization, while
gross NO3 uptake did not vary significantly with any enzymatic mea-
surements (R2 <0.15, P > 0.07). Net N mineralization did not vary with
the specific activity of any exoenzyme except for a weak relationship
with CB (R2 = 0.16, P = 0.06). Net nitrification rate covaried with BG
and CB (R® = 0.32, P = 0.0001) and NAG (R? = 0.17, P = 0.04) specific
activities, similar to the gross N cycling processes.

4. Discussion

Despite the large quantities of organic C and N stored in mineral
soils, few studies have measured enzyme activities or gross N cycling
rates in mineral subsoils, especially when normalized for SOM content,
and to our knowledge none have explored connections between these
two sets of measurements. We show that N cycling rates and enzyme
activities per unit soil mass decreased with increasing depth in corre-
spondence with decreasing organic C concentration, with relatively
constant rates across depths when normalized per unit soil C. We further
show correlations between gross N cycling rates and the activities of

those enzymes that degrade simple, but not more complex, C- and N-
containing organic substrates. In the following three sections, we discuss
these results and related work for each of our three hypotheses, focused
on expectations that gross N mineralization rates and enzyme activities
would (1) correlate with each other, particularly for the N-acquiring
enzymes; (2) decrease with increasing soil depth; and (3) decrease from
the young to the two older stands.

4.1. Linking N mineralization to exoenzyme activity

Nitrogen mineralization was once viewed as the relatively simple net
release of inorganic N from SOM as a microbial waste product during the
process of decomposition; however, conceptual models have shifted to
address the earlier steps in this process, to consider depolymerization of
N-containing complex organic matter and the role of microbial pro-
duction of exoenzymes as drivers of decomposition (Schimel and Ben-
nett, 2004; Schmidt et al., 2011). A new generation of SOM models now
include varied representations of microbes and their decomposition
enzymes (e.g., Allison et al., 2010; Wieder et al., 2013), although most
major earth system models still lack explicit representation of soil mi-
crobial C-N interactions or belowground plant C allocation to these
processes (e.g., Koven et al., 2013; Wieder et al., 2015). In addition, the
growing field of ecological stoichiometry advances theoretical explora-
tions of microbial C- and N- enzyme ratios during decomposition (e.g.,
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Fig. 3. Rates of (a) gross- and (b) net N mineralization and (c, d) nitrification with depth for the young (W4, squares), mature (W6, circles), and old-growth (MO,
triangles) sites. Error bars represent standard errors (n = 4 per site). Different letters denote statistically significant differences (P < 0.05).

Sinsabaugh et al., 2008, 2009; Mooshammer et al., 2014; Zechmeis-
ter-Boltenstern et al., 2015; Moorhead et al., 2016), but studies
demonstrating empirical relationships between gross N mineralization
rates and the activities of decomposition exoenzymes appear to be
lacking (Mooshammer et al., 2014). Of the closest such studies, one, at
agricultural sites treated with dairy effluent, reported a positive rela-
tionship between gross N mineralization per unit soil mass and a
different set of enzymes that target organic N compounds (deaminase,
protease, and urease) (Zaman et al., 1999). Other measurements in
croplands showed that cumulative net N mineralization per unit soil
mass correlated positively with activities of NAG and BG, both with
stronger correlations than for other N-associated enzymes (arylamidase,
L-aspartase, L-asparaginase, urease, amidase, and L-glutaminase); these
authors concluded that NAG activity could be a rate-limiting step in N
mineralization (Ekenler and Tabatabai, 2002; Tabatabai et al., 2010).
We hypothesized that gross N mineralization rate would correspond
with the activity of the enzymes generally associated with N acquisition,
NAG and LAP (e.g., Sinsabaugh et al., 2008; Tabatabai et al., 2010;
Sinsabaugh and Follstad Shah, 2011). The correlation observed here
with NAG activity suggests a link for the enzyme-driven depolymeriza-
tion of organic N to the later gross production of inorganic N. We suggest
that the strong correspondences between NAG activity and gross N
mineralization observed here, and by Tabatabai et al. (2010) for cu-
mulative net N mineralization, indicate a highly labile organic substrate
source for the N measured by the >N pool dilution technique, such as
microbial biomass (e.g., glucosamine from chitin in fungal cell walls and
peptidoglycan from bacterial cell walls) rather than N released from
decomposition of more complex SOM. If so, this result supports the
suggestion by Fierer et al. (2001) that microbial N recycling could
explain the narrow C:N ratio of measurements of C mineralization and

gross N mineralization. In their review of conceptual models of N
mineralization, Schimel and Bennett (2004) noted the implication of this
interpretation, that the pool dilution technique thus provides a better
index of microbial N turnover than of plant-available N; they also
emphasized that the *°N dilution technique fails to capture earlier, often
rate-limiting stages of the decomposition process in which complex
polymers are broken down to easily degraded monomers. The NAG
assay used here and in many other exoenzyme studies aims to capture a
slightly earlier stage of the N mineralization process than methods that
quantify inorganic N production, but might provide a better index of
microbial N recycling than of the release of N from complex SON.
Notably, the relationships between gross N mineralization and the ac-
tivities of the cellulose-degrading enzymes BG and CB were nearly as
strong as for NAG, indicating a strong correspondence between micro-
bial N recycling activity and availability of cellulosic material.

Neither gross nor net N cycling rates varied significantly with the
specific activities of the enzymes that degrade proteins (LAP) or lignin
and humic material (POX), either directly in bivariate analyses (Table 3)
or in multiple regression analyses after considering the role of NAG.
LAP, BX, and especially POX all break down more complex materials
than those degraded by BG, CB, and NAG, which did correlate with N
cycling measurements. POX in particular is often considered important
for mining N from SON (e.g., Sinsabaugh, 2010; Sinsabaugh and Follstad
Shah, 2011), and its activity is frequently suppressed by experimental N
fertilizations (e.g., Frey et al., 2004; Sinsabaugh et al., 2005; Weand
etal., 2010; Fatemi et al., 2016; Carreiro et al., 2018). If rapid microbial
turnover dominates the production of inorganic N captured by gross N
mineralization measurements - as suggested above - a small, slow flux of
N released from stable SON though POX activity could be too small to
influence these N cycling rates or their spatial patterning through soils.
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Table 2

Mean (standard error) gross and net N cycling rates, soil N pool size, and esti-
mated turnover time by depth for the young (W4), mature (W6), and old-growth
(MO) stands.

Gross N Mineralization (kg Nha™?  Net N Mineralization (kg N ha™*

dh d™h
Depth w4 W6 MO w4 W6 MO
Oe/Oa 1.0 1.3 0.9 0.2 0.3 0.4
(0.09) (0.42) (0.10) (0.04) (0.07) (0.07)
0-10cm 3.4 2.6 4.6 1.1 1.5 0.8
(0.28) (0.97) (1.26) (0.50) (0.21) (0.36)
10-20 1.2 0.8 1.2 0.4 1.1 0.1
cm (0.21) (0.28) (0.30) (0.20) (0.51) (0.20)
20-30 1.5 0.9 1.9 0.4 0.6 0.6
cm (0.14) (0.52) (0.25) (0.33) (0.13) (0.44)
30-50 1.8 0.2 1.8 -0.2 0.9 0.3
cm (0.49) (0.52) (0.83) (0.37) (0.30) (0.44)
Total 8.8 5.6 10.1 1.5 3.8 2.3
Gross Nitrification (kg N ha™! Net Nitrification (kg N ha™!
" d™h
Depth w4 wWé MO w4 W6 MO
Oe/Oa 0.4 0.5 0.7 0.2 0.1 0.3
(0.11) (0.14) (0.18) (0.04) (0.06) (0.07)
0-10 cm 1.1 2.0 1.7 1.1 1.1 1.5
(0.44) (0.97) (0.05) (0.27) (0.37) (0.25)
10-20 1.2 —0.1 0.9 0.6 0.0 0.6
cm (0.52) (0.79) (0.32) (0.26) (0.31) (0.19)
20-30 0.4 0.7 0.6 0.3 0.2 0.4
cm (0.09) (0.12) (0.25) (0.18) (0.06) (0.14)
30-50 0.4 0.8 0.4 0.2 0.5 0.1
cm (0.08) (0.38) (0.25) (0.08) (0.13) (0.19)
Total 3.5 3.9 4.2 2.3 2.1 3.4
N Pool Size (t N hafl) Apparent Soil N Turnover Time
(years)”
Depth w4 woé MO w4 W6 MO
Oe/Oa 0.6 0.7 (0.2) 0.4 1.7 1.4 1.1
0.1 0.1
0-10 cm 2.7 2.4 (0.6) 2.6 2.2 2.6 1.6
0.2) (0.1)
10-20 1.7 2.0 (0.1) 1.7 3.7 7.2 4.1
cm 0.2) (0.4)
20-30 1.8 2.1(0.3) 1.8 3.2 6.8 2.6
cm (0.2) 0.1)
30-50 1.8 2.9 (0.3) 2.5 2.6 38 3.8
cm (0.2) 0.3)
Total 8.6 10.1 9.0 2.6 4.9 2.4

@ Apparent soil N turnover time calculated as pool size divided by gross N
mineralization flux.

As a caveat, these inferences are derived from correlational analyses
across several sites and soil depth rather than mechanistic studies.
Although normalized for SOM content, both N cycling and enzyme ac-
tivities could plausibly both reflect covariation with other unmeasured
soil properties that underlie some of these relationships. These in-
terpretations should be confirmed with experiments, but do broadly
conform with experimental additions of extracellular enzymes to the
Duke Forest, North Carolina, that showed that additions of NAG and BG
enhanced net N mineralization, but addition of POX did not (Meier et al.,
2017).

4.2. Microbial processes throughout soil profiles: controls, patterns, and
importance

We hypothesized that soil N cycling rates and enzyme activities
would decrease with depth, both because soil C and N concentrations
typically decrease with depth, and because the SOM that does occur is
typically older and more likely to occur in stabilized forms in association
with soil minerals than at the surface (e.g., Gaudinski et al., 2000;
McFarlane et al., 2013; Schrumpf et al., 2013; Porras et al., 2017). As
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discussed further below, we found that as expected, both gross N cycling
rates and activities of all exoenzymes per unit soil mass decreased with
depth corresponding with decreases in soil C concentration (Figs. 1 and
2); however, after normalizing for these changes in soil C quantity,
neither set of measurements decreased greatly with depth below the
forest floor (Figs. 3 and 4).

4.2.1. Soil organic matter content as a control on microbial processes
Past cross-biome data syntheses show that variation in SOM con-
centration in surface soils acts as a fundamental control on microbial
processes measured per unit soil mass, explaining 42% of the variation
of gross N mineralization (Booth et al., 2005), and 42-60% of the
variance in BG, CB, NAG and AP activities (Sinsabaugh et al., 2008). The
latter analysis did not include BX, and noted the lack of correspondence
between SOM concentration and LAP, POX, and peroxidase activities.
Measurements here illustrate the broad importance of SOM concentra-
tion over soil depths as an important control on all of these microbial
processes per unit soil mass, in that variation in soil C concentration
explained 60-83% of the variance in gross N cycling rates and 59-83%
of the variance in BG, CB, AP, and NAG activity, as well as 51% and
39-56% of the variance in LAP and POX enzyme activities (e.g., Fig. 2).
The stronger correlations with soil C in this study compared to the global
syntheses likely result from the relative constancy of climate and vege-
tation type and wide range of soil C concentrations within our samples.

4.2.2. Patterns and importance of N cycling in mineral subsoils

Organic horizon and surface (0-10 cm) mineral soil gross and net N
cycling rates measured here were broadly similar to those previously
measured at the HBEF (Bohlen et al., 2001; Groffman et al., 2006, 2018)
and at similar hardwood sites in the northeastern U.S. (Fisk et al., 2002;
Christenson et al., 2009). Relatively few other studies of forest N cycling
report measurements from deep soils. Recently, measurements from
watershed 3 at the HBEF showed that rates per unit soil mass of potential
C mineralization, net N mineralization, and net nitrification all
decreased from Oie to Oa/A to B horizons, and correlated with varia-
tions in soil C concentration (Morse et al., 2014). Earlier measurements
in three stands in New England (Federer, 1983) and in ten Norway
spruce stands in Scandinavia (Persson and Wirén, 1995) showed that N
mineralization rates generally decreased between the forest floor and
surface mineral soil, both per unit soil mass and per unit SOM, with only
small additional decreases in rates per unit SOM in deeper mineral soils,
consistent with our results. Measurements of gross N cycling in deep
soils are even more scarce than for net N cycling, but three studies in
forests all show that gross N mineralization rates per unit soil decrease
between shallow and deep mineral soils: in a red spruce chronosequence
in Nova Scotia (Kellman et al., 2014), in an N-saturated Norway spruce
stand in Germany (Matejek et al., 2010), and in a hardwood stand in
Tennessee (Iversen et al., 2011). None of these gross N mineralization
studies report rates normalized per unit SOM, soil C, or soil N.
Normalizing the N cycling measurements in this study showed that these
rates were faster in surface soil organic matter than in subsoils, but then
changed little with increasing depth below 10 cm depth (Fig. 3), indi-
cating relative constancy of microbial N turnover throughout the sub-
soil, despite an expected range of SOM ages.

Estimates of N cycling per unit area show that mineral soils
contribute a substantial amount of N to total profile net and gross N
cycling rates. For net N mineralization, mineral soil B horizons produced
14-58% of total profile rates in New England (Federer, 1983), and soils
below 10 cm contributed a mean of 22% of total rates to 50 cm in
Scandinavia (Persson and Wirén, 1995). For gross N mineralization,
soils below 10 cm contributed roughly one-third of total rates in the
German spruce stand (Matejek et al., 2010), and soils below 15 cm
contributed 60% of total rates to 60 cm for the Tennessee hardwood
stand (Iversen et al., 2011). Our measurements indicating that soils
below 10 cm contributed 32-54% of total net and gross N mineralization
to 50 cm (Table 2) are consistent with these prior estimates, and
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Fig. 4. Specific enzyme activity (umol g C~ hr™!) with depth for the young (W4, squares), mature (W6, circles), and old-growth (MO, triangles) sites, including (a)
beta glucosidase (BG), (b) cellobiohydrolase (CB), (c) N-acetylglucosaminidase (NAG), (d) leucine amino peptidase (LAP), (e) beta xylosidase (BX), (f) acid phos-
phatase (AP), and two assays of phenol oxidase (POX) using (g) ABTS and (h) L-DOPA substrates. Error bars represent standard errors (n = 4 at each site). Different
letters denote statistically significant differences (P < 0.05).
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illustrate the large amount of N cycling occurring in mineral subsoils.

Calculated SON turnover rates were very fast throughout the soil
profile, consistent with inferences from exoenzyme activities that gross
N mineralization rates better reflect microbial N turnover than new
mineralization of stable SON. That is, comparison of gross N minerali-
zation rates (kg N ha! d’l) to SON stocks (kg N ha’l) allows calculation
of potential SON turnover times (years), as traditionally computed (pool
size/flux) and conceived (i.e., mineralization as the release of N through
decomposition of SON). These estimates of potential SON turnover
decreased slightly with depth, from ~1 year for the forest floor to 2 years
for the 0-10 cm soils and generally 3-7 years in deeper soils (Table 2)
but are all very rapid. Even if mineralization activity occurred for only
half the year (doubling these estimates), computed SON turnover times
are still two orders of magnitude faster than 1*C-based measurements of
SOM turnover. At nearby Bartlett Forest, a hardwood forest ~25 km
from the HBEF, '“C measurements indicate that mean soil C turnover
time increases from ~90 years in the Oe/Oa to ~400 years at 5-15 cm to
~900 years at 30-45 cm depth (McFarlane et al., 2013). These dis-
crepancies in apparent SOM C- and N turnover might be reconciled with
the conceptual model of gross N mineralization measurements primarily
reflecting the rapid and repeated microbial recycling of a small pool of
labile N rather than mineralization of complex SON. If }*C-based mea-
surements best capture turnover of SOM, the comparison between
14G-based estimates from Bartlett Forest and our N-flux-based turnover
estimates for HBEF indicate that microbial N recycling might contribute
all but a few percent of the N flux measured by the gross N minerali-
zation measurements. Thus, earth system models that simply mineralize
N along with SOM and lack this microbial N turnover (e.g., Koven et al.,
2013) will greatly underestimate both ecosystem-scale gross N supply as
well as the capacity for microbial N recycling.

4.2.3. Patterns and potential controls on enzyme activity in mineral subsoils

Of the few other studies of enzyme activity in subsoils, most report
rates on a per unit soil mass basis and show that rates decline with depth,
most dramatically between the forest floor and mineral soil (Taylor
et al., 2002; Herold et al., 2014; Stone et al., 2014). Yet, similar to our
results (Fig. 4), Stone et al. (2014) also found that specific activity per
unit soil C for a set of hydrolytic enzymes remained relatively constant
with increasing depth to 140 cm in a tropical forest in Puerto Rico, with
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Table 3
Correlation matrix (R) among N cycling rates, soil C:N ratio, and specific enzyme activities, normalized per unit soil C.
Gross N Gross Net N Net Soil C:N BG CB BX AP NAG LAP POXagts
Min. Nitrif. Min. Nitrif.
Gross N mineralization (mg N 1.00
g—l C d—l)
Gross Nitrification (mg N g ' C  0.61%** 1.00
d™h
Net N mineralization (mg Ng~*  0.50%* 0.43* 1.00
cd™h
Net Nitrification (mg N g~* C 0.51** 0.86%** 0.37 1.00
d™h
Soil C:N Ratio —0.24 —-0.12 —0.01 -0.23 1.00
BG (umol g C™* hr 1) 0.59%* 0.51%* 0.33 0.57%%* —0.46**
CB (pmol g C™ 1 hr™Y) 0.68%* 0.57 0.40 0.57%%% -0.26 1.00
BX (pmol g C Thrh 0.16 0.00 —0.04 0.14 —0.61%** 0.45%* 1.00
AP (pmol g cthrh 0.05 —0.03 —-0.07 0.09 —0.68** 4.00 0.25 0.67%*** 1.00
NAG (pmol g c? hr’l) 0.68%** 0.51%** 0.36 0.41* —0.24 0.70%** 0.89%** 0.34 0.21 1.00
LAP (pmol g clhr) 0.33 0.09 0.05 0.27 —0.68*** 0.67%** 0.49** 0.65%** 0.60%** 0.30 1.00
POXaprs (pmol g clhr) —-0.25 -0.17 —0.30 —0.04 —0.52%* 0.01 —0.15 0.48* 0.35 —0.18 0.34 1.00
POX;popa (pmol g G~ hr™ ) —0.08 —-0.20 —0.01 -0.11 —0.51%* —0.07 -0.28 0.26 0.24 —0.31 021  0.43*

Statistically significant correlations after Bonferroni corrections for multiple comparisons indicated as * P < 0.05, **P < 0.01, and ***P < 0.001.

significant decreases only for BG and NAG. They did not measure spe-
cific activity of any oxidative enzymes, which we found to peak in sur-
face mineral soils, and to remain greater than the forest floor throughout
much of the mineral soil (Fig. 4).

Why does specific enzyme activity change so little with increasing
depth? Factors such as soil texture, moisture, oxygen levels, dissolved
organic matter availability, and microbial community composition
could all play roles affecting patterns of enzyme activity with depth, and
merit further study. Stone et al. (2014) suggest that constant rates of
specific enzyme activity throughout the soil profile could be due in part
to constitutive enzyme activity, or the continuous microbial production
of enzymes at low levels regardless of conditions (Allison et al., 2011;
Sinsabaugh and Follstad Shah, 2011). They also speculate that exo-
enzymes could persist at depth in the Puerto Rican forest due to their
stabilization on soil minerals through covalent bonding or adsorption
onto soil minerals (Burns, 1982; Taylor et al., 2002), and that this sta-
bilization decreases enzyme degradation compared to free enzymes
(Ladd, 1978 ; Allison, 2006). Experiments show that addition of Al- and
Fe-containing minerals to soils can increase enzyme stability and
decrease their degradation (Allison, 2006), and organically complexed
and poorly crystalline iron and aluminum contribute to SOC stabiliza-
tion at Bartlett Forest (Porras et al., 2017) near Hubbard Brook. Sub-
sidies of labile plant C supplied by roots and mycorrhizae could perhaps
also contribute to sustaining or priming microbial production of exo-
enzymes and recycling of N in subsoils (e.g., Kuzyakov, 2010; Phillips
etal., 2012; Schleppi et al., 2012; Bernal et al., 2016; Frey, 2019), even if
much of the SOM present at depth is relatively old or stable (e.g.,
McFarlane et al., 2013; Schrumpf et al., 2013). Root exudates can sol-
ubilize some mineral-associated organic matter (Keiluweit et al., 2015;
Yuan et al., 2018) and can also particularly stimulate the activities of
NAG and BG (e.g., Meier et al., 2017), the enzymes with notably strong
correspondences with gross N mineralization rates in this study
(Table 3). The total annual root and rhizosphere C flux at Hubbard Brook
is large, possibly more than doubling that of annual foliar production,
although the exact size and depth distribution of these belowground
plant C inputs are highly uncertain (Fahey et al., 2005).

4.3. Site and possible successional differences

We hypothesized that enzyme activity and gross N mineralization
rates would be greatest in the youngest site (W4) as a result of priming
driven by plant demand for N. However, specific oxidative and hydro-
lytic enzyme activities at this site typically fell intermediate between the
two older sites, and rarely differed significantly among the three sites
(Fig. 4). The exception to this cross-site pattern occurred for NAG
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activity in mineral soils (Fig. 4c), in that its activity in deeper soils at the
young site often exceeded that in the older sites, and the enzymatic
ratios of N- to C- and N- to P-acquisition were significantly larger at the
young site than one or both of the older sites (Fig. 5). Stimulation of NAG
activity relative to other enzymes could perhaps reflect increased de-
mand for N in these young stands.

Microbial “mining” of SON has been associated with activity of POX
and peroxidase, used to break down lignin and related polyphenolics
(Sinsabaugh, 2010; Moorhead and Sinsabaugh, 2006; Sinsabaugh and
Follstad Shah, 2011; Frey, 2019). Correspondingly, we expected the
youngest stand to have the largest plant N demand and the greatest
oxidative enzyme activity. However, POX specific activity in the young
site was equal to or less than that of the old-growth stand. These en-
zymes are largely produced by saprotrophic fungi and some ectomy-
corrhizae, but not arbuscular mycorrhizae (Talbot et al., 2008;
Sinsabaugh, 2010; Frey, 2019). Perhaps the prevalence of tree species on
all three plots that form arbuscular associations (Table 1) constrained
the capacity for POX production in response to plant N demand, or even
shifted the plant-microbial enzymatic strategies toward priming of NAG
activity rather than production of POX. In addition, with just one site for
each of the stand ages, interpretations of successional drivers are limited
by lack of replication, and factors other than stand age (e.g., subtle
differences in soil texture, drainage, pH, or parent material) could also
contribute to site-to-site differences in potential enzyme activities.

5. Conclusions

Results from this study demonstrate the often-underappreciated
importance of microbial activity and N cycling in deep soils. Soil N
cycling rates per unit soil mass decreased with increasing depth, but
these decreases were more than compensated by the large size of the
subsoil pool to contribute to ecosystem-scale N fluxes. Apparent SON
turnover was rapid throughout the soil profile, and gross N cycling rates
corresponded most strongly with activities of those enzymes involved in
breaking down labile organic matter (NAG, BG, CB), patterns more
consistent with microbial turnover and N recycling rather than N
mineralization from complex SOM. Belowground plant C inputs might
support these processes, and should be measured across soil depths.
These observations illustrate how stand-level N budgets that neglect
measurements from subsoils will greatly underestimate whole-
ecosystem soil N fluxes. Decomposition models that assume that mi-
crobial activity slows with depth, or that neglect microbial N recycling,
will likely to underestimate the role of soils and soil microbes as sources
and sinks for N.
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