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Abstract Ecosystem nutrient economies are com-

monly studied from the perspective of primary

productivity in relation to nutrient availability, but a

plant-specific view limits our ability to predict

broader-scale patterns related to nutrient economics,

such as ecosystem carbon turnover and storage

controlled by soil microbial communities. Viewing

nutrient economics from the heterotrophic decom-

poser community perspective can provide an addi-

tional perspective on ecosystem nutrient economics.

We used microbial investment in extracellular enzyme

production and ecoenzymatic stoichiometry theory as

a conceptual framework to study nutrient economics

in forest soils of the Northeast United States. Two

years after experimentally increasing soil pH and

phosphorus availability to offset the effects of chronic

acid and nitrogen deposition, we found that below-

ground microbial communities were consistently

investing more energy into phosphorus acquisition

relative to nitrogen, in both space and time, suggesting

that ecosystem demand for phosphorus might be high

relative to nitrogen. Moreover, soil age and weather-

ing, quantified by comparing glaciated vs non-

glaciated regions, might not be useful predictors of

nutrient economics in these forest systems. This study

Responsible Editor: Marie-Anne de Graaff

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s10533-021-00814-7.

K. A. Smemo (&) � S. M. Petersen � L. A. Kluber
The Holden Arboretum, Kirtland, OH 44094, USA

e-mail: ksmemo@skidmore.edu

S. M. Petersen

e-mail: petersen.sheryl@gmail.com

L. A. Kluber

e-mail: laurel.kluber@gmail.com

K. A. Smemo

Environmental Studies and Sciences Program, Skidmore

College, 815 N. Broadway, Saratoga Springs,

NY 12831, USA

S. M. Petersen

Department of Biology, Case Western Reserve

University, Cleveland, OH 44106, USA

L. A. Kluber

Novozymes Biologicals, Salem, VA 24153, USA

A. N. Shaw � J. L. DeForest
Department of Environmental and Plant Biology, Ohio

University, Athens, OH 45701, USA

e-mail: Alanna.N.Shaw@gmail.com

J. L. DeForest

e-mail: deforest@ohio.edu

123

Biogeochemistry (2021) 155:97–112

https://doi.org/10.1007/s10533-021-00814-7(0123456789().,-volV)( 0123456789().,-volV)

http://orcid.org/0000-0002-1027-4158
http://orcid.org/0000-0002-9302-9413
http://orcid.org/0000-0002-6405-5225
http://orcid.org/0000-0002-8390-9126
https://doi.org/10.1007/s10533-021-00814-7
https://doi.org/10.1007/s10533-021-00814-7
https://doi.org/10.1007/s10533-021-00814-7
https://doi.org/10.1007/s10533-021-00814-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-021-00814-7&amp;domain=pdf
https://doi.org/10.1007/s10533-021-00814-7


offers important insight into controls on ecosystem

nutrient dynamics and soil microbial resource invest-

ment, information that can inform efforts to model soil

microbial interactions and ecosystem carbon

dynamics.

Keywords Enzyme stoichiometry � Ecosystem
acidification � Nitrogen deposition � Phosphorus � pH �
Soil microbial investment � Nutrient limitation

Introduction

Ecosystem nutrient economies are often viewed

through the lens of prevailing conceptual models of

ecosystem development and nutrient limitation, where

limits to primary productivity are associated with

ecosystem age and/or nutrient sources and losses

(Vitousek and Farrington 1997). This approach to

understanding the nutrient economy of terrestrial and

aquatic ecosystems reduces complexity and has pro-

vided profoundly important insights into the nature

and consequence of nutrient limitation. However, a

primary production-centric view can limit our ability

to predict broader-scale emergent properties of nutri-

ent economics, such as ecosystem carbon (C) turnover

and storage.

For example, temperate forest ecosystems of East-

ern North America, especially those found on glacial

parent material, are traditionally considered nitrogen

(N)-limited with a nutrient economy largely focused

on N acquisition and retention (Aber 1992). This view

arises from both conceptual models (Vitousek and

Farrington 1997) and empirical data (LeBauer and

Treseder 2008), with much of the supporting evidence

coming from fertilization and foliar nutrient concen-

tration studies (e.g., Crowley et al. 2012; Finzi 2009).

However, this perspective is complicated by the fact

that human activities have rapidly increased the inputs

of both nitrogen (N) and acidic compounds to most

forest ecosystems in Eastern North America, resulting

in significant N enrichment and soil acidification

(Aber 1992; Lovett and Goodale 2011). Conceptually,

increased N availability and acidification should shift

ecosystems towards phosphorus (P) limitation because

allochthonous terrestrial P sources are lacking and P

can be occluded in unavailable pools at low pH

(Walker and Syers 1976). Recent work by Goswami

et al. (2018) suggests that, depending on site condi-

tions and successional status, P can limit productivity

in northern hardwood forests at Hubbard Brook.

Nevertheless, many previous studies have failed to

demonstrate such P limitation on primary production

in temperate forests (Finzi 2009; Wood et al. 1984)

and it is broadly accepted that increasing N availabil-

ity via anthropogenic N deposition has increased both

above and belowground ecosystem C storage in the

Northeast US (Frey et al. 2014; Thomas et al. 2010),

lending further support for a generally N-dominated

nutrient economy.

We suggest that this prevailing view is influenced

by a predominately plant-oriented perspective and

methodology and that a more complete understanding

of the overall forest nutrient economy requires a view

from the base of the ecosystem and not just the top.

Soil microbial decomposition of plant litter is a

primary control on nutrient and C turnover in forest

ecosystems and evaluating nutrient economics from

this perspective takes into consideration plant species

composition and litter quality, an outcome of plant

functional traits (Cornwell et al. 2008; Rinkes et al.

2013), in addition to relative nutrient availability and

the stoichiometry and metabolic characteristics of the

microbial community (Sinsabaugh and Follstad Shah

2012). Recent work further suggests that litter traits of

dominant forest trees induce plant-soil feedbacks that

can support vastly different forest nutrient and C

economies (Bahram et al. 2020; Phillips et al. 2013).

Overall, this implies soil microbial control over long-

term nutrient availability and forest C balance (Fer-

nandez-Martinez et al. 2014). Although much work

has been done to examine how soil microbes respond

to nutrient availability and demand, the relationship

between soil microbial processes and the underlying

nutrient economy and stoichiometry of forest ecosys-

tems has received less attention.

Soil microbial investment in nutrient acquisition

through extracellular enzyme production is an exam-

ple of such a metric (Sinsabaugh et al. 2008). Soil

microbes should respond to increased nutrient avail-

ability by down-regulating the production of specific

nutrient acquiring enzymes. For instance, acid phos-

phatase, an extracellular enzyme that mineralizes

organic P, should have reduced activity when P

availability increases (Moorhead et al. 2013). This

approach has been taken in many studies of soil

nutrient dynamics (e.g., Saiya-Cork et al. 2002;
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Weintraub et al. 2007) and has been used to elucidate

nutrient limitation signals in acid forest soils (DeFor-

est et al. 2012; Kluber et al. 2012).

Further insight can be obtained by examining

stoichiometric relationships (activity ratios) among

soil extracellular enzymes as an index of both nutrient

and C availability and microbial effort allocated

towards obtaining multiple resources (Moorhead

et al. 2016; Sinsabaugh et al. 2008). Derived from

ecoenzymatic stoichiometry theory (Sinsabaugh and

Follstad Shah 2012), this approach utilizes C to P and

C to N-acquiring enzyme ratios to quantify relative N,

P, and/or C limitation. Because the trajectory of ratio

change over time provides insight into the relative

importance of N, P, and/or C limitation (Fanin et al.

2016; Moorhead et al. 2016), we suggest this is a

particularly useful tool for addressing spatial (i.e.,

environmental setting and biologic community

effects) and temporal (seasonal nutrient demand)

nutrient economy dynamics, from the microbial

perspective.

Here, we present belowground nutrient cycling and

microbial process/activity results after two and three

years of experimentally increasing P availability in six

previously studied hardwood forest stands in eastern

Ohio, USA (DeForest and Scott 2010; DeForest et al.

2012; Kluber et al. 2012; Shaw and DeForest 2013).

We demonstrate the first use of extracellular enzyme

activity (EEA) ratios/stoichiometry and ecoenzyme

vector analysis (Moorhead et al. 2016) to evaluate a

forest nutrient economy in an experimental context at

the ecosystem level. Forests of eastern Ohio are ideal

for studying nutrient economics due to a history of

chronic N deposition and acidification (DeForest and

McCarthy 2011) and relatively similar overstory plant

communities across latitudinal differences in climate,

geology, and soil age (glaciated versus unglaciated).

By comparing EEA and nutrient cycling across these

site differences and sampling across seasons (varying

nutrient demand and environmental conditions), our

study was designed to transcend site-specific or

temporally anomalous patterns. We expected greater

nutrient response magnitudes (more P and N limita-

tion) in unglaciated sites than glaciated sites with

younger, less weathered soils, and that increasing P

availability would generally shift the belowground

nutrient economy towards N acquisition and away

from P, regardless of site age.

Materials and methods

Study sites

This experiment took place in two different physio-

graphic regions of eastern Ohio, USA: glaciated Till

Plains in the north and unglaciated Allegheny Plateau

in the south (see Online Resource 1). Glaciated sites

are located at The Holden Arboretum (two forest

stands) and the Case Western Reserve University field

station (one forest stand). Annual total precipitation

averages * 120 cm with an average temperature

of * 8.0 �C, and soils are silty loam Hapludalfs or

loamy Endoaqualfs with a pre-treatment soil pH

of * 4.3 (0–5 cm mineral soil depth). All three forest

stands in the unglaciated region are publicly owned

and managed by the Ohio Department of Natural

Resources. Annual precipitation at these sites is *
100 cm and average temperature is * 10.7 �C. Soils
are loamy Hapludalfs, silty loam Dystrudepts, and

silty loam Hapludults with a pre-treatment soil pH

of * 4.7 (0–5 cm mineral soil depth). The overstory

forest communities in both regions are oak-beech-

maple-dominated.

Experimental design

In August 2009, 72 20 9 40 m plots were established

in a randomized complete block design with two

regions (glaciated and unglaciated), three forests in

each region (i.e. blocks), four treatments (control,

elevated pH, elevated P, and elevated pH ? P) and

three replicate treatment plots in each forest (see

Online Resource 1). Pelletized lime was added to the

elevated pH plots to raise the pH to a target range of

5.8 to 6.2 to immobilize reactive Al (DeForest and

Scott 2010). Soil pH was measured in early spring to

determine the amount of lime needed to reach the

target pH range by taking a composite of 10 0–5 cm

cores from each plot and then calculating a regional

lime demand by averaging across all plots and forest

stands in each region. On average, the glaciated and

unglaciated sites were amended with 11.4 and

7.3 Mg ha-1 pelletized lime, respectively over the

3 years of application. Elevated P plots were amended

with pelletized calcium dihydrogen phosphate (triple

super phosphate (TSP)) at a rate of 4.9 kg P ha-1 in

autumn 2009, 24.6 kg P ha-1 in spring 2010 (just prior

to leaf out) and 24.6 kg P ha-1 in spring 2011. The
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phosphate addition levels were determined by aver-

aging P sorption values from each forest block using

methods outlined in Tiessen et al. (1991). The elevated

pH ? P plots were amended with both lime and TSP.

In each treatment plot, we collected a composite of

15 2-cm dia. mineral soil cores to a 5 cm depth (the

sites have no measurable O horizon). Samples were

transported cold, passed through a 2-mm sieve, and

stored at 4 �C until analyzed (within 48 h). In order to

capture seasonal and annual responses to our treat-

ments, sampling and analyses were repeated five times

over a one-year period (November 2010 (fall), Febru-

ary 2011 (winter), May 2011 (spring, just prior to TSP

application), July 2011 (early summer), and Septem-

ber 2011 (late summer)).

Soil variables and nutrient pools

A soil subsample was dried at 105 �C to determine

moisture content and then pulverized for determining

total C and N content on an elemental analyzer

(Costech Analytical, Valencia, CA USA). pH was

determined using a 1:2 dilution of field moist soil and

deionized (DI) water. Inorganic N was extracted by

shaking field moist samples on a rotary shaker in a 1:5

dilution of soil and 1 M KCl for 1 h, centrifuging at

3000 rpm for 10 min, and drawing off the supernatant.

Supernatant was analyzed colorimetrically in 96 well-

plate format following methods detailed by DeForest

and Scott (2010), where ammonium (NH4
?) was

determined using a salicylate-hypochlorite procedure

(Kempers and Zweers 1986) and nitrate (NO3
-) plus

nitrite (reported as NO3
-) using a VCl3/Griess proce-

dure (Miranda et al. 2001). To estimate P availability,

we measured readily available inorganic P (referred to

here as resin P) using anion exchange membranes

(AEM; GE Infrastructure: Water & Process Tech-

nologies, Watertown, MA, USA) following methods

outlined in DeForest et al. (2012) and Shaw and

DeForest (2013). Briefly, a 2 9 6 cm AEM strip,

charged with NaHCO3, was placed in a 50 ml

Oakridge high-density centrifuge tube with 5 g of

field moist sieved soil and 20 ml of DI water. Samples

were then shaken (175 rpm) horizontally for 4 h.

AEM strips were removed and rinsed with DI water to

remove debris and then shaken in a flask with 25 ml of

0.5 M HCl for 18 h. Extract P content was determined

colorimetrically using the Murphy–Riley ascorbic

acid method (Kuo 1996) with a 200 ll sample volume,

110 ll working solution volume, and 18–20 h incu-

bation time (Shaw and DeForest 2013). Absorbance

was determined at 880 nm on a Synergy HT (BioTek,

Winooski, VT, USA) microplate spectrophotometer.

Nutrient cycling, EEA, and activity ratios

Microbial N turnover was estimated using net N

mineralization and nitrification assays (Robertson

et al. 1999). Field moist soil subsamples were

incubated at 20 �C for 14 days near field capacity in

the lab and subsequently extracted with 1 M KCl and

analyzed for NH4
? and NO3

- concentration (see

method for nutrient pools). The difference between

initial and final ion concentrations were then used to

calculate net N mineralization and nitrification rates. P

mineralization was determined by incubating moist

soil for 14 days at 22 �C and then comparing resin P

concentration to that of the initial pre-incubation

concentration (Shaw and DeForest 2013).

Potential soil EEA associated with C, N, and P

cycling were estimated by homogenizing 5 g field

moist soil in 500 ml 50 mM acetate buffer (pH 5) and

adding fluorogenic methylumbelliferone (MUF)-

linked model substrates (DeForest 2009; DeForest

et al. 2012). For this study, we chose one primary

C-acquiring enzyme (ß-1,4-glucosidase(BG)), two

N-acquiring enzymes (b-N-acetylglucosaminidase

(NAG) and leucine aminopeptidase LAP)), and two

P-acquiring enzymes (phosphomonoesterase (PM)

and phosphodiesterase (PD)). We modified the com-

mon single-measurement method using NaOH (Saiya-

Cork et al. 2002) because of methodological issues

associated with NaOH additions and the fact that soil

properties, environmental conditions, and seasonal

effects can influence EEA and assay reaction time

(DeForest 2009; Paz-Ferreiro et al. 2011). We mea-

sured well-plate fluorescence repeatedly over time to

select the best incubation period for each enzyme

following the procedure of Shaw and DeForest (2013).

NAG and PM activity were estimated at four mea-

surement times between 1 and 2.5 h while BG and PD

were measured four times between 2 and 3.5 h. EEA

was calculated by the slope of product formed over

time and expressed on a soil C mass basis (nM g soil

C-1 h-1) in order to normalize data across glaciated

and unglaciated sites with drastically different soil C

content. LAP, due to the slow but linear development

of fluorescence in our assays, was estimated using a
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single time point read at 24 h, but expressed in the

same units.

To understand how soil microbial communities

responded to our treatments over time, we examined

changes in the relationship between N and P-acquiring

enzymes relative to C-acquiring enzymes (enzyme

stoichiometry (Sinsabaugh et al. 2008)). Enzyme

activity ratios generated seasonal treatment trajecto-

ries with respect to nutrient and C demand. Differ-

ences in the relationship between enzymatic C:N and

C:P activity across treatment, site, and season, as

measured by ratios of BG:(NAG ? LAP) and

BG:(DP ? MP), were determined by following the

approaches of Moorhead et al. (2013, 2016) and Fanin

et al. (Fanin et al. 2016). Enzyme activity vector

lengths and angles, relative to the origin of the plots of

these two enzyme-activity ratios, were calculated for

each pair of observations using a variation of methods

described by (Fanin et al. 2016; Moorhead et al. 2016).

We calculated angles with the equation:

h ¼ tan�1 EEARC:N=EEARC:Pð Þ � 180=p

where EEAR is the EEA activity ratio indicated in

subscript. Vector length was calculated using the

Pythagorean Theorem: vector length equals the length

of the hypotenuse (c) where the EEA ratios represent

the two sides (a and b) of a right triangle. As vector

length increases, there is greater C limitation relative

to nutrient limitation, implied by the greater BG versus

nutrient acquisition activities. As vector angle

increases (steeper), P is more limiting relative to N.

For example: 90� represents extreme P limitation, 0�
represents extreme N limitation, and 45� is considered
co-limitation. We use this interpretation to provide an

illustrative (Online Resource 2 provides graphical

example) and quantitative metric of relative C limi-

tation and relative P versus N limitation (Moorhead

et al. 2013, 2016).

Data analysis

Statistical analyses were conducted using the statisti-

cal software package R v2.15 (Team 2017). Treat-

ment, site, and seasonal differences in soil chemistry

and microbial activity were determined by linear

mixed-effect models in the context of ANOVA using

the nmle (v3.1) package (Pinheiro et al. 2013). Site,

treatment, and season were fixed effects and plot

within forest stand was the random effect. Because our

measurements were repeated seasonally and therefore

sensitive to temporal autocorrelation, we accounted

for repeated measures using autoregressive variance–

covariance structure of the first order (AR1). Aikaki

Information Criterion (AIC) was used to determine the

optimal variance components and random structure

for each model (Zuur et al. 2009). When appropriate,

data were log-transformed (logln (n ? 1)). Post-hoc

pairwise comparisons were conducted using the

multicomp (v1.2) package (Bretz et al. 2011).

Correlative relationships among microbial activity

and chemistry/environment were explored using Prin-

ciple Components Analysis (PCA) on ecoenzyme

rates with soil microbial process rates and chemistry as

vectors. PCA was performed using the prcomp

function in R. Data were log-transformed as before,

centered, and scaled. Relationships between the first

two principle components and environmental vari-

ables were explored using Pearson correlations and

illustrated with vector overlays (McCune and Grace

2002).

Results

Nutrient cycling, EEA, and activity ratios

For glaciated soils, net N mineralization significantly

increased in response to raising pH, but this response

was most apparent in the spring and early summer

(Fig. 1a, b and Online Resource 3). These seasonally

high rates also drove both higher average net N

mineralization rates in the glaciated (6.4 mg N kg

soil-1 d-1) versus unglaciated sites (2.4 mg N kg

soil-1 d-1) and site by season and treatment by season

interactions. In spring and early summer, net N

mineralization was greater in plots with elevated pH

and elevated pH ? P, but seasonal pattern was only

significant for the glaciated sites. Overall, these N

mineralization patterns are significant but need to be

considered in context as they were driven primarily by

the nitrification component of net N mineralization

and not ammonification. Nitrification patterns alone

were complex and exhibited significant site, treatment,

and seasonal effects, including a three-way interaction

(Fig. 1e, f and Online Resource 3). The seasonal

pattern was again significant for the glaciated sites but

not the unglaciated sites. Pairwise comparisons
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indicated that elevating pH significantly increased

nitrification rates in the glaciated and unglaciated

sites, particularly in the growing season.

Net P mineralization patterns exhibited significant

site, treatment, and seasonal effects (Fig. 1c, d and

Online Resource 3). The seasonal pattern was signif-

icant in glaciated and unglaciated sites, but only for

some treatments. Although more pronounced in the

glaciated sites, raising soil pH, both in the elevated pH

and elevated pH ? P treatments, increased overall net

P mineralization and decreased seasonal variability.

However, all of our net P mineralization numbers were

negative (i.e. P immobilization), indicating that P

demand exceeded gross P mineralization rates in these

Fig. 1 Soil nutrient cycling processes and EEA by treatment at

each sampling season for glaciated (left) and unglaciated (right)

soils. Sampling seasons were fall (Fall), winter (Win), spring

(Spr), early summer (eSum), and late summer (lSum).

Significant treatment effects on net N mineralization and

nitrification rates in the unglaciated sites are masked by the

Y-axis scale but can be viewed separately in Online Resource 5
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systems, although increasing soil pH brings those

numbers closer to zero (Fig. 1c, d).

EEA often responded significantly to site and

treatment, but overall patterns appeared to be driven

by seasonal rate variation (Fig. 1g–p and Online

Resource 3). Even though the functionally similar P

acquisition enzymes (PM and PD) had comparable

significant seasonal responses, they exhibited dissim-

ilar site and treatment responses. Both enzymes

followed a pattern of decreasing activity toward early

summer and late summer rebound. However, when

averaged across season and by treatment PM did not

respond to treatment and was 42% greater (P\ 0.01)

in the unglaciated sites compared to glaciated sites—a

pattern driven by greater winter and spring activity in

the unglaciated site. In contrast, PD exhibited stronger

treatment than site differences. Treatment by season

pairwise comparisons suggested that all treatments

suppressed PD activity relative to controls in some

seasons but not others (Fig. 1o, p).

Enzyme stoichiometric relationships indicated that

soil processes in the glaciated sites were generally

more C-limited than unglaciated sites, both regions

were overall primarily P-limited, and treatments had

little effect on nutrient economics (Figs. 2, 3; Table 1).

Vector length, an indicator of relative C-limitation,

showed a significant site by season by treatment

interaction, in which glaciated sites were more

C-limited than unglaciated sites during the fall and

winter (Figs. 2, 3; Table 1). The treatment interaction

was primarily driven by seasonal differences in the

glaciated sites for one treatment (elevated pH) and not

an overall trend (Table 1). Vector angles, indicators of

relative P versus N-limitation, showed no significant

site, season, or treatment responses, but the steep

angles did illustrate that both the glaciated and

unglaciated study systems are relatively more P-lim-

ited than N-limited (all angles greater than 45�;
Table 1; Fig. 3).

Soil variables and nutrient pools

Soil moisture content varied seasonally, but was

always higher in the glaciated sites (Fig. 4a, b and

Online Resource 4) with gravimetric water contents of

62% (glaciated) and 28% (unglaciated) when aver-

aged across season and treatment. In both glaciated

and unglaciated sites, soil pH was significantly higher

(1.5–2 pH units) in the elevated pH and elevated

pH ? P treatments than the elevated P and control

treatments (Fig. 4c, d and Online Resource 4), a

pattern consistent with our treatment goals. However,

pH did show significant seasonal variability, particu-

larly in the elevated pH and elevated pH ? P treat-

ments as our late summer lime addition worked its way

through the system.

Soil C and N content across season and treatment

was consistently 2–3 times higher in glaciated (76.4 g

C kg soil-1, 4.5 g N kg soil-1) than unglaciated

(28.1 g C kg soil-1, 1.8 g N kg soil-1) sites, and

2–3 years of experimental treatments did not appear to

directly influence total C and N pools in either site

(Fig. 4e–h and Online Resource 4). Site by season

interactions were observed for both C and N, but were

driven by slight seasonal variation in glaciated soil C

and N pools and plot-scale variability. A similar

seasonal pattern and site by season interaction was

observed for soil C:N, but neither site nor treatment

differences were significant (Fig. 4i, j and Online

Resource 4).

Extractable soil NH4
? pools were greatest in the

winter and early growing season but decreased

significantly during early and late summer for

glaciated sites (Fig. 4k, l, and Online Resource 4).

Unglaciated sites behaved somewhat differently and

NH4
? pools were still the smallest during early

summer, but were greatest in the late summer and

fall. With the exception of autumn and late summer,

glaciated soils overall had greater NH4
? pools than

unglaciated soils. For both sites, the elevated pH

treatment had greater NH4
? pools than the control

treatment but not greater than the elevated P and

elevated pH ? P treatment, which were not different

from the control treatment. Overall, treatment effects

on NH4
? pools were small. Soil NO3

- pools varied

seasonally in both glaciated and unglaciated sites

(Fig. 4m, n and Online Resource 4), but in general

were significantly greater in the glaciated (19.1 mg kg

soil-1) versus unglaciated (5.8 mg kg soil-1) sites.

The significant site by season interaction further

illustrated the seasonal and within-site variability of

the NO3
- pool, but our experimental treatments had

no significant influence on seasonal or within-site

NO3
- pools. In contrast, readily available P pools

(resin P) were both different between glaciated and

unglaciated sites and significantly affected by our

treatments; those effects significantly interacted with

both season and site, although independently (Fig. 4o,
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p and Online Resource 4). As expected, resin P was

highest in the elevated P treatments in both glaciated

and unglaciated sites. Resin P pools were 19.2 mg kg

soil-1 (glaciated) and 14.0 mg kg soil-1 (unglaciated)

averaged across elevated P plots compared to

7.7 mg kg soil-1 (glaciated) and 4.5 mg kg soil-1

(unglaciated) averaged across control plots. In the

glaciated sites all treatments were significantly differ-

ent from each other across seasons, and elevating pH

reduced P availability relative to the controls even in

the elevated pH ? P treatment. Elevated pH treatment

plots in the unglaciated site were not significantly

different than controls.

Fig. 2 Enzyme stoichiometry ratios for C:N versus C:P

acquiring enzymes. Separate panels represent individual sam-

pling seasons (A–E) and all data (F). The dashed 1:1 line

indicates the line along which enzyme activity vector angles

equal to 45� and N and P are considered co-limited. Location of

a point above or below the 1:1 line indicates relative P and N

limitation, respectively. The distance of a point from the origin

(i.e., enzyme activity vector length) indicates relative C

limitation, with greater distance indicating greater C limitation.

See Online Resource 2 for further illustration of the enzyme

space concept

Fig. 3 Mean (± se) enzyme activity vector lengths and angles for each experimental treatment in fall (Fall), winter (Win), spring (Spr),

early summer (eSum), and late summer (lSum). Data are separated by site (glaciated versus unglaciated)
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Environmental controls on EEA

Principle Components Analysis of EEA data across

site, season, and treatment (Fig. 5) revealed that early

summer data separate out along Principle Component

(PC) 1 (58% of variation) and sites separate out along

PC2 (11% of variation), but treatments did not exhibit

distinct groupings. Environmental variables, which

appear to be site-related, were primarily correlated

with PC2 (Table 2). A smaller subset of variables also

exhibited correlations with PC1; these tended to be

environmental factors that were high in early summer

in the glaciated plots and associated primarily with N

cycling. Surprisingly, pH and variables associatedwith

P cycling were not correlated with either PC (Table 2).

Pearson correlations among environmental vari-

ables, soil chemistry, and microbial activity revealed

that many environmental variables were correlated

with each other and EEA rates. Similar to our PCA

results, neither pH, resin P, nor P mineralization were

strongly correlated with EEA (Online Resources 6 and

7). Soil pH was positively correlated with nitrification,

net N mineralization and P mineralization, but nega-

tively correlated with resin P regardless of whether

elevated pH also included elevated P. With the

exception of a weak significant correlation with

NH4
? concentration, BG activity was not correlated

with environmental factors or EEA. NAG activity was

often negatively correlated with environmental vari-

ables and N cycling. LAP was negatively correlated

with C:N and positively correlated with NH4
?

concentration. PM activity was generally negatively

associated with soil C content and N availability and

cycling, but not related to P availability and cycling.

PD exhibited no significant environmental or process

correlations.

Discussion

The forest nutrient economy

Despite 3 years of experimentally increasing soil pH

(* 1.5 units) and at least doubling readily available

soil P concentrations, nutrient cycling and enzyme

stoichiometry data suggest that these forest soil

microbial communities might persistently exhibit

greater investment in P acquisition relative to N. This

supports initial findings from previous studies from

Table 1 Calculated EEA

vector length and vector

angle by site and treatment

averaged across the five

sampling dates

Model output is for all

factors and interactions

including time (results for

each variable at each

sampling time (season) is

illustrated in Fig. 3). Model

significance is denoted as

NS (not significant),

*(p\ 0.05), **(p\ 0.01),

***(p\ 0.001), and

****(p\ 0.0001)

Treatment Vector length

(mol mol-1)

Vector angle

(degrees)

mean se mean se

Glaciated

Control 1.00 0.06 74.34 1.0

Elevated pH 1.15 0.07 74.43 1.1

Elevated P 1.14 0.07 75.90 0.6

Elevated pH ? P 1.14 0.06 75.15 0.9

Unglaciated

Control 0.72 0.05 77.22 0.6

Elevated pH 0.70 0.05 72.76 1.2

Elevated P 0.81 0.06 72.69 0.9

Elevated pH ? P 0.64 0.05 73.71 1.1

Model DF F p F p

Site 1/4 12.27 * 0.5 NS

Treat 3/60 0.99 NS 1.1 NS

Season 4/234 7.09 **** 0.5 NS

Site 9 treat 3/60 1.11 NS 2.3 NS

Site 9 season 4/234 3.93 *** 1.2 NS

Treat 9 season 12/234 0.64 NS 1.3 NS

Site 9 treat 9 season 12/234 1.82 * 1.1 NS
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this experimental system (DeForest et al. 2012; Kluber

et al. 2012; Shaw and DeForest 2013), but also

provides a temporally rigorous view of underlying

biogeochemistry that reveals complex interactions and

coupling of C, N, and P cycling. P limitation, as

conceptualized by ecoenzymatic stoichiometry theory

(Sinsabaugh and Follstad Shah 2012), might be an

underlying condition that is not realized in above-

ground plant production responses due to soil micro-

bial compensation and a shift from primarily inorganic

to organic P acquisition (Turner 2008); this hypothesis

is supported by reports of soil microbial P limitation in

other eastern deciduous forests (Fiorentino et al. 2003;

Gress et al. 2007; Minick et al. 2011).

Fig. 4 Soil variables and nutrient pool data by treatment in fall

(Fall), winter (Win), spring (Spr), early summer (eSum), and

late summer (lSum) for glaciated (left) and unglaciated (right)

soils. Significant treatment effect on NH4
? pools in the

unglaciated sites are masked by the Y-axis scale but can be

viewed separately in Online Resource 5
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Moreover, our data suggests that this P-focused

nutrient economy is a chronic state. The microbial

communities in our forests apparently have acclimated

to our experimental treatments (Fig. 1); EEA suppres-

sion patterns seen previously (e.g., DeForest et al.

2012; Kluber et al. 2012) were not sustained over time

and P remains in high microbial demand. It is possible

our treatments provided only a transient decrease in

ecosystem P demand or that treatments alleviated

other limits on productivity, such as pH stress or

calcium limitation, and the P availability increase was

offset by concomitant increased P demand. Although

we would expect less consistent patterns due to the

spatial distribution of plant functional groups (Phillips

et al. 2013) or temporal changes in nutrient demand

relative to C quality and stage of litter decomposition

(Moorhead et al. 2013), our observed patterns were

surprisingly consistent (Fig. 2).

Our findings suggest that plant-based metrics of

nutrient economics alone do not provide a complete

picture of nutrient economics at the ecosystem or

landscape level; plant tissue concentrations and ele-

ment ratios might not be context-specific enough to

draw broad conclusions and the temporal scales at

which forest trees respond to fertilization can limit

interpretations. For example, Crowley et al. (2012)

documented regional patterns of foliar chemistry in

relation to N deposition rates to infer patterns of

nutrient limitation, but did not include specific site data

such as soil nutrient status and chemistry or fertiliza-

tion responses. Finzi (2009) similarly examined north-

ern hardwood forest responses to N and P fertilization

to conclude that widespread P limitation is not

apparent. However, the latter study measured above-

ground responses two years after fertilization and

forest tree NPP responses can take a decade or more to

emerge (Pregitzer et al. 2008). Furthermore, although

nutrient limitation is essentially defined as increased

growth or process rates when that nutrient becomes

more available, plant response to nutrient limitation

might not manifest as change in aboveground growth.

A broad study of Canadian Acer saccharum stands

suggests that P is more limiting than N or Ca on acidic

soils, but that P deficiency has not led to decreased

forest health or productivity (Casson et al. 2012). In

contrast, a four-year fertilization experiment at Hub-

bard Brook found conclusive evidence that relative

basal area increment responds positively to P fertiliza-

tion, but that response varied with respect to stand age

and site conditions (Goswami et al. 2018). An assess-

ment of soil microbial metrics, including those mea-

sured here, might augment foliar approaches and

aboveground growth responses because nutrient

demand is examined more directly and microbial

Fig. 5 Ordination of plot data based on EEA per g of soil C

(nmol g C-1 h-1) using principal components analysis.

Component 1 accounts for 58% of the variation and is correlated

with BG (r = - 0.45), DP (r = - 0.50), MP (r = - 0.49),

NAG (r = - 0.46), and LAP (r = - 0.31). Component 2

accounts for 11% of the variation and was correlated with BG

(r = 0.23), PD (r = -0.10), PM (r = - 0.27), NAG

(r = - 0.40), and LAP (r = 0.84). Cut off for inclusion of

environmental variable vectors was r C 0.3 for at least one axis

Table 2 Correlations between environmental, soil chemistry,

and microbial activity variables and principle component (PC)

axes associated with EEA

Variable PC1 PC2

GWC 0.19 0.46

pH 0.11 0.22

Soil C 0.38 0.40

Soil N 0.37 0.49

Soil C:N - 0.01 - 0.39

Soil NH4
? - 0.11 0.59

Soil NO3
- 0.36 0.33

Resin P 0.07 0.03

Net N Mineralization 0.33 0.39

Net P Mineralization - 0.07 0.03

Nitrification 0.33 0.44

Significant correlations with r C 0.3 are shown in bold

GWC gravimetric water content
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communities respond rapidly to changes in nutrient

and substrate availability. Thus, combining perspec-

tives might reveal a more complete and temporally

explicit picture of ecosystem-level nutrient limitation.

General treatment effects

Our elevated pH treatments clearly altered soil pH

(Fig. 4 and Online Resource 4), but had a minimal

effect on nutrient pools and no observed influence on

overall nutrient economics from the microbial demand

perspective (Fig. 2). This response is counter to the

observation that pH exerts a strong control on soil

microbial communities (Fierer and Jackson 2006;

Rousk et al. 2010), soil EEA patterns (Sinsabaugh

et al. 2008), and soil P availability (Walker and Syers

1976). Interpreting these results is complicated, in part,

because our elevated pH treatment is fundamentally a

multi-treatment that increased pH, Ca, and potentially

P availability, although we did not find that our liming

or P treatments altered foliar Ca concentrations after

three years of treatment (unpublished data). Given the

low pH of our soils, we had the biogeochemical

expectation that elevating pHwould increase inorganic

P availability, but we did not observe such an effect in

either of our sites. A similar response to lime addition

was seen in Canadian forests (Gradowski and Thomas

2008). In contrast, 1 year after increasing soil pH by 1

unit with non-lime Ca, Fiorentino et al. (2003) found

that soil resin P increased 2 to tenfold. We found that

elevated pH, particularly in the glaciated sites, actually

reduced resin P relative to controls. We reason that P

demand is so high in our sites that rapid immobilization

masked any effect of elevated pH on inorganic P

availability. Resin P did not increase with elevated pH

even when P availability was also elevated (elevated

pH ? P treatment). This implies either that added Ca

shuttles our P addition into non-resin pools or that these

systems have a large inorganic P demand and therefore

rapid immobilization at higher pH. Our net P miner-

alization and enzyme stoichiometry findings support

the latter dynamic and suggest complex interactions

between nutrient limitation and soil pH and/or Ca

availability. Interpretation of these results would be

greatly improved by incorporating P into microbial

litter decay models (e.g., Moorhead et al. 2012;

Moorhead and Sinsabaugh 2006; Schimel and Wein-

traub 2003).

Elevating P availability increased resin P concen-

trations and reduced P mineralization rates (Fig. 1);

however, these patterns disappeared in the elevated

pH ? P treatment. Furthermore, we saw no effect of

elevated P on other microbial processes or enzyme

stoichiometry, suggesting that N cycling was not

influenced by P availability. We did not demonstrate

a general P effect on phosphatase activity and only a

slight effect on PD activity in some seasons, potentially

due to reduction in demand for less available phosphate

diesters (Turner 2008) under P fertilization. Similar

patterns were observed in a study at Hubbard Brook.

Groffman and Fisk (2011) amended plant-free organic

soil with P and Ca and found that P, but not Ca,

increased resin P and neither treatment influenced

microbial biomass, respiration, C-metabolizing EEA,

potential net N mineralization, or nitrification. They

did find that P addition reduced phosphatase enzyme

activities similar to our previous work (DeForest et al.

2012; Kluber et al. 2012; Shaw and DeForest 2013).

Overall, these results are perplexing as our enzyme

stoichiometry and P mineralization data clearly indi-

cate chronic belowground P demand yet our P addi-

tions had little impact on net nutrient cycling processes

and appeared to be immobilized or made unavailable

under elevated pH. This could be due to the seasonal

aspect of our measurements compared to the single

annual sampling from our initial study (DeForest et al.

2012), but further research from these sites does

suggest that the lack of suppression we observed in

2011 was transient and suppression resumes in the

following years (Deforest et al. 2021).We have no data

to suggest that variations in weather (e.g., cold vs.

warm or dry vs. wet) drove this response. It is possible

that some aspect of microbial/plant acclimation to pH

or multiple nutrient, mineral, or organic interactions

with pH that have not been investigated in fertilization

experiments are driving this pattern and requires

attention in future studies.

We did observe lime-induced net N mineralization,

nitrification, and P mineralization increases 2–3 years

after treatment (Fig. 1). DeForest et al. (2012) demon-

strated similar patterns in these sites after only 1 year,

but only for the unglaciated sites and suggested that it

was associated with a threshold response to exceeding

a treatment pH C 6, a pattern observed in boreal forest

soils (Geisler et al. 1998). Our sites reached that

threshold (Fig. 4c, d) and exhibited a similar response

(Fig. 1a–f). Other studies have made the opposite
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observation where both liming and non-lime Ca

additions decreased N cycling rates (Melvin et al.

2013; Minick et al. 2011; Persson et al. 1995),

suggesting that our observations are either a transient

treatment response or the result of complex N-P

interactions. However, additional research from our

study sites demonstrates that suppression of P-acquir-

ing enzymes activity has persisted after 6 years,

suggesting that some soil microbial responses related

to P cycling are not transient (Deforest et al. in

revision).

Site influences on nutrient economics

Interactions between geology and soil age often give

rise to distinct geographic patterns of nutrient eco-

nomics where P limitation is associated with older,

highly weathered soils (Vitousek and Farrington 1997;

Walker and Syers 1976). Our two study regions are

clearly separated by soil age (glaciated * 15,000

years and unglaciated * 125,000 up to

2,500,000 years) and we expected clear biogeochem-

ical cycling differences associated with lower ambient

pH and greater C and nutrient pools in the glaciated

sites. Instead, we saw only subtle EEA site differences

and enzyme stoichiometry values that suggest high P

demand in both sites (Fig. 2). However, some impor-

tant site differences do emerge. First, enzyme ratio

plots demonstrate site clustering and separation with

glaciated site values shifted more toward C limitation

than unglaciated sites. Enzyme vector lengths confirm

this pattern (Table 1). Because glaciated sites had

twice as much soil C as unglaciated sites, we suggest

this response is due to either soil C quality driving C

dynamics and not quantity, or greater N deposition and

N availability in the glaciated sites, consistent with N

saturation theory (Aber 1992). We also saw site-

dependent clustering in ordinations of controls on

EEA (Fig. 5), as well as seasonal separation within

sites during the period of highest nutrient demand

(early summer). This coincides with the period of

minimum C limitation in the glaciated sites and

maximum N limitation in the unglaciated sites and

could be due to root exudation shifting the primary C

source away from SOM. Overall, our EEA site

patterns and lack of treatment effect did not fol-

low—and sometimes invert—the expected relation-

ships between EEA, SOM content, and pH reported by

Sinsabaugh et al. (2008). However, EEA patterns

(Fig. 2) are consistent with the relative relationship

between C:P acquiring enzymes and mean annual

temperature and C:N acquiring enzymes and mean

annual precipitation observed in that paper, suggesting

climatic controls on background EEA.

Implications for ecosystem C balance and future

directions

Although aboveground plant responses to nutrient

availability have important implications for overall net

ecosystem C balance and storage (Elser et al. 2007),

the function of soil heterotrophs might ultimately play

a disproportionately larger role in controlling net

ecosystem C exchange because extracellular control

of organic matter turnover is a rate-controlling step in

the global C cycle (Sinsabaugh and Follstad Shah

2012). This is particularly true if soil microbes can

alleviate potential nutrient limitation at the primary

producer level. It remains unknown if P, N, or both

(co-limitation (Davidson and Howarth 2007)), or

some other factor limits aboveground NPP in our

experimental system. However, enzyme stoichiometry

data, based on our criteria, consistently suggest

chronic soil P limitation in forests across eastern

Ohio, a pattern supported by P mineralization results

for all treatments (Fig. 1). It is possible that N and P

limitation are highly coupled across plant and micro-

bial guilds, yet this question has not been addressed

specifically and should be a focus of future research.

The relative availability of soil N and P, in conjunction

with plant trait-related differences in litter quality,

influence not only litter decay rates (Bahram et al.

2020; Cornwell et al. 2008; Phillips et al. 2013), but

also net soil C sequestration by altering both the

realized microbial C use efficiency (CUE) at the

physiological level and the composition and function

of the decomposer community. Overall, we predict

that microbial compensation for changes in nutrient

availability comes at a cost of reduced CUE to the

community when decomposers must invest more

energy in litter decomposition to acquire limited

nutrients. The need for such investments is likely to

have consequences for net ecosystem C storage

(Sinsabaugh and Follstad Shah 2012) but such patterns

have not been quantified.

Studies in Hawaiian soils have demonstrated that

plant responses, soil EEA, litter turnover, and micro-

bial responses to C and nutrient additions are
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N-limited (younger soils) or co-limited by N and P

(older soils) (Hobbie and Vitousek 2000; Reed et al.

2010), suggesting that P-limited systems respond to N

with increased NPP. However, Hawaiian soils receive

little N or acid deposition relative to eastern North

America and those results might be a function of

relative N vs. P limitation. A study of hardwood forest

litter decomposition (Rinkes et al. 2013) suggested

only minor P limitation on EEA and only varying

degrees of C and N limitation over time (Moorhead

et al. 2013). Direct comparisons between these

findings and ours should be viewed cautiously since

our study of mineral surface soil lacking organic

horizons addressed different soil components (litter, O

horizon, or mineral) than those studies, which has

implications for process rates and soil chemistry.

Nevertheless, this evidence implies that future work

should consider soil C dynamics in relation to nutrient

co-limitation (with respect to different microbial

functional groups or ecological guilds) and incorpo-

rate both P and N into experimental designs to better

understand coupled N-P cycling in the context of the

metabolic and stoichiometric theories of ecological

systems.

Conclusions

Chronic acid and N deposition has the potential to alter

C and nutrient dynamics in hardwood forests of the

Northeast US. This comprehensive seasonal study of

soil microbial activity in response to experimentally

altered soil pH and P availability provides a theoretical

framework for studying forest nutrient economies.

Our findings suggest nutrient economics can be

dominated by P acquisition when viewed from the

perspective of soil heterotrophs. Thus, soil microbes

might compensate for acidification and increasing N

availability by investing more energy into P relative to

N acquisition. However, soil age and weathering are

not useful predictors of belowground nutrient eco-

nomic status in these forest systems. Three years of

increasing soil pH and P availability has not alleviated

apparent P demand, even though treatment effects on

absolute EEA rates mostly disappeared compared to

previous studies. This suggests our treatments had a

transient effect on microbial enzyme dynamics, P

demand increased, or there are aspects of C-N-P

interactions and microbial decomposition that are yet

to be understood. Regardless, this study offers a

glimpse into the controls on ecosystem nutrient

economics and utilizes a potentially powerful new

enzyme activity analysis tool for understanding soil

microbial resource investment that can inform efforts

to model soil microbial interactions, litter decompo-

sition, and ultimately belowground ecosystem C

turnover and storage (e.g.,Wang et al. 2013).
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