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Abstract Despite increasing recognition that free

amino acids can be an important source of N for plant

uptake, we have a poor understanding of environ-

mental variation in the availability of amino-acid N in

soils outside of arctic, alpine and boreal regions. I

investigated patterns of amino-acid availability along

a temperate forest fertility gradient ranging from low

mineral N availability, oak-dominated forests to high

mineral N availability, maple-basswood forests (5

sites). I measured standing pools of free amino acids,

soluble peptides, ammonium and nitrate, rates of

amino acid production (native proteolysis activity)

and rates of consumption of a 15N-labeled leucine

tracer. Standing pools of amino acid N decreased

consistently along the fertility gradient from the low

fertility black oak/white oak system to the high

fertility sugar maple/basswood system, with a 25-fold

difference in pool sizes between the poorest and

richest sites. Standing pools of soluble peptides

varied little among sites, instead, the relationship

between free amino acids and peptides changed

markedly across the gradient. At low fertility sites

free amino acids were positively correlated with

soluble peptides, whereas free amino acid pools were

universally low at high fertility sites, regardless of

peptide pools. Assays for native proteolysis activity

indicated that amino acid production did not vary

significantly among sites. Recovery of leucine tracer

in inorganic (NH4
? and NO3

-) pools and in residual

soil organic matter both increased with increasing

soil fertility; however, total consumption of the added

amino-acid tracer did not vary among sites. Results

from this study demonstrate that free amino acids can

make an important contribution to potentially plant-

available N pools in temperate forest soils, particu-

larly at low fertility sites.
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Introduction

The traditional view of nitrogen (N) cycling in

terrestrial ecosystems has focused almost exclusively

on the production, consumption, and loss of inorganic

N. Plants have been widely assumed to be unable to

acquire organic N and to be poor competitors for

inorganic N relative to soil microorganisms. As a

result, only amounts of ammonium (NH4
?) and

nitrate (NO3
-) in excess of microbial demand were

thought to be available for plant uptake, and the net

production of inorganic N in the absence of live roots

(net N mineralization) was considered an adequate

metric of plant available N (reviewed by Schimel and

Bennett 2004). Over the last 10–15 years a new
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paradigm of terrestrial N cycling has begun to emerge

which recognizes the potential for plants to acquire N

from organic sources (Chapin et al. 1993; Lipson and

Näsholm 2001; Schimel and Bennett 2004). In

particular, a series of studies have documented that

plants can take up free amino acids at rates that equal

or exceed those for inorganic forms of N (e.g. Chapin

et al. 1993; Kielland 1994; Raab et al. 1996, 1999;

Näsholm et al. 1998). Decades of study of soil N

cycling processes have resulted in well-developed

conceptual models for understanding how plant–soil–

microorganism feedbacks drive environmental varia-

tion in inorganic N availability (Hobbie 1992; Aerts

and Chapin 2000). In contrast, we are just beginning

to describe environmental variation in amino acid

availability, and conceptual models describing amino

acid N availability remain largely untested.

Early attempts to incorporate organic N cycling

into conceptual models of terrestrial N cycling have

viewed amino acids as making substantial contribu-

tions to plant-available pools of N only in soils from

very low fertility sites (Aber and Melillo 2001;

Schimel and Bennett 2004). Both Aber and Melillo

(2001) and Schimel and Bennett (2004) propose

versions of a general model in which the dominant

form of plant-available N shifts from amino acids to

NH4
? to NO3

- along a low to high N availability

gradient (Fig. 1). The mechanistic basis for this

model rests primarily on microbial demand for N

relative to overall N status of the ecosystem: in very

N-poor soils microorganisms incorporate amino acid

N into biomass rather than mineralizing it, at

intermediate N status mineralization ensues but

competition for NH4
? is strong enough to prevent

net nitrification, and in the most N-rich soils compe-

tition for NH4
? is low enough to support substantial

net nitrification (Schimel and Bennett 2004).

While this model fits well with existing data on soil

amino acid availability, it is also clear that most of the

intensive studies of amino acid availability and plant

uptake have been conducted in arctic, boreal and

alpine ecosystems (e.g. Chapin et al. 1993; Kielland

1994; Näsholm et al. 1998; Lipson et al. 2001; Jones

and Kielland 2002; McFarland et al. 2002; Weintraub

and Schimel 2005; Kielland et al. 2007) where N

mineralization is constrained by cold temperatures. In

contrast, very little attention has been given to amino

acid cycling in temperate regions where N minerali-

zation is limited by soil mineralogy, disturbance

regime and litter quality. In one notable exception,

Finzi and Berthrong (2005) quantified potassium-

chloride extractable pools of free amino acids, NH4
?

and NO3
- from soils of two low-fertility and one high-

fertility deciduous forest in Connecticut, USA. Their

results were generally consistent with the model of

shifting dominance from organic to inorganic forms;

however, they did find that free amino acid N remained

an important component of available N pools at the N-

rich site (23%).

In order to advance our knowledge of amino acid

cycling in temperate forest ecosystems we also need to

understand underlying mechanisms controlling the

availability of these molecules in soil. A priori, we

know that availability of free amino acids is likely to

result from the balance between productive processes

(proteolysis, exudation by roots and microbes, and

leaching of amino acids from organic materials) and

consumptive processes (i.e. assimilation by microor-

ganisms and plants, mineralization by microorganisms,

and sorption to soil colloids). The depolymerization of

proteins and peptides by extracellular proteolytic

enzymes is thought to be the most important process

by which free amino acids are produced in soil (Lipson

and Näsholm 2001; Schimel and Bennett 2004). Jones

(1999) has argued strongly that rapid microbial con-

sumption and/or mineralization of free amino acids are a

dominant force keeping soil solution concentrations

Fig. 1 Hypothesized shifts in the dominant form of available

N along a hypothetical gradient of N availability. Adapted from

Aber and Melillo (2001) and Schimel and Bennet (2004)
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low, and, along with several colleagues, has demon-

strated substantial potential for microbial

biodegradation of amino acids in a variety of soils

(Jones 1999; Jones and Hodge 1999; Jones and Kielland

2002; Jones et al. 2005).

We have almost no data on either the composition or

seasonal variability of free amino acid pools in temper-

ate forest soils. Variability in amino acid composition

among ecosystems could have important implications

for plant utilization of this N form, as different amino

acid species are not all equally suitable for either plant

uptake or microbial metabolism. Glycine, in particular

is thought to be not well utilized by microorganisms, but

highly suitable as a source of N for plants (Lipson et al.

1999; Raab et al. 1999). Finally, an understanding of any

seasonal variations in amino acid availability is essential

to evaluate their potential to serve as a source of plant-

available N in temperate forest ecosystems. To add to

our understanding of organic N cycling in temperate

forests, I investigated the production, consumption and

availability of free amino acids in soils across a well-

studied landscape fertility gradient in northern Lower

Michigan, USA. This gradient ranges from oak-domi-

nated forests on coarse, sandy outwash deposits to

maple-basswood forests on finer-textured morainal

landforms. I used this system to address the following

questions:

1. Do standing pools of free amino acids decrease

from low to high fertility sites?

2. Does the composition of free amino acids change

across the fertility gradient?

3. What are the seasonal patterns of free amino acid

availability, and do they differ across the fertility

gradient?

4. Does the dominant form of plant-available N

shift from amino acids to NH4
? to NO3

- with

increasing fertility?

5. To what degree do productive versus consump-

tive processes explain spatial patterns in free

amino acid pools?

Materials and methods

Site selection and characterization

I studied soil amino acid dynamics along a five-site

fertility gradient in the Manistee National Forest in

northwestern Lower Michigan, USA. The five study

sites were selected from a pool of 56 forest stands

originally described as part of an ecosystem classifi-

cation study conducted in the mid 1980s (Host et al.

1988). Upland forest ecosystems of this area were

classified into nine ecosystem types using an integrated

multifactor approach incorporating glacial landform,

soils, overstory vegetation and ground flora indicator

species. Numerous follow-on studies demonstrated

that these ecosystem types varied systematically in

inorganic N cycling and productivity with oak-dom-

inated forests on coarse sands exhibiting low N

mineralization with negligible NO3
- production,

maple-oak forests on finer-textured soils exhibiting

rapid N mineralization with little NO3
- production,

and maple-basswood stands on finer-textured soils

exhibiting rapid N cycling with high NO3
- production

(Zak et al. 1986, 1989; Holmes and Zak 1994, 1999).

This gradient appears to be representative of associa-

tions between soil properties, species composition,

inorganic N availability, and productivity throughout

the Upper Midwest (Pastor et al. 1984; Reich et al.

1997; Morris and Boerner 1998). The five stands for

this study were selected systematically from the pool of

56 original stands in order to span the range of soil,

vegetation and inorganic N cycling rates described in

previous studies (Table 1).

In late March 2005, I selected study areas within each

stand on areas of uniform terrain, with no evidence of

recent disturbance, and as far as possible from roads or

vegetative or physiographic boundaries. Within each

study area, I located a 100-m 9 40-m rectangular plot

which was used both for initial site characterization and

all subsequent soil sampling. All trees[5-cm diameter

in each plot were inventoried for species identity and

diameter at breast height (DBH). On April 24, 2005 I

collected five soil cores (5.08 cm diameter 9 15 cm

depth) per plot, with one core located randomly within

each 20-m interval along the long axis of the plot. These

samples were used for initial soil characterization

including: soil pH (CaCl2), total carbon (C) and N

(Carlo Erba NA 1500 elemental analyzer), potential N

mineralization and nitrification (28-days lab incubation)

and microbial biomass (chloroform-fumigation extrac-

tion). Additional soil samples were collected with a

bucket augur to a depth of 2 m at two points within each

plot, and these samples were used for particle size

analysis. Silt and clay content were determined using the

Bouyocous hydrometer method and the fine sand
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fraction (50–250 lm) was determined by dry sieving.

Finally, five 0.37 m2 littertraps were placed at stratified

random points in each stand and leaf litterfall collected

every 2 weeks from August 15 through December 1 in

both 2005 and 2006. Characteristics of soil and vege-

tation for all five study sites are summarized in Table 1.

Soil soluble N pools

In order to characterize seasonal and landscape

variability in the size and composition of available

N pools, I conducted monthly measurements of

soluble peptides, free amino acids, NH4
? and NO3

-

at all five sites throughout the 2005 growing season.

Five soil cores (5.08 cm diameter 9 15 cm depth)

were collected from stratified random points in each

plot on April 24, May 23, June 27, July 27, August 21

and September 25, 2005. Cores were immediately

packed on ice for transport to the laboratory where

they were kept refrigerated prior to processing.

Laboratory processing was blocked by site in order

to avoid confounding effects of handling delays and

all extractions were completed within 24 h of

collection. Each core was passed through a 4-mm

sieve to remove rocks, roots and other debris and then

homogenized. Eighteen-gram subsamples of fresh

soil were weighed into 50-ml polypropylene centri-

fuge tubes to which 30 ml of 4 mM CaCl2 was added.

I chose a dilute CaCl2 solution in order to best

approximate the fraction of labile N that could enter

soil solution in situ (Zsolnay 2003). Tubes with CaCl2
plus soil were shaken on an end-over-end shaker for

10 min, centrifuged at 182 g for 5 min and the

supernatant passed through a 0.4 lm polycarbonate

filter and frozen until analysis.

I used a modification of the o-phthaldialdehyde

(OPA) and b-mercaptoethanol (bME) derivation

method of Jones et al. (2002) to determine total free

amino acids in CaCl2 extracts. This method has been

shown to have a lower detection limit and fewer

interferences than the traditional ninhydrin assay

(Jones et al. 2002). One hundred microliter subsam-

ples of each extract were pipetted into 3 wells of a

black 96-well microplate. Each plate also contained a

standard curve (in triplicate) of 5, 2, 1, 0.4 0.2 and

0 lM glycine in 0.4 mM CaCl2. Two wells for each

Table 1 Landform, soil,

vegetation and ecosystem

characteristics of the five

study sites

a 0–15 cm depth
b 50–100 cm depth
c Potential, net rates from

aerobic lab incubations,

2 M KCl
d CHCl3-fumigation

extraction, correction

factor = 0.45

Site 1 Site 2 Site 3 Site 4 Site 5

Location

North latitude 44.24 44.28 44.19 44.25 44.23

West longitude 85.94 85.90 85.67 85.76 85.74

Vegetation characteristics

Stand age (2005) 74 85 83 104 97

Stand basal area (m2/ha) 21.2 29.7 32.6 33.5 36.1

% Oak (Q. rubra, Q. velutina, Q. alba) 99 83 54 15 0

% Maple (A. saccharum, A. rubrum) 0 17 46 41 66

% Basswood 0 0 0 19 22

Leaf litterfall (g/m2) 313 444 533 509 491

Leaf litterfall N (g/m2) 2.4 3.1 4.6 4.5 4.7

Leaf litterfall C:N ratio 67 65 53 48 45

Soil characteristics

Bulk density (g/cm3)a 1.16 1.06 1.17 1.01 1.08

Soil pH (CaCl2)a 4.4 4.2 4.2 4.5 5.0

Silt ? clay content (%)b 2.5 5.5 5.0 5.0 8.5

Fine sand content (%)b 28 22 36 39 47

Soil N (mg/g)a 0.86 0.71 0.61 0.97 2.04

Soil C:N ratioa 23.3 25.3 20.6 18.6 14.5

N mineralization (lg N g-1 day-1)a,c 0.61 0.70 0.60 1.04 1.32

Nitrification (lg N g-1 day-1)a,c 0.01 0.01 0.04 0.16 1.10

Microbial biomass C (ug/g)a,d 400 580 671 1,037 1,169
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sample or standard received 100 ll of a derivation

solution containing 20 lM OPA and 1 mM bME in

0.2 M potassium tetraborate buffer (pH 9.3), while

the remaining well served as a negative control and

received 100 ll of buffer alone. After a 1-h incuba-

tion fluorescence was read on a FLUOstar OPTIMA

microplate reader (BMG LABTECH Inc., Durham,

NC) set at 355 nm excitation and 440 nm emission

wavelengths.

In order to validate the accuracy of the OPA–bME

derivation method, as well as to compare amino acid

composition among sites, subsamples of 37 CaCl2
extracts (i.e. 12 from April 2005 ? 25 from July

2005) were sent to the Macromolecular Structure

Facility at Michigan State University for high-

performance liquid chromatography (HPLC) analy-

sis. There 1 ml subsamples were dried in a speed-vac

concentrator and then brought up in 50 ll of 20 mM

HCl. Twenty microliter of the concentrated sample

was then derivatized with 6-Aminoquinolyl-N-hy-

droxysuccinimidyl carbamate and run on a

3.9 mm 9 150 mm Nova-Pak C18 column using a

Nova-Pak C18 guard column. Amino acid derivatives

were detected in a Waters model 247 fluorescence

detector with an excitation wavelength of 250 nm

and an emission wavelength of 395 nm. Twelve of

the April, 2005 samples spanning the range of

observed concentrations, plus all of the July, 2005

samples, were analyzed by HPLC. I compared HPLC

measures of free amino acids and OPA–bME estimates

using simple linear regression and found excellent

agreement (OPA–bME Concentration (mM) =

1.235 * HPLC Concentration (mM) ? 1.481; r2 =

0.866; P \ 0.001). The positive intercept and slope

[1 suggest that the OPA–bME overestimates amino

acid concentration relative to HPLC, and is likely

explained by two factors: (1) some overestimation of

actual free amino acids by the OPA–bME method due

to limited reactivity with other compounds in soil

extracts (e.g. peptides, NH4
?, humic acids; Jones et al.

2002), and (2) some underestimation of actual free

amino acids by HPLC where less common amino acids

occurred at or below the detection limit (50 pM in final

solution). In addition to method validation, HPLC data

from the July sample date were used to compare the

composition of soluble amino acids among sites.

Total amino acid content of each CaCl2 extract

was determined by first acid hydrolyzing a 1 ml

aliquot (6 N HCl, 120�C; Paul and Williams 2005)

and then analyzing the resulting solution for free

amino acids using the OPA–bME procedure

described above. Soluble peptides were then deter-

mined as the difference between total amino acids

(hydrolyzed subsample) and free amino acids (unhy-

drolyzed subsample). I used an average ratio of

1.4 mole N per mole of amino acids to convert free

amino acid concentrations to N concentrations. This

ratio was calculated using chemical formulae for

individual amino acids and molar composition of

extractable amino acid pools (HPLC analysis above)

averaged across all sites. Ammonium and NO3
- in

CaCl2 extracts were quantified using automated

colorimetry on a Flow Solution IV (OI Analytical,

College Station, TX). Soluble N concentrations were

converted to an area basis using bulk density

measures from each replicate core.

Amino acid fluxes

I used laboratory assays of native proteolysis activity in

order to quantify the capacity for soils from all five sites

to contribute free amino acids to the soluble N pool.

This assay measures the accumulation of free amino

acids produced by proteolytic enzymes acting on

native soil peptides. Native proteolysis assays were

conducted on the May, July and September sampling

dates in 2005, and again on August, 2006 in conjunc-

tion with the amino acid consumption assay (see

below). Two-gram subsamples of homogenized fresh

soil were weighed into 15-ml polypropylene centrifuge

tubes to which 10 ml of 50 mM sodium acetate buffer

and 0.4 ml of toluene was added to inhibit microbial

uptake of amino acids (Watanabe and Hayano 1995).

Two separate batches of acetate buffer were used in

order to match differences in soil pH among sites: pH

4.25 for Sites 1–4 and pH 5 for Site 5. At the May and

July sample dates in 2005 these slurries were incubated

for 12 h at 20�C on an end-over-end shaker. At that

point, 2 ml of trichloroacetic acid solution (0.11 M

trichloroacetic acid; 0.22 M sodium acetate; 0.33 M

acetic acid) was added to terminate the reaction, tubes

were spun, filtered and extracts analyzed for free amino

acids as described above. Rates of amino acid produc-

tion were calculated as the difference between

incubated and unincubated subsamples. Due to con-

cerns that rates of amino acid production might be non-

linear over a 12-h incubation, on the September sample

date, I incubated subsamples for 0, 2, 4, 8 and 12 h.
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Some samples showed saturation of amino acid

accumulation curves beginning at the 8 h point;

therefore, the slope from 0 to 4 h was used to calculate

production rates at this sample date. A single point, 4-h

incubation was used at the August 2006 sample date in

order to ensure that sampling was done within the

linear range. An additional 4-h incubation was per-

formed at the August, 2006 sample date to estimate

potential proteolysis activity. All assay conditions and

analyses were the same except that the buffer solutions

also contained 0.6% casein in order to alleviate any

substrate limitations to proteolysis activity.

Potential amino acid consumption was assayed by

adding a 15N-labeled leucine tracer to soils and

tracking the flow of tracer into dissolved inorganic N

(NH4
? ? NO3

-; DIN), dissolved organic N (DON)

microbial N (MN) and soil organic N (SON) following

a 4-h incubation. Leucine was selected as a tracer

because it is neutral, non-polar and has been shown to

be readily metabolized by soil microorganisms (Lipson

et al. 1999) and less strongly sorbed by soil solids

compared to amino acids with a positive charge

(Gonod et al. 2006). Thus I reasoned that differences

in 15N-leucine consumption among sites should pri-

marily reflect differences in microbial demand and

activity rather than differences in pH or surface-charge

characteristics of the various soils. Five cores per plot

were collected in the afternoon of August 14, 2006 and

transported on ice to Michigan State University where

they were processed the following morning. Initial

processing was as described above for monthly sam-

pling in 2005. Twelve-gram subsamples of each soil

were weighed into 50 ml polypropylene centrifuge

tubes and then injected with 1 ml of a 29 lg leucine–N/

ml solution (98 atom.% 15N). Labeling solutions were

injected into the soil in five 0.2-ml aliquots, with

solution dispensed evenly as the needle was removed

from the soil. Soil samples were incubated at 20�C for

4 h after which I utilized a sequential extraction

procedure (Holmes et al. 2003) to quantify tracer 15N in

DIN, DON, MN, and SON.

Ammonium, NO3
- and DON were extracted in the

first step in which 25 ml of 0.5 M K2SO4 was added

to each tube. The vials were capped and shaken for

20 min on an end-over-end rotisserie shaker, and then

centrifuged at 182 g for 15 min. This was repeated

with a second 25-ml aliquot of K2SO4 and the two

supernatants combined in a 60-ml syringe equipped

with a 0.4 lm filter apparatus. Microbial cells and

particulate matter were trapped on the filter, which

was placed back in the original vial of soil. After

removal of inorganic N, tubes containing soils ? fil-

ters were fumigated with chloroform (CHCl3) for

5 days to liberate microbial-incorporated 15N. Fumi-

gated soils ? filters were extracted twice with 0.5 M

K2SO4 as described above and soil remaining in the

vials was dried at 65�C and pulverized in a ball mill

for analysis of residual N.

Extracts of unfumigated soil were analyzed for

NH4
? and NO3

- using the Flow Solution IV

autoanalyzer and then NH4
? was diffused onto acid

traps for 15N analysis following the methods of Hart

et al. (1994). Following NH4
? diffusion, Devarda’s

alloy was added to diffuse NO3
- onto acid traps via

reduction to NH4
?. After diffusion of NH4

? and

NO3
-, DON in a 15 ml subsample of the unfumi-

gated soil extracts was converted to NO3
- by alkaline

persulfate digestion (Cabrera and Beare 1993). DON

digests and digests of fumigated soil extracts were

analyzed for NO3
- using the Alpkem autoanalyzer

and NO3
- diffused onto acid traps for 15N analysis.

Subsamples of pulverized residual soil were analyzed

for total N concentration on a Carlo-Erba NA 1500

elemental analyzer (Carlo-Erba, Milan, Italy). Acid

traps and additional subsamples of pulverized resid-

ual soil were folded into tin capsules and analyzed for

atom.% 15N on a Europa Scientific Tracermass mass

spectrometer at the Center for Stable Isotope Bio-

geochemistry, University of California, Berkeley.

Microbial 15N was estimated simply as the amount

of 15N excess recovered in the 2nd K2SO4 extract

following CHCl3 fumigation. I did not apply a

correction factor to quantify microbial biomass per

se (Brookes et al. 1985), because of concern that no

single correction factor could be applied to soils from

sites that vary strongly in texture, chemistry and

organic matter quality.

Data analysis

I analyzed standing pools of free amino acids, soluble

peptides, NH4
? and NO3

- using two-way analysis of

variance (ANOVA) with site (5 levels) and sampling

date (6 levels) as main effects. Abundance of

individual amino acids, native and potential protease

activity, and 15N tracer recovery were analyzed using

one-way ANOVA with site as the main effect. In

cases where there was a main effect of site or date on
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a parameter with P B 0.1, I then used trend contrast

analysis to examine patterns of change across the

landscape-fertility gradient. I used trend contrast

analysis rather than typical pairwise comparisons

because I was more interested in patterns of change in

individual parameters across the gradient than in

differences among individual sites. In this case I was

interested in the direction of change (increasing or

decreasing) as well as the pattern of change (linear,

quadratic, cubic). Because the fertility gradient

encompasses variation in multiple ecosystem param-

eters (Table 1), I made the simplifying assumption

for trend contrast analysis of equal intervals between

sites. I used simple linear regression to analyze the

relationship between pools of free amino acids and

soluble peptides across dates, within each site. Values

for standing pools of free amino acids, NH4
? and

NO3
- were log-transformed for statistical analyses.

All statistical analyses were performed using SY-

STAT for personal computers. Statistical significance

was accepted at a = 0.05.

Results

Soil soluble N pools

Changes in standing pools of CaCl2-extractable N

forms across the gradient conformed well to theoretical

predictions of shifting relative abundance from amino

acids to NH4
? to NO3

- with increasing fertility

(compare Fig. 1 vs. Fig. 2). Averaged across all

sample dates, free amino acid N made up 39%, 31%,

17%, 8% and 2% of the potentially plant-available N

forms in Sites 1, 2, 3, 4 and 5 respectively. There was a

significant main effect of site on free amino acid pools

(P \ 0.001), as well as a significant linear trend of

decreasing amino acid N from low to high fertility sites

(P \ 0.001). Differences in standing pools of free

amino acids were quite large, with Site 1 having 25

times the pool size of Site 5 (averaged across seasons).

There were also significant main-effects of site on

standing pools of NH4
? (P \ 0.001) and NO3

-

(P \ 0.001). Although changes in NH4
? pools across

the gradient conformed visually to the hump-shaped

pattern predicted by theory (Fig. 1), the quadratic trend

was not statistically significant (P = 0.105). The

pattern of NO3
- pool size across the gradient was the

exact opposite of that for free amino acids, increasing

linearly from low to high fertility (P \ 0.001).

I also observed strong seasonal variation in poten-

tially plant-available N pools (Fig. 2) such that

sampling date was a statistically-significant main effect

for free amino acids (P \ 0.001), NH4
? (P \ 0.001)

and NO3
- (P \ 0.001). Whereas free amino acid

concentrations appeared to decrease from spring to

summer to autumn, the overall trend was not statistically

significant (P = 0.120; linear contrast). Contributing to

this was a nearly-significant site by sampling date

interaction (P = 0.079), whereby the seasonal decline

in free amino acid pools was greater at low fertility sites

then at high fertility sites. For example, from April

through September, free amino acid N declined from

136 to 33 mg/m2 at Site 1 compared to a decline from 4

to 2 mg/m2 at Site 5. Across all sites, extractable NH4
?

pools were generally greater in the late summer and

autumn compared to spring and early summer, resulting

in a significant linear trend (P = 0.021) and a nearly-

significant quadratic trend (P = 0.061). Extractable

NO3
- pools also tended to increase through the growing

Fig. 2 Standing pools of CaCl2-extractable N forms sampled monthly across the landscape fertility gradient in 2005. Free amino

acid N is presented in panel a, NH4
?–N in panel b, and NO3

-–N in panel c. Individual bars represent the mean of 5 replicates ±1 SE
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season although the linear trend was not statistically

significant (P = 0.054).

There were significant main effects of site

(P = 0.017) and sampling date (P = 0.006) on

soluble peptides; however, there were no significant

overall trends across sites (P = 0.171; linear) or

across dates (P = 0.610; linear). The significant main

effect of site appeared to be driven largely by lower

pools of soluble peptides at the most fertile site (Site

5), with very little difference among the other four

sites (Fig. 3). Because soluble peptides are the

substrate from which free amino acids are produced

through the action of proteolytic enzymes, I also

investigated the relationship between soluble peptides

and free amino acids in 4 mM CaCl2 extracts. Pooled

across all sites and sampling dates free amino acid

concentrations increased with increasing soluble

peptide concentration, although soluble peptide pool

size explained little of the variation in free amino

acid pools (r2 = 0.249; P \ 0.001; Fig. 4a). How-

ever, when examined on a site by site basis, it is clear

that the nature of the relationship changed markedly,

and systematically, among sites along the gradient

(Fig. 4b–f). At the lowest fertility site, free amino

acid pools were the most strongly correlated with

soluble peptide pools (r2 = 0.469). Moving up along

the fertility gradient the relationship between free

amino acids and soluble peptides weakened to Sites 4

and 5 where free amino acid pools were universally

low, despite wide variation in soluble peptide pools.

On the July sample date. About 16 individual

amino acids were present in quantities sufficient for

comparison among sites: alanine (Ala), arginine

(Arg), asparagine (Asn), aspartate (Asp), glutamine

(Gln), glutamate (Glu), glycine (Gly), histidine (His),

isoleucine (Ile), leucine (Leu), lysine (Lys), methio-

nine (Met), phenylalanine (Phe), serine (Ser),

tyrosine (Tyr) and valine (Val) (Fig. 5). Ala, Asn,

Gln, Glu, Gly and Ser were the most abundant

individual amino acids, comprising 76% (mole basis)

of total free amino acids averaged across all five sites.

At this one sample date, I observed systematic

variation in amino acid composition across sites,

with some notable trends across the fertility gradient.

Arg, Asp, Glu, Gly and Lys all showed significant

declines in relative abundance from low to high

fertility, whereas Ile and Met both increased in

relative abundance (Fig. 5). Some of the trends in

relative abundance of amino acids across the gradient

appeared to be associated with their side chain

properties. In general, amino acids with acidic or

basic side chains (Arg, Asp, Glu, His, Lys) declined

in relative abundance with increasing fertility,

whereas amino acids with neutral and non-polar side

chains tended to increase in relative abundance. A

notable exception to this generalization was the non-

polar amino acid glycine which declined markedly in

relative abundance from low to high fertility (Fig. 5).

Amino acid fluxes

In contrast to standing pools of free amino acids which

declined markedly along the gradient, I could find no

apparent pattern of amino acid production among sites

as measured by laboratory assays of native proteolysis

activity (Fig. 6). In 2005 there was no significant effect

of site on proteolysis activity (P = 0.338); however, I

did observe a significant main effect of sample date

(P \ 0.001) with rates in July and September being

consistently lower than rates in May. Note that this

pattern cannot be explained by differences in incuba-

tion length among dates since the May and July

samples were both conducted with 12-h incubations.

At a single sample date in 2006, native proteolysis

activity appeared to be slightly higher in Sites 1 and 2

(Fig. 6); however, the main effect of site was not

statistically significant (P = 0.106). Potential

Fig. 3 Standing pools of soluble peptides sampled monthly

across the landscape fertility gradient in 2005. Individual bars

represent the mean of 5 replicates ±1 SE
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proteolysis activities measured in protein-amended

soil slurries was remarkably uniform across sites (site

effect P = 0.549).

The 15N leucine-labeling experiment demonstrated

differences among sites along the gradient in the fate of

added leucine (Fig. 7). Total recovery of leucine-15N

tracer in all pools combined (NH4
?, NO3

-, DON, MN

and SON) averaged 97% with no significant differ-

ences among sites (P = 0.689). Recovery of tracer 15N

in the DON pool, presumably dominated by un-

transformed label, was high (grand mean = 37%)

with no apparent effect of site (P = 0.687). There was

a marginally significant main effect of site on tracer

recovery in the DIN pool (P = 0.090) and a significant

Fig. 4 Pools of soluble free

amino acids regressed

against those of soluble

peptides for all sites

together (a), Site 1 (b), Site

2 (c), Site 3 (d), Site 4 (e)

and Site 5 (f). Data points

are for individual samples

and lines and statistics are

for best-fit linear

regressions (n = 150 for

panel a; n = 30 for panels

b–f)

Fig. 5 Free amino acid composition across the landscape

fertility gradient at the July 2005 sample date. Values represent

the mean percentage contribution of each amino acid to the

total for that sample on a molar basis (±1 SE). Individual bars

represent the mean of 5 replicates ±1 SE. Significance levels

for the main effect of site on each amino acids mole % are

noted as follows: NS P [ 0.1, �P \ 0.1, *P \ 0.05,

**P \ 0.01, ***P \ 0.001. For Site 5, Asp and Glu levels

were below the detection limit (50 pM)
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linear trend of increasing recovery with increasing site

fertility (P = 0.017). Chloroform-labile MN had the

second highest recovery (grand mean 30%), with site

means suggestive of a decline across the gradient;

however, the main effect of site was not statistically

significant (P = 0.211). Recovery of 15N-tracer in the

SON pool exhibited the most obvious change across

the gradient with a significant main effect of site

(P = 0.001) and a marked linear increase with

increasing site fertility (P \ 0.001).Total microbial

biodegradation of 15N leucine (DIN Recovery ? MN

Recovery) was relatively constant across sites

(P = 0.661; data not shown). Finally, I calculated

total removal of leucine label as the sum of recoveries

in DIN, MN and SON, which should represent all of the

leucine that was removed from the free amino acid

pools through microbial and sorptive processes. Total

removal also had site means suggestive of an increase

across the gradient; however, the effect of site was not

statistically significant (P = 0.184; data not shown).

Discussion

As ecologists have sought to incorporate plant-uptake

of free amino acids into models of terrestrial ecosys-

tem N cycling, the working hypothesis has been that

free amino acid contributions to plant N nutrition

should be greatest at low fertility sites (Aber and

Melillo 2001; Schimel and Bennett 2004). However,

empirical data on soil amino acid availability has

been strongly weighted towards arctic, boreal and

alpine systems where organic N stocks are high and N

mineralization is constrained by low temperatures

(e.g. Chapin et al. 1993; Kielland 1994, 1995;

Näsholm et al. 1998; Lipson et al. 2001; Jones and

Kielland 2002; McFarland et al. 2002; Nordin et al.

2001; Weintraub and Schimel 2005). Relatively little

work has been done investigating free amino acid

Fig. 6 Rates of free amino acid production as measured by

laboratory assays of proteolysis activity across the gradient.

Native proteolysis activities were sampled at three times during

2005, whereas native and potential proteolysis activities were

sampled once in August, 2006. Individual bars represent the

mean of 5 replicates ±1 SE

Fig. 7 Percentage recovery

of 15N label following a 4-h

laboratory incubation of

soils amended with

98 atom.% 15N leucine.

Values represent percentage

of initial label recovered in

extractable DON,

chloroform-labile microbial

N (MN), extractable NH4
?

and NO3
- (DIN) and

residual soil organic N

(SON). Sites 1, 2, 3, 4 and 5

are presented in panels a, b,

c, d, and e, respectively.

Individual bars represent

the mean of 5

replicates ±1 SE
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contributions to plant-available N pools across fertil-

ity gradients in temperate regions where feedbacks

between soil properties and plant litter quality are

thought to drive variability in N mineralization (but

see Finzi and Berthrong 2005; Berthrong and Finzi

2006). Results from this study provide strong empir-

ical evidence that free amino acids make diminishing

contributions to pools of potentially plant-available N

across a temperate forest fertility gradient. In fact,

patterns of amino acid-, NH4
?- and NO3

-–N avail-

ability almost perfectly matched the theoretical

predictions of Schimel and Bennett (2004) and Aber

and Melillo (2001), with free amino acid pools

highest at low fertility, NH4
? pools highest at

intermediate fertility and NO3
- pools highest at high

fertility (Figs. 1, 2). These results clearly show that

that there is a pool of free amino acids available for

plant uptake in these low fertility temperate forests,

and that standing pools diminish rapidly as site

fertility increases.

Interestingly, although Schimel and Bennett

(2004; Fig. 2 therein) argued only for shifting

relative dominance of N forms from amino acids to

NH4
? to NO3

-, I found that free amino acids pools

declined in absolute terms as well (Fig. 2a). In a

similar comparison of soluble N pools along a boreal

forest productivity gradient, Nordin et al. (2001)

found a slight decrease in soluble amino acids, but

large increases in NH4
? and NO3

-. These results

contrast to some degree with those of Finzi and

Berthrong (2005) who found no change in absolute

amino acid pools among three temperate deciduous

forests in Connecticut, but a decline in the relative

contribution of free amino acids from ca. 44% in low

fertility sites to 23% in a high fertility site. These

differences may be explained by the fact that Finzi

and Berthrong extracted soils in 2 M KCl which

likely liberates pools of free amino acids not

extracted by water (Nordin et al. 2001) or 4 mM

CaCl2 (this study).

In addition to spatial variation along the landscape

fertility gradient, I also observed seasonal variability

in free amino acid pools within sites, in particular a

large decrease from early spring to summer in the low

fertility sites. Other researchers have noted a similar

decline in free amino acid concentrations from spring

to summer in both arctic tundra (Weintraub and

Schimel 2005) and a young sub-boreal forest in

Wisconsin (Johnson and Pregitzer 2007). In both

studies the authors attributed the decline in free

amino acid pools to increased N demand by plants

and microorganisms in the heart of the growing

season, which is consistent with my results where the

transition from high to low pool sizes generally

coincides with timing of canopy leaf out in these

deciduous forests.

While there were some differences in the compo-

sition of free amino acids in soils across the gradient,

six amino acids tended to dominate across a wide

range of sites: alanine, asparagine, glutamine, gluta-

mate, glycine and serine (Fig. 5). These amino acids

are all frequently found at high concentrations in soil

extracts across a wide variety of ecosystems

(reviewed by Lipson and Näsholm 2001). In exam-

ining the compositional changes of the free amino

acid pool across the gradient, the greater relative

contribution of glycine at low fertility is of particular

note. Glycine is the most common amino acid used in

plant uptake studies (e.g. Raab et al. 1996; Schimel

and Chapin 1996; Näsholm et al. 1998; Finzi and

Berthrong 2005) and is thought to be particularly

important as a N source for plants because of its low

molecular weight, low C:N ratio, relatively rapid

diffusion rates in soil and the fact that it is not well

utilized by soil microorganisms (Lipson et al. 1999;

Raab et al. 1999). Thus the high molar fraction of

glycine at low fertility sites, suggests that the

potential contribution of amino acids to plant nutri-

tion may be even greater than that indicated by total

amino acid pools alone. However, compositional

differences among sites need to be viewed with a

healthy dose of skepticism because these data reflect

sampling at a single point in time—I cannot say if

these compositional patterns would persist or change

over a full growing season.

Whereas it is clear that there is a strong pattern in

free amino acid pools across this gradient, it is less

clear what underlying mechanisms drive this pattern.

The depolymerization of proteins and peptides by

extracellular proteolytic enzymes is thought to be the

most important process by which free amino acids are

produced in soil (Lipson and Näsholm 2001). Rates

of proteolysis in soil depend on the availability of

substrate (soluble peptides) and on the abundance and

activity of proteolytic enzymes. Overall, I found little

or no effect of site on either component of proteol-

ysis. There was a significant main effect of site on

pools of soluble peptides (Fig. 3); however, this was
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driven almost entirely by lower values at Site 5, with

no apparent pattern among Sites 1–4. Furthermore,

although values were low at Site 5, the scale of

change in soluble peptides was slight compared to the

huge change in free amino acids (e.g. there was a 25-

fold difference in free amino acids between Site 1 and

Site 5, but only a 2-fold difference in soluble

peptides). This lack of a trend in soluble peptides

was mirrored in native proteolysis rates which also

did not vary among sites, at any sample date (Fig. 6).

Similarly, when I amended soil slurries with a protein

substrate, I found remarkable uniformity among sites

in potential proteolysis rates indicating no difference

in the abundance/activity of extracellular proteolytic

enzymes. Thus all available evidence, including

reasonably high peptide substrate and high native

and potential proteolytic activity, indicates that free

amino acids are being produced in the fertile sites at

rates comparable to those in infertile sites.

The 15N-leucine labeling experiment was designed

to experimentally test the hypothesis that potential

microbial degradation of amino acids increases along

the gradient from low to high fertility. Supporting this

hypothesis, I observed a significant increase in the

proportion of leucine-15N that was mineralized to

NH4
? and NO3

- across the gradient (Fig. 7). How-

ever, this was balanced by a non-significant pattern of

decreasing assimilation into microbial biomass with

increasing fertility (Fig. 7) such that total microbial

consumption of leucine–N did not vary among sites

(P = 0.661). Contrasting trends for mineralization

versus immobilization of tracer 15N are consistent

with the observations of Finzi and Berthrong (2005),

who found greater mineralization of a 15N-glycine

tracer at their high-fertility sites and greater immo-

bilization at their low-fertility site. One notable

difference is that they observed much lower recovery

of 15N in the DON pool (*5% after 15 min), perhaps

due to the fact that they added tracer at much lower

concentrations than did I (0.25 lg N/g vs. 2.4 lg N/

g). In contrast, my results are consistent with those of

several other studies using 14C-labeled amino acids

which have also observed significant tracer recovery

in the soluble organic fraction after 1–6 h (Jones

1999; Jones and Kielland 2002; Gonod et al. 2006).

In particular, my observation of *60% removal of
15N tracer from the DON pool after 4 h is quite

consistent with results of Gonod et al. (2006) who

estimated that it took 3 h for 50% of their added

leucine (at 0.8 lg N/g) to be removed from the

soluble organic fraction.

Surprisingly, the one place I observed a consistent

increase in 15N recovery across the gradient was in

the residual soil pool, with more than a 3-fold

increase from Site 1 to 5. It is possible that increasing

recovery of 15N in the residual soil pool across the

gradient reflects increasing potential for sorption of

amino acids onto the soil solid phase. However, we

know that some of this 15N, perhaps the great

majority, must be associated with microbial cells

because typically only about half of the N contained

in microbial biomass is rendered extractable by

CHCl3 fumigation (Brookes et al. 1985; Jenkinson

1988). Furthermore, it has been shown that leucine is

not as readily sorbed to soil solids as positively-

charged amino acids and that sorption does not

compete strongly with microorganisms for this amino

acid in particular (Gonod et al. 2006). Given these

uncertainties, it is impossible to partition the strong

increase I observed in residual soil 15N recoveries

into microbial versus sorptive components. Regard-

less of the particular mechanisms at work, total

consumptive potential of these soils (DIN ? MN ? -

SON) had site means suggestive of an increase across

the gradient, increasing from *55% at Site 1 to

*70% at Site 5; however, the effect of site was not

statistically significant due to high within-site vari-

ability. Thus assays of amino acid fluxes conducted in

the laboratory were consistent in showing little

change in the potential for production or consumption

of free amino acids across the gradient.

How then to reconcile the marked changes in pool

sizes across this gradient with the relatively consis-

tent flux rates? One possibility is simply that

laboratory assays conducted on disturbed soils do

not accurately reflect in situ dynamics of amino acid

production and consumption. Certainly, sieving and

wetting of soils and the concomitant exposure of

organic matter may have elevated microbial activity

(e.g. Franzluebbers 1999) in both proteolysis and
15N-leucine experiments, potentially masking any in

situ differences in these processes. Sieving and

homogenizing soils would also have masked any

differences in microsite processes that Schimel and

Bennett (2004) argue are a key driver of N dynamics

in soils. In this case, higher standing pools at low

fertility sites may not result from greater overall rates

of production or lower overall consumption, but,
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rather from greater uncoupling of sites of production

from sites of consumption. A final possibility is that I

may have underestimated true rates of amino acid

production at low fertility sites by focusing solely on

depolymerization of peptides, and excluding leaching

of amino acids from organic residues. Because soil

organic matter at the low fertility sites is composed of

a large portion of particulate organic matter, fine

roots and fungal hyphae (personal observation),

leaching of this material following wetting of the

soil may make a greater contribution to free amino

acid pools than at high fertility sites where highly

decomposed, humic material dominates. Free amino

acids from these sources would have been captured

by the 4 mM CaCl2 extracts, but not by the native

proteolysis assays.

Implications for N cycling in temperate forests

Results from this study clearly demonstrate that free

amino acids can make an important contribution to

plant-available N pools in temperate forest soils, with

amino-acid N pools even exceeding inorganic N

pools early in the growing season at low fertility sites

(Fig. 2). This finding, together with recent results

from the eastern US (Finzi and Berthrong 2005),

suggests that we need to expand our thinking on the

nature of N cycling in temperate forest ecosystems.

Previous work on this and other landscape fertility

gradients in the Upper Lake States has focused solely

on inorganic N availability (Pastor et al. 1984; Zak

et al. 1986, 1989; Reich et al. 1997), demonstrating

increasing availability of NH4
? and NO3

- from low

to high fertility sites. My results suggest that focusing

solely on inorganic N may underestimate actual plant

N availability and N cycling rates in low-fertility

sites. When free amino acids are included as a

component of plant-available N, then the apparent

increase in N availability across the gradient is

moderated relative to consideration of inorganic N

alone (Fig. 2).

It is also important to consider the changes in plant

species composition that go along with changes in

amino acid availability across this gradient. In

particular, note that low-fertility sites with high

amino acid availability are dominated by tree species

forming ectomycorrhizal (EM) associations (e.g.

Quercus spp.; Table 1), whereas, arbuscular-mycor-

rhizal (AM) tree species (Acer saccharum, Tilia

americana) dominate the richer sites with low amino

acid availability. This difference in plant species

composition also occurs in the study of Finzi and

Berthrong (2005) where systems dominated by EM

tree taxa (Pinus, Tsuga, Quercus and Fagus) exhib-

ited both greater amino acid availability and greater

fine-root amino acid uptake relative to mineral forms

of N. Similarly, Högberg et al. (2007) showed that

EM fungal biomarker fatty acids declined markedly

along a boreal forest gradient where amino acids

pools decline and mineral N pools increase from low

to high fertility (Nordin et al. 2001). Ectomycorrhizal

fungi are thought to be particularly important in

facilitating plant acquisition of N from organic N

sources through their production of proteolytic

enzymes (Abuzinadah and Read 1986; Finlay et al.

1992; Buee et al. 2007), suggesting that the impor-

tance of organic N uptake across this gradient may

also depend on tree species composition and/or

mycorrhizal association.
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