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ABSTRACT

Symbiotic N2-fixing tree species can accelerate

ecosystem N dynamics through decomposition

feedbacks via both direct and indirect pathways.

Direct pathways include the production of readily

decomposed leaf litter and increased N supply to

decomposers, whereas indirect pathways include

increased tissue N and altered detrital dynamics of

non-fixing vegetation. To evaluate the relative

importance of direct and indirect pathways, we

compared 3-year decomposition and N dynamics of

N2-fixing red alder leaf litter (2.34% N) to both

low-N (0.68% N) and high-N (1.21% N) litter of

non-fixing Douglas-fir, and decomposed each litter

source in four forests dominated by either red alder

or Douglas-fir. We also used experimental N fer-

tilization of decomposition plots to assess elevated

N availability as a potential mechanism of N2-fixer

effects on litter mass loss and N dynamics. Direct

effects of N2-fixing red alder on decomposition

occurred primarily as faster N release from red alder

than Douglas-fir litter. Direct increases in N supply

to decomposers via experimental N fertilization did

not stimulate decomposition of either species litter.

Fixed N indirectly influenced detrital dynamics by

increasing Douglas-fir tissue and litter N concen-

trations, which accelerated litter N release without

accelerating mass loss. By increasing soil N, tissue

N, and the rate of N release from litter of non-fix-

ers, we conclude that N2-fixing vegetation can

indirectly foster plant–soil feedbacks that contrib-

ute to the persistence of elevated N availability in

terrestrial ecosystems.

Key words: Alnus rubra; decomposition;

feedback; N fertilization; nitrogen fixation;

Pseudotsuga menziesii.

INTRODUCTION

Symbiotic N2-fixing plants occur in many forest com-

munities, and can be particularly important in shaping

nitrogen (N) dynamics in N-limited ecosystems.

Nitrogen added by symbiotic N2-fixers is typically the

largest natural pathway of N input in many forests

(Cleveland and others 1999), and obligate symbiotic

N2-fixers in particular can substantially increase eco-

system N availability due to lack of down-regulation of

N2-fixation as N accumulates (Menge and others

2009). SymbioticN2-fixers are common both early and

late in succession in many tropical forests, yet are

generally limited to early succession in temperate for-

ests, largely due to competition from non-fixers as

canopies close (Rastetter and others 2001). In strongly

N-limited forests, N fixed in early succession may

nevertheless be strongly retained and recycled by non-

Received 5 March 2012; accepted 21 June 2012;

published online 28 July 2012

Author contributions: SSP and DEH conceived of the study, JJM and

SSP performed research, JJM and SSP analyzed data, and SSP, JJM, and

DEH wrote the paper.

*Corresponding author; e-mail: steven.perakis@oregonstate.edu

Ecosystems (2012) 15: 1182–1193
DOI: 10.1007/s10021-012-9579-2

� 2012 Springer Science+Business Media, LLC (outside the USA)

1182



fixers to sustain ecosystem N availability and net pri-

mary production (Chapin and others 1994).

Nutrient recycling through decomposing detritus

is a key component of biogeochemical feedbacks

that shape long-term forest productivity and eco-

system development. Rates of litter decomposition

and associated N release are often greater for high-

quality litter with low tissue C:N or lignin:N ratio

when compared to low-quality litters (Melillo and

others 1982). Likewise, rapid decomposition and N

release from high-quality litter contributes to

higher soil N availability, greater plant N uptake,

and the production of high-quality and readily-

decomposed N-rich litter with rapid N release,

driving positive feedbacks in ecosystem N cycling

(Gosz 1981). However, evidence for such feedbacks

often derives from studies that compare litter

dynamics among species that vary in both lignin

and N content, but it is less well known how dif-

ferences in litter N alone shape decomposition-

mediated feedbacks within conspecifics. In addi-

tion, it is unclear which portion of the feedback

cycle is most influenced by symbiotic N2-fixing

species where they co-occur with non-fixers.

Both direct and indirect pathways can be

important for understanding how symbiotic N2-

fixing plants influence ecosystem N dynamics and

feedbacks via litter decomposition. Direct pathways

of influence include production of high-quality

litter that decomposes and releases N rapidly

(Valachovic and others 2004), and increased N

availability for decomposers via litter inputs, root

exudates, and low soil N demands (Van Kessel and

others 1994). N2-fixers may also indirectly influ-

ence litter decomposition dynamics by increasing

tissue N content of non-fixers, either via increased

soil N availability or N transfer through common

mycorrhizal networks (He and others 2003). In-

creases in soil N content can enhance N content

and productivity of non-fixers on infertile sites

where N2-fixers and non-fixers co-occur (Binkley

2003; Forrester and others 2007) or where succes-

sion proceeds from N2-fixers to non-fixers (Perakis

and others 2011). Currently, it is unclear whether

direct and indirect pathways are more important

for how N2-fixers shape decomposition and asso-

ciated N dynamics in forest ecosystems (Richards

and others 2010).

Deciduous N2-fixing red alder (Alnus rubra) and

the non-fixing evergreen conifer Douglas-fir

(Pseudotsuga menziesii) are the two most common

early-seral tree species in coastal forests of the Pa-

cific Northwest, USA, and frequently occur as both

mixed and pure stands in both managed and

unmanaged settings (Franklin and Dyrness 1973).

Leaf litter and soil are typically N-rich in N2-fixing

red alder forests (Binkley and others 1992; Scott

and others 2008), but the effects of high N from red

alder on Douglas-fir litter decomposition remain

unclear. We conducted decomposition experiments

using litter from N2-fixing red alder and non-fixing

Douglas-fir, decomposed in replicated stands of

each species, and in conjunction with N fertiliza-

tion, with the objective of assessing the direct ver-

sus indirect effects of this N2-fixing tree species on

conifer litter decomposition, N release, and N cy-

cling feedbacks. We hypothesized for direct effects

that (1) N2-fixing red alder would decompose and

release N faster than non-fixing Douglas-fir and (2)

high-N availability under red alder, evaluated

through experimental N fertilization, would accel-

erate litter decomposition and N release. We

hypothesized for indirect effects that (3) red alder

would increase Douglas-fir tissue N, which would

(4) accelerate Douglas-fir mass loss and N release

during decomposition. Finally, we hypothesized

that (5) interactions between direct and indirect

effects of symbiotic N2-fixation would promote

positive feedbacks in ecosystem N cycling as faster

decomposition and N release from high-N tissues of

red alder and Douglas-fir litter, particularly in N-

rich plots dominated by N2-fixing red alder and

receiving N fertilizer additions.

METHODS

Study Area

Study sites were located in the Alsea and Siuslaw

watersheds of the Oregon Coast Range. This area is

characterized by maritime climate with cool wet

winters and warm dry summers. Annual precipi-

tation averages 1948 mm across our study sites

(range: 1305–2853 mm, period: 1895–2009, PRISM

Climate Group, Oregon State University, http://

www.prismclimate.org), occurring primarily as rain

between October and April. Average annual max-

imum temperature is 17.0�C (range: 15.9–17.6�C)

and average annual minimum temperature is

5.8�C (range: 4.9–6.6�C). Neither precipitation,

maximum temperature, nor minimum tempera-

ture differed among our red alder and Douglas-fir

dominated study sites (t test, all P > 0.71). Soils

are derived from marine-derived sandstone and

basaltic complexes, leading primarily to develop-

ment of andic Inceptisols and Andisols (http://

soils.usda.gov/, Benton and Lane County Soil

Surveys), although we note that the Lane County

Soil Survey covering three of our eight sites has not

yet been revised to include Andisols.
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We set up decomposition experiments in four

stands dominated by red alder and four stands

dominated by Douglas-fir in riparian terrace forests

of second- to fourth-order streams. At red alder

sites, trees ranged from 30 to 60 years in age, with

occasional bigleaf maple (Acer macrophyllum),

Douglas-fir, western red cedar (Thuja plicata), and

western hemlock (Tsuga heterophylla). At Douglas-

fir-dominated sites, trees ranged from 40 to

100 years of age, with occasional western redcedar

and western hemlock, and red alder sometimes

downslope immediately along stream banks. We

established three 5 9 5 m plots in each red alder

site and six 5 9 5 m plots in each Douglas-fir site.

At the start of the field decomposition experiment,

we began fertilizing half of the plots in Douglas-fir

sites monthly for 3 years with N (with half as

ammonium nitrate and half as urea) in quantities

similar to that fixed by red alder in this region (total

150 kg N ha-1 y-1, Binkley and others 1994).

Litter, Forest Floor, and Soil Sampling

We measured litter, forest floor, and surface (0–

10 cm) mineral soil N chemistry in September

2004, 10 months after the start of N fertilization, to

evaluate potential differences in N availability and

other soil characteristics resulting from N fertiliza-

tion and from red alder versus Douglas-fir over-

story composition. Litter was collected using mesh-

lined baskets located directly among study plots in

red alder sites, and adjacent to study plots in

Douglas-fir sites to avoid collection of litter from

fertilized trees. Litter from each site was grouped

into separate Douglas-fir and red alder composite

samples, dried at 65�C for 48 h, ground to fine

powder, and analyzed for total C and N using a

Costech Elemental Combustion System 4010. For-

est floor and mineral soil (0–10 cm depth) were

collected in study plots, dried at 65 and 105�C,

respectively, and analyzed for total C and N as

above. We also sieved fresh subsamples of forest

floor (4.6 mm) and mineral soil (2 mm) prior to

analysis for extractable ammonium (NH4
+) and

nitrate (NO3
-) by KCl extraction, and for potential

net N mineralization during 28-day aerobic labo-

ratory incubations at 60% water holding capacity

and 25�C (Perakis and Kellogg 2007). Extractable

NH4
+ and NO3

- were analyzed colorimetrically by

salicylate and cadmium reduction, respectively, on

a Lachat QuikChem 8000 Flow-Injection Autoan-

alyzer (Lachat Instruments, Milwaukee, WI, USA).

Potential net N mineralization (NH4
+ + NO3

-) and

% nitrification were corrected for initial extractable

N. We also determined mineral soil pH (2 water:1

soil) using an Accumet pH meter (Fisher Scientific,

Hampton, NH, USA). Sample processing, incuba-

tions, and chemical analyses described above were

conducted in the USGS Terrestrial Ecosystems

Laboratory, Corvallis, OR.

Litter Sources for Decomposition

Litter used for decomposition experiments was

collected from nearby plots of red alder and

Douglas-fir in the Oregon Coast Range. We col-

lected Douglas-fir leaf litter from two 30–50-year-

old stands with low-N (0.68% N) and high-N

(1.21% N) foliar concentrations (Table 1) that re-

flect soil N variations across the region (Perakis and

Sinkhorn 2011). We also collected litter from a

single red alder forest with high foliar N (2.34% N)

that is typical of red alder in the Oregon Coast

Range (Scott and others 2008). Litter from all sites

was collected using tarps at the time of peak foliage

abscission in September and October of 2003, air

dried, and held in paper bags for less than 1 month

during litterbag construction.

We constructed 20 9 20 cm litterbags using a

1-mm nylon mesh upper layer and a water per-

meable, non-mesh nylon bottom layer to contain

Douglas-fir needles. Mesh litterbags can exclude

soil fauna, which may bias decomposition rates

either positively or negatively (Prescott 2005), but

we are unable to evaluate this potential bias. We

constructed litterbags by weighing 5 g of air-dry

litter into each litterbag. Air-dry to oven-dry (65�C
for 48 h) mass corrections were determined on

subsamples of each litter. Litterbags were placed in

field plots in November 2003. Three replicated litter

bags were collected from each litter source in each

plot at time zero, 2 weeks, 1 month, 2 months,

4 months, 8 months, 1 year, 1.5 years, 2 years,

and 3 years. Litter was returned to the lab, oven

dried at 65�C for 48 h, and reweighed to determine

mass loss.

Total carbon (C) and N were determined on all

litter samples by elemental combustion at USGS.

Concentrations of Ca, P, Mg, K, and Mn in initial

litter were determined by atomic absorption spec-

trophotometry at the Oregon State University

Central Analytical lab. Lignin, cellulose, and acid-

digestible fiber (ADF) were determined for initial

litter samples using proximate analysis methods

(Goering and Van Soest 1970) at the University of

Alaska, Fairbanks, Soil Laboratory. The Ligno-cel-

lulose index (LCI) was calculated as the ratio of

lignin to combined lignin plus cellulose.
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Calculation of Litter Decomposition Rates

We evaluated decomposition rates with three

models: single-exponential model, double-expo-

nential model, and a novel single-exponential

equivalent integrated model. The conventional

single-exponential model described mass loss in

Douglas-fir and the conventional double-expo-

nential model described mass loss in red alder (see

below). However, parameter values from single-

and double-exponential models cannot be com-

pared directly, so we derived novel single-expo-

nential equivalent rate constants for comparing

Douglas-fir and red alder decompositions.

The single-exponential model assumes a single

homogeneously well-mixed pool with exponential

mass loss (Adair and others 2010):

Wt =Wi ¼ e�kt

where Wi is the initial litter weight, Wt is litter

weight at time t, and k is the decomposition con-

stant. We determined single-exponential decom-

position constants by non-linear regression of the

proportion of initial mass remaining versus time

(SAS Institute inc. 2009), with the y intercept

forced through one (Adair and others 2010). The

single-exponential model was a good fit for mass

loss in Douglas-fir (average R2 = 0.83, range 0.64–

0.96), but not red alder (average R2 = 0.12, range:

0.07–0.18).

The double-exponential model used to estimate

decomposition for red alder accounts for very rapid

initial mass loss followed by slower late-stage mass

loss (Harmon and others 1990). This model as-

sumes that the substrate has two concurrently

decomposing pools, one each with fast and slow

decomposition:

Wt ¼ Wi mfe
�kft þ 1 � mfð Þ e�kst

� �

where mf represents the fraction of initial litter in

the fast (that is, labile) pool, (1 - mf) represents the

slow (that is, resistant) litter fraction ms, and kf and

ks are the decomposition constants of the fast and

slow pools, respectively. We determined double-

exponential model parameters using non-linear

regression (SAS Institute inc. 2009). Attempts to

model Douglas-fir decomposition with a double-

exponential model often collapsed to a single pool,

and are not reported.

A novel single-exponential equivalent decom-

position rate constant (ke), to directly compare

mass loss rates in red alder and Douglas-fir, was

estimated by linearly interpolating mass remaining

between collection points and calculating the total

area below this line. This is a modification of the

approach in Harmon and others (2009), and is

essentially a numerical approximation of the area

under the curve:

A ¼
Z

e�ktdt ¼ �e�kt=k

As mass remaining proceeds to zero, k can be

estimated as the inverse of the area under the

empirical curve:

k ¼ 1=

ZT

0

e�ktdt ¼ 1=A

where T is very large. Rate constants over shorter

time intervals can also be calculated using this ap-

proach, such as our data for 3 years of mass loss:

Z3

0

e�ktdt ¼ �e�kt=kj30 ¼ 1=k� e�k3=k

Measurement of mass loss over shorter intervals,

I, requires adjusting estimates of k by a factor

depending on both k and the area that accounts for

the finite measuring period:

k ¼ 1=

ZI

0

e�ktdt ¼ ð1� e�kIÞ=A

We used numerical approximation by PROC

NLIN in SAS (SAS Institute inc. 2009) to calculate

Table 1. Initial Chemical Composition of Litter Sources Used in Decomposition Experiments

Source litter Nutrients Carbon compounds Integrated measures

N P Ca Mg K Mn C ADF Cellulose Lignin Lignin:N C:N LCI

Red alder 2.34 0.09 0.46 0.18 0.46 0.10 53.0 17.7 8.3 9.3 4.0 22.6 0.62

Low-N Douglas-fir 0.68 0.10 1.42 0.08 0.20 0.59 51.4 49.4 13.0 35.0 51.8 76.1 0.73

High-N Douglas-fir 1.21 0.09 0.70 0.12 0.20 0.16 53.7 51.5 18.4 33.0 27.2 44.2 0.65

All nutrient and C compound values are mass percentages of original litter material (see ‘‘Methods’’ section).
ADF acid-digestible fiber, LCI ligno-cellulose index.
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the area in each successive collection interval by

linearly interpolating between collection points

and calculating the area below this line as

A ¼
XI

i¼1

ðti � ti�1Þ �Mi þ ðti � ti�1Þ � ðMi �Mi�1Þ=2½ �

where i is the litter bag collection point, I = 0, 1,

2,…I; ti is the elapsed time at collection point I; and

Mi is the proportion of initial mass remaining at

collection point i. This integrated measure of

decomposition, referred henceforth as single-

exponential equivalent ke, allows comparison of

decomposition rates despite different (that is, single

vs. double exponential) mass loss patterns.

Statistical Analysis

Our experimental design involved N fertilization

only in Douglas-fir sites and not red alder sites,

which required use of three statistical models to

fully compare across red alder forest, unfertilized

Douglas-fir forest, and fertilized Douglas-fir forest.

We used separate completely randomized split-plot

designs to evaluate 3-year mass remaining and

decomposition rates in red alder versus unfertilized

Douglas-fir forests, and in red alder versus fertilized

Douglas-fir forests. We used a randomized block,

split-plot design to compare 3-year mass remaining

and decomposition rates in unfertilized versus fer-

tilized plots within Douglas-fir forests.

Statistical analysis to examine differences in re-

sponse variables was conducted using ANOVA and

was performed using SAS v 9.2 statistical software

(SAS Institute inc. 2009). Estimate statements were

used to evaluate differences in decomposition rates

of source litters under a common site treatment and

differences in site and fertilization treatment for

common litters. Bonferroni adjustments were ap-

plied to multiple comparisons examining differences

among sources and site treatments for mass loss,

decomposition constants, and N mineralization.

MANOVA was used to jointly model the effects of

design factors on the two decomposition rates esti-

mated in the double-exponential models (SAS Proc

MIXED procedure). Normal probability plots were

examined to evaluate model assumptions. Signifi-

cance levels were set at a<0.05 prior to analyses.

RESULTS

Site N Availability

Red alder forests displayed higher N availability

than unfertilized Douglas-fir forests, as indicated by

significantly higher %N in forest floor, higher

extractable NH4
+ + NO3

- and potential net N min-

eralization in forest floor, and higher percent NO3
-

in forest floor and mineral soil of red alder than

Douglas-fir sites, as well as higher litter %N of

Douglas-fir growing interspersed in red alder sites

than in Douglas-fir sites (Table 2). Ten months after

the start of N fertilization, extractable NH4
+ + NO3

-

and %NO3
- were significantly higher in both forest

floor and mineral soil of fertilized than unfertilized

Douglas-fir forests (Table 2). Fertilization of Doug-

las-fir forests also resulted in significantly greater

extractable NH4
+ + NO3

- in forest floor and mineral

soil than observed under red alder. However, red

alder forests had significantly higher forest floor %N

and potential net N mineralization, and lower forest

floor and mineral soil C:N, than either unfertilized or

fertilized Douglas-fir forests.

Leaf Litter Decomposition

Cumulative mass loss over 3 years generally

occurred in the order: red alder litter > low-N Doug-

las-fir litter > high-N Douglas-fir litter (Figure 1;

Table 3). Across all sites, average mass remaining after

3 years was 45–52% for red alder, 48–64% for low-N

Douglas-fir, and 59–66% for high-N Douglas-fir. Mass

loss was negligible for red alder litter after the first year

in N-fertilized Douglas-fir forest, and between years 2

and 3 in red alder and unfertilized Douglas-fir forest.

In contrast, both low- and high-N Douglas-fir litter

exhibited slow yet steady mass loss during the full

experiment. High-N Douglas-fir litter had significantly

more mass remaining at 3 years than red alder litter in

both red alder and fertilized Douglas-fir forest, but

low-N Douglas-fir litter did not differ from other litters

(Table 4), yet no differences when compared to low-N

Douglas-fir litter. Inunfertilized Douglas-fir sites, there

were no significant differences among litter sources in

mass remaining after 3 years.

The difference in decomposition patterns of

Douglas-fir (single exponential) versus red alder

(double exponential) complicated direct comparison

of decomposition rates between these species, so we

compared their decomposition rates using values of

single-exponential equivalent ke integrated over

3 years (see Methods and Table 3). Integrated sin-

gle-exponential equivalent decomposition rates (ke)

were significantly faster for red alder (0.38–0.50 y-1)

than either low-N (0.24–0.29 y-1) or high-N Douglas-

fir litter (0.20–0.22 y-1) across all plots (Table 4). In

pairwise comparisons among litters, low-N Douglas-fir

litter decomposed significantly faster than high-N litter

in both red alder and unfertilized Douglas-fir forest,

but not in fertilized Douglas-fir forest (Table 4).

Overall ANOVA of ke showed significant interactions

1186 S. S. Perakis and others



between litter source and decomposition site when

comparing rates in red alder plots to unfertilized

Douglas-fir plots (P = 0.002) and fertilized Douglas-fir

plots (P = 0.010). Pairwise comparisons of these

interactions revealed significantly faster decomposi-

tion of red alder litter when decomposed in red alder

forest than when decomposed under Douglas-fir (Ta-

ble 4). In contrast, site of decomposition did not sig-

nificantly affect decomposition rates of low- and high-

N Douglas-fir litter.

To evaluate decomposition dynamics among lit-

ters after the initial flush of mass loss in red alder,

we compared decomposition of the slow pool from

the double-exponential model in red alder to sin-

gle-exponential decomposition rates in Douglas-fir.

In unfertilized Douglas-fir sites, the slow pool of red

alder litter decomposed significantly slower than

low-N Douglas-fir litter (P = 0.006), but not slower

than high-N Douglas-fir litter (P = 0.13). In fertil-

ized Douglas-fir sites, the slow pool of red alder

litter decomposed significantly slower than both

Douglas-fir litter sources (P < 0.003). In red alder

sites, the slow pool of red alder litter decomposed

significantly slower than low-N Douglas-fir litter

(P = 0.006), but not high-N Douglas-fir litter

(P = 0.41).

Leaf Litter C and N Dynamics

Nitrogen dynamics differed markedly among red

alder and Douglas-fir litter sources (Figure 2). Red

alder litter started mineralizing N from the outset of

the experiment, losing 11% of initial N in the first

2 weeks, with 50–59% of initial N remaining after

3 years and no significant differences among plots.

High-N Douglas-fir litter exhibited negligible

change in %N throughout decomposition, ranging

from 96 to 117% of initial N, with no significant

difference among plots. Low-N Douglas-fir litter

exhibited substantial net N immobilization, ranging

from 116 to 176% of initial N after 3 years, with

significantly greater N immobilization in red alder

and fertilized Douglas-fir plots than in unfertilized

Douglas-fir plots (Table 4). Values for C:N of the

three litter sources ranged initially from 23 to 76

(Table 1), with a general trend toward lower values

Table 2. Litter, Forest Floor, and Mineral Soil Characteristics for Each Site

Characteristic Units Red alder Unfertilized

Douglas-fir

Fertilized

Douglas-fir

Litter

Red alder total N % 2.2 ± 0.03 2.1 ± 0.03 n.d.

Red alder total C % 52.0 ± 0.06 52.3 ± 0.28 n.d.

Red alder C:N mass:mass 24.0 ± 0.29 24.4 ± 0.28 n.d.

Douglas-fir total N % 1.3 ± 0.14a 0.8 ± 0.01b n.d.

Douglas-fir total C % 53.2 ± 0.28 53.1 ± 0.08 n.d.

Douglas-fir C:N mass:mass 43.8 ± 3.36a 70.1 ± 0.76b n.d.

Forest floor

Total N % 1.66 ± 0.06a 1.10 ± 0.02b 1.20 ± 0.06b

Total C % 41.9 ± 0.98a 47.9 ± 0.56b 48.3 ± 0.76b

C:N mass:mass 25.8 ± 1.35a 43.8 ± 1.21b 41.1 ± 1.77b

Ext. [NH4
++NO3

-] mg NÆkg forest floor-1 2.85 ± 0.32a 0.31 ± 0.06b 4.14 ± 0.59c

% ext. [NO3
-] % 41.6 ± 2.85a 7.2 ± 2.31b 22.3 ± 1.50c

Net N mineralization mg NÆkg forest floor-1Æ28 days-1 10.28 ± 0.65a 0.98 ± 0.63b 2.21 ± 0.45b

% Nitrification % 74 ± 2.3a 80 ± 23.0b 94 ± 13.9b

Mineral soil

Total N % 0.30 ± 0.02 0.25 ± 0.01 0.32 ± 0.01

Total C % 5.45 ± 0.60 6.24 ± 0.50 9.25 ± 1.05

C:N mass:mass 17.9 ± 0.70a 24.5 ± 0.74b 28.2 ± 1.99b

Ext. [NH4
++NO3

-] mg NÆkg mineral soil-1 0.29 ± 0.03a 0.15 ± 0.04a 0.42 ± 0.08b

% Ext. [NO3
-] % 87.1 ± 2.07a 21.5 ± 1.96b 51.8 ± 3.50c

Net N mineralization mg NÆkg mineral soil-1Æ28 days-1 0.64 ± 0.06 0.64 ± 0.21 0.58 ± 0.09

% Nitrification % 100 ± naa 61 ± 0.07b 59 ± 1.2ab

Bulk density g mineral soilÆcm-3 0.5 5 ± 0.04 0.54 ± 0.01 0.59 ± 0.01

pH 5.3 ± 0.14a 6.4 ± 0.13b 5.8 ± 0.15c

Notes Values are means ± 1 standard error (n = 4). Different letters within rows indicate significant statistical differences (P < 0.05) in comparisons of unfertilized Douglas-
fir, fertilized Douglas-fir, and red alder plots.
n.d. no data.
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after 3 years (C:N range: 19–30), but with signifi-

cant differences in final C:N among litter sources

and treatments. Final C:N of red alder litter was sig-

nificantly lower than either low- or high-N Doug-

las-fir litter after 3 years, yet declined only

modestly from initial C:N = 23 to final C:N = 19, and

did not vary significantly with the site of decom-

position. High-N Douglas-fir litter had significantly

lower final C:N than low-N Douglas-fir litter in both

unfertilized and fertilized Douglas-fir sites, but not in

red alder sites. High-N Douglas-fir C:N fell from initial

C:N = 44 down to 22 under red alder, 26 in unfer-

tilized plots under Douglas-fir, and 23 in fertilized

plots under Douglas-fir. Low-N Douglas-fir litter

showed the most dramatic decrease in C:N over time,

declining from initial C:N = 76 down to 23 in red

alder sites, 30 in unfertilized plots under Douglas-fir,

and 27 in fertilized plots under Douglas-fir.

DISCUSSION

N2-fixation is a keystone process that can influence

the structure and function of terrestrial ecosystems.

Our study met three criteria for considering whe-

ther fixed N has meaningful ecosystem effects

(Vitousek and Walker 1989). First, our sites domi-

nated by non-fixing Douglas-fir were probably N-

limited, displaying foliar N levels (1.2% N, Scott

and others 2008) that fell short of N sufficiency for

this species (1.4% N, Hopmans and Chappell

1994). Second, N2-fixation by red alder increased N

supply, with significantly higher forest floor and

mineral soil %N and net N mineralization in red

alder than Douglas-fir-dominated sites. Third, fixed

N was made available to other organisms, as indi-

cated by significantly higher litter N concentrations

of Douglas-fir growing in red alder-dominated sites

(1.3 vs. 0.8% N). These results demonstrate in-

creased N availability under red alder that is com-

mon in forests across the Pacific Northwest

(Binkley and others 1992; Scott and others 2008).

We also found that red alder increased ecosystem N

availability through both fast-cycling pools (for

example, higher soil extractable inorganic N), and

through longer term cycling pools (for example,

higher forest floor and mineral soil total organic N,

and increased net N mineralization). In contrast,

our experimental N fertilization increased only fast-

cycling pools of soil extractable inorganic N. This

difference highlights potential limitations of using

short-term experimental fertilization to mimic

longer term effects of N2-fixation (Johnson 1992),

yet permits use of fertilization to evaluate how in-

creased inorganic N availability alone shapes

decomposition dynamics without the full suite of

changes in litter quality and associated soil biota

associated with red alder.

We found mixed support for the idea that sym-

biotic N2-fixation would directly influence litter

decomposition and associated N dynamics. Inte-

grated decomposition rate calculations indicated

that red alder decomposed more quickly than

Douglas-fir, similar to other studies comparing

these species (Edmonds 1980; Harmon and others

1990; Cole and others 1995; Fyles and Fyles 1993;

Valachovic and others 2004). Our work extends

this generality across a nearly twofold variation in

initial N content of Douglas-fir litter (0.68–1.21%

N), across variation in the site of decomposition

(red alder vs. Douglas-fir sites), and in response to

Figure 1. Percent of initial litter mass remaining in red

alder (square symbols), low-N Douglas-fir (diamonds),

and high-N Douglas-fir (triangles) litters during 3 years

decomposition in red alder forests (top panel), Douglas-fir

forests (middle panel), and N-fertilized Douglas-fir forests

(bottom panel). Each point is the mean and standard error

of n = 4 sites. Some symbols are larger than error bars.

Statistical information on significant effects of source

litter, decomposition site, and their interactions are pro-

vided in Table 4.
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N fertilization (150 kg N ha-1 y-1). However, the

faster integrated decomposition rate of red alder

largely reflected the temporal pattern of mass loss,

with particularly rapid mass loss in the first

6 months that was likely due to the greater content

of water-soluble material in red alder (15–25% of

initial mass) than Douglas-fir (7–8% of initial mass)

(values from Harmon and others 1990) and lower

lignin content of red alder (9%) compared to

Douglas-fir (33–35%). External N fertilization also

accelerated fast-pool kinetics in red alder as eval-

uated with a two-pool decomposition model, sug-

gesting an additional direct effect of symbiotic N2-

fixation on litter decomposition that is consistent

with N-limitation of early-stage degradation of la-

bile C compounds (Berg and Matzner 1997). In

contrast, the slow pool of red alder often decom-

posed more slowly than Douglas-fir litter, possibly

because high tissue N and low tissue Mn in red

alder inhibited the synthesis of enzymes required

for late-stage lignin degradation (Berg and Matzner

1997; Perakis and others 2012). As a result,

cumulative mass loss in red alder after 3 years was

faster compared only to high-N but not low-N

Douglas-fir litter, and only in high-N plots under

red alder or receiving N fertilization.

High environmental high-N availability did not

accelerate overall decomposition or cumulative

mass loss of either red alder or Douglas-fir litter,

suggesting limited ability of symbiotic N2-fixation

to accelerate detrital N dynamics via direct in-

creases of N to decomposers. Although we did ob-

serve a ‘‘home field advantage’’ (for example,

Ayres and others 2009) of accelerated red alder

litter decomposition in sites dominated by red al-

der, integrated decomposition rates of red alder

were not increased by N fertilization, suggesting

that high N from N2-fixation is not the operative

mechanism. In addition, there is mixed support for

a home field advantage for red alder decomposition

in other studies and mechanisms remain unclear

(Prescott and others 2000; Edmonds and Tuttle

2010). Accelerated photodegradation under red

alder canopies during the leafless season seems

unlikely, because lignin-rich Douglas-fir litter (33–

35%) did not decompose faster under red alder

even though high lignin enhances photodegrada-

tion (Austin and Ballare 2010). It is more likely that

faster decomposition of red alder litter in red alder

sites reflects the specialization of soil biota to the

supply of high-quality red alder litter (Ayres and

others 2009).

Even though direct increases in N supply to

decomposers did not stimulate decomposition rates,

we found that symbiotic N2-fixation did accelerate

N release from decomposing litters via both direct

and indirect pathways. Litter N concentrations in

red alder exceeded Douglas-fir, and Douglas-fir

litter had higher N concentrations when grown in

red alder stands than when grown without red al-

Table 4. Pairwise Comparisons with Means and Standard Errors of Mass Remaining, Single-Exponential
Equivalent Decomposition Constants (ke), % of Initial N Remaining, and C:N after 3 Years for Red Alder, Low-
N Douglas-Fir, and High-N Douglas-fir Source Litters Decomposed in Red Alder, Douglas-fir, and Fertilized
Douglas-fir Sites

Litter properties Red alder sites Douglas-fir sites Fertilized Douglas-fir sites

Mass remaining (%)

Red alder 45 ± 0.8 aA 52 ± 3.2 aA 52 ± 3.4 aA

Low-N Douglas-fir 53 ± 3.1 abAB 48 ± 3.1 aA 64 ± 0.8 abB

High-N Douglas-fir 63 ± 3.5 bA 59 ± 1.9 aA 66 ± 3.8 bA

Decomposition constant ke (y-1)

Red alder 0.50 ± 0.02 aA 0.38 ± 0.03 aB 0.40 ± 0.03 aB

Low-N Douglas-fir 0.29 ± 0.01 bA 0.29 ± 0.01 bA 0.24 ± 0.01 bA

High-N Douglas-fir 0.20 ± 0.02 cA 0.22 ± 0.02 cA 0.21 ± 0.02 bA

Initial N remaining (%)

Red alder 50 ± 1.6 aA 58 ± 4.7 aA 59 ± 1.6 aA

Low-N Douglas-fir 153 ± 6.6 bA 117 ± 8.1 bB 176 ± 8.3 bA

High-N Douglas-fir 102 ± 3.6 cA 96 ± 1.0 bA 117 ± 7.0 cA

C:N

Red alder 17.9 ± 0.22 aA 19.2 ± 0.29 aA 18.8 ± 0.94 aA

Low-N Douglas-fir 23.3 ± 0.64 bA 30.0 ± 0.68 bB 26.7 ± 1.09 bC

High-N Douglas-fir 22.4 ± 0.40 bA 25.9 ± 0.63 cB 23.5 ± 0.59 cAB

Significant differences among litter sources within a site are denoted with different lower case letters. Significant differences among sites within a litter source are denoted with
different upper case letters. Significant differences determined after Bonferroni correction with P £ 0.05.
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der. As expected, litter with higher N released N

more rapidly during decomposition (for example,

Prescott and others 1993a; Moore and others

2011), and the rapid initial N loss from decom-

posing red alder litter in particular provided a siz-

able N flux. Red alder litter mineralized N from the

onset of decomposition, losing 11% of initial N

within only 2 weeks. For red alder litter with 2.2%

N (Table 1) and average litterfall production of

5217 kg ha-1 y-1 in pure stands (Zavitkovski and

Newton 1971), we estimate that roughly 13 kg N ha-1

is released in the initial 2 weeks of red alder litter

decomposition. This rapid N release is substantially

less than total annual N2-fixation by red alder in the

Oregon Coast Range (�150 kg N ha-1 y-1, Binkley

and others 1994), but is a large fraction of surface

soil N mineralization rates (8–82 kg N ha-1 y-1)

and N uptake rates (20–34 kg N ha-1 y-1) in young

Douglas-fir forests (Perakis and Sinkhorn 2011).

Because most red alder litterfall occurs in autumn,

the rapid N release that we observed from decom-

posing red alder litter may also contribute to high

autumnal dissolved N fluxes in red alder-dominated

watersheds (Wigington and others 1998; Compton

and others 2003).

Our findings suggest that symbiotic N2-fixing veg-

etation can alter development of C:N feedbacks in

terrestrial ecosystems. High-N conditions are thought

to promote positive feedback in N cycling, whereby

high-N availability leads to high plant N uptake, high

productivity, and the production of high-N litter

which decomposes quickly and releases N rapidly

(Gosz 1981). We found that even though red alder

increased tissue N in Douglas-fir, it did not lead to

faster Douglas-fir litter decomposition (for example,

Prescott 1994), but did accelerate litter N release.

Taken together, these results suggest that N from

symbiotic N2-fixers need not alter decomposition

Figure 2. Percent of initial litter mass remaining in red

alder (square symbols), low-N Douglas-fir (diamonds),

and high-N Douglas-fir (triangles) litters during 3 years

decomposition in red alder forests (top panel), Douglas-fir

forests (middle panel), and N-fertilized Douglas-fir forests

(bottom panel). Each point is the mean and standard error

of n = 4 sites. Some symbols are larger than error bars.

Statistical information on significant effects of source

litter, decomposition site, and their interactions are pro-

vided in Table 4.

Figure 3. Conceptual model showing positive feedbacks

in plant–soil–microbial N cycling through non-N2-fixing

vegetation, driven by N inputs from symbiotic N2-fixing

vegetation (adapted from Gosz 1981). Open arrows de-

note expected feedback based on N-limitation of litter

decomposition derived from non-N2-fixing vegetation.

Solid arrow highlights a short-circuit in decomposition-

mediated feedback identified in the current study,

whereby high litter N accelerates litter N release without

changes in decomposition rate.
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rates of non-fixers to maintain high-N availability

through detrital N cycling feedbacks (gray line in

Figure 3). It is possible that feedbacks of N cycling in

Douglas-fir forests may respond more strongly to

variation in site N fertility resulting from legacies of

symbiotic N2-fixing red alder (Perakis and Sinkhorn

2011) than to N supplied by inorganic N fertilization,

as the latter increases biomass production more than

long-term soil N availability (Prescott and others

1993b; Chappell and others 1999). Along a soil age

gradient in Hawai’i, N fertilization of N-limited trop-

ical forest also increased litter N, but failed to increase

decomposition rate and litter N release, whereas P

fertilization of P-limited forest did promote positive P

cycling feedbacks (Vitousek 2004). Analogous N cy-

cling feedbacks are unlikely in red alder forests be-

cause of an apparent obligate reliance of alder on

fixed N (Scott and others 2008), but such feedbacks

may be possible in facultative species of symbiotic N2-

fixers that exploit high soil N availability to increase

enzymatic access to soil nutrients such as P that limit

N2-fixation (Houlton and others 2008). Fertilization

experiments indicate that P can limit red alder

growth and foliar P concentration (Brown and

Courtin 2003), as well as litter decomposition and P

recycling (Compton and Cole 2001). Positive plant–

soil feedbacks of non-N nutrients could therefore

increase N availability by stimulating symbiotic N2-

fixation, which in turn may promote N cycling

feedbacks in co-occurring non-fixers.

In summary, our study suggests that symbiotic

N2-fixing vegetation in forests can influence litter

decomposition and N dynamics through both direct

and indirect pathways, with indirect pathways

allowing feedbacks to occur through non-fixers.

The most striking direct effect of N2-fixing red alder

in our study occurred as faster N release when

compared to Douglas-fir litter, which coupled with

high rates of N2-fixation, greatly increases soil N

availability in red alder forests. However, high-N

availability from red alder did not directly acceler-

ate litter decomposition in either species, confirmed

by lack of decomposition response to experimental

N fertilization. Instead, high-N availability under

red alder leads primarily to indirect effects of in-

creased tissue and litter N in co-occurring non-

fixing Douglas-fir, which has negligible effects on

Douglas-fir litter decomposition, but stimulates

litter N release. In this way, N2-fixing vegetation

can foster feedbacks to high-N availability in ter-

restrial ecosystems via both direct and indirect

pathways where N2-fixers and non-fixers co-occur.

Where disturbance cycles periodically favor colo-

nization by N2-fixing plants that increase soil N

pools (Perakis and others 2011), feedbacks through

indirect pathways may also contribute to the long-

term persistence of elevated N availability long after

N2-fixers are replaced by non-fixing vegetation.
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