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Abstract
Bitterbrush (Purshia tridentata) and mahala mat (Ceanothus prostratus) are common N-fixing shrubs in interior forests of the western United

States, yet their contribution to ecosystem N pools is poorly characterized. We compared N fixation and soil N accretion by these shrubs in old-

growth ponderosa pine (Pinus ponderosa)–Jeffrey pine (Pinus jeffreyi) stands versus stands that had been harvested 50 years earlier. No differences

(a = 0.10) in cover, biomass, or percent N derived from fixation by bitterbrush or mahala mat were found between harvested and uncut stands.

Approximately 46% of bitterbrush N was derived from symbiotic N fixation as measured by the 15N natural abundance method. No accurate

measure of percent N derived from fixation was attained for mahala mat using this technique due to the absence of a well-matched reference plant.

Estimates of total N fixation rates in both stand types were 0.2 kg ha�1 year�1 for bitterbrush and 0.3 kg ha�1 year�1 or less for mahala mat. No

appreciable soil N accretion resulted due to the presence of bitterbrush or mahala mat in either stand type. Nitrogen addition by these shrubs,

although small, accounts for 10–60% of annual N input in these dry forest ecosystems.
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1. Introduction

Maintaining site nutrient capital is a tenet of sustainable

forestry. This holds particular relevance in many ponderosa

pine forests on the east side of the Cascade Range and the Sierra

Nevada Mountains in California (hereafter, eastside pine

forests), where vegetation growth is limited by low annual

precipitation. Nutrient pools in these forests are considerably

lower than in more mesic forests of the western United States

(e.g. Little and Shainsky, 1995; Page-Dumroese and Jurgensen,

2006). Thus, nutrient losses during logging or fire result in

proportionally larger reductions to the total pool size of these

infertile ecosystems. As an example, volatilization loss of N

during wildfire can exceed 800 kg ha�1 in eastside forests

(Grier, 1975), or approximately 25% of the total ecosystem N in

some stands (Little and Shainsky, 1995). Even the popular
* Corresponding author. Tel.: +1 530 226 2530; fax: +1 530 226 5091.

E-mail address: mbusse@fs.fed.us (M.D. Busse).

0378-1127/$ – see front matter # 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.foreco.2007.03.040
management practice of prescribed burning to reduce unwanted

fuel buildup and overstocking can release 50–400 kg N ha�1 in

eastside pine forests (Shea, 1993; Caldwell et al., 2002).

Nitrogen loss associated with logging varies considerably

depending on harvest intensity. For example, clear-cut

harvesting and removal of whole trees may remove between

100 and 200 kg N ha�1 from these forests (Little and Shainsky,

1995).

Symbiotic N fixation by actinorhizal shrubs is an important

mechanism to offset N losses from logging and fire

disturbances (Jurgensen et al., 1997; Johnson and Curtis,

2001). For example, snowbrush (Ceanothus velutinus) fixes

between 4 and 75 kg N ha�1 annually in eastside pine and

mixed-conifer forests (Youngberg and Wollum, 1976; Busse,

2000). Site factors, such as overstory density, shrub cover, shrub

age, length of growing season, and annual precipitation,

contribute to the large range of reported N fixation rates.

However, even at its lowest N fixation rate of 4 kg ha�1 year�1,

snowbrush can replace most disturbance-caused N losses

within a 100-year rotation.
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Other actinorhizal shrubs in addition to snowbrush are

common in eastside forests. Bitterbrush (Purshia tridentata) is

a highly-valued species for wildlife browse (Guenther et al.,

1993), and is distributed across more than 100 million hectares

of forest and range lands in the interior west of North America

(Hormay, 1943). Limited information shows that bitterbrush

responds well to logging disturbance, preferring open stands

with minimal forest floor cover for seedling establishment

(Edgerton, 1983; Busse and Riegel, 2005). Mahala mat

(Ceanothus prostratus) is also common in eastside forests,

and its mat-like growth form is considered valuable for

reducing soil erosion (Conard et al., 1985). How mahala mat

responds to logging disturbance is unknown, although

resilience is suggested given its growth form, large root system

with multiple taproots, and ability to tolerate other disturbances

such as prescribed fire (G.M. Riegel, unpublished data).

Knowledge of bitterbrush and mahala mat and their

contribution to N budgets in eastside forests is surprisingly

incomplete given their importance to these systems. Both

Dalton and Zobel (1977) and Busse (2000) measured N fixation

rates by bitterbrush in ponderosa pine forests of central Oregon

as less than 1 kg N ha�1 year�1. They attributed the low rates to

either poor nodulation resulting from restrictive soil tempera-

ture and moisture (Dalton and Zobel, 1977), or slow growth rate

and thus low N demands by the host plant (Busse, 2000).

Whether this low rate is common throughout bitterbrush’s wide

geographic and climatic range is unknown. Presently, no

estimates of N fixation rates have been reported for mahala mat.

A long-term study of eastside pine forests was established at

Blacks Mountain Experimental Forest (BMEF) in northeastern

California between 1938 and 1947. The study compared the

effects of harvest intensity (0, 16, 54, 74, and 95% volume

removal of trees larger than 29 cm in diameter) on resulting

stand structure and growth. No additional management or major

disturbance has occurred since the initial entry. Findings

indicated that post-harvest tree growth was greatest for the 74%

removal treatment and that in-growth of small diameter trees

was high in all treatments (Dolph et al., 1995). Regardless of

overstory condition, both bitterbrush and mahala mat are found

throughout BMEF (Oliver, 2000).

The objectives of our study were to: (1) quantify N fixation

and soil N accretion by bitterbrush and mahala mat at the

BMEF study site, (2) determine the long-term effects of old-

growth harvesting on the distribution and biomass of these two

N-fixing shrubs, and (3) test the hypothesis that the rapid

growth of pine regeneration following harvesting would limit N

fixation and soil N accretion due to competition for site

resources. At question was whether N fixation by bitterbrush

and mahala mat offsets or surpasses N losses from the

harvesting of old-growth pine.

2. Materials and methods

2.1. Study area and treatment design

The study was located at BMEF (lat. 408400N, long.

1218100W), about 60 km northwest of Susanville, CA on the
eastern slope of the southern Cascade Range. The forest is an

eastside pine type (Society of American Foresters Forest Cover

Type 237; Barrett et al., 1980) and has an overstory dominated

by mixed-age ponderosa pine and Jeffrey pine (Youngblood

et al., 2004). The climate is continental with cold, wet winters

and warm summers with occasional thundershowers. Mean

annual precipitation is about 50 cm, primarily in the form of

winter snow (Oliver, 2000). The soil is a loamy-skeletal, mixed,

mesic Typic Argixeroll, about 1 m deep above basalt bedrock.

Mineral soil properties in the surface 0–15 cm include:

46 g kg�1 organic matter content, 0.9 g kg�1 total N, pH 6.9,

and <10% clay content. Understory vegetation is 5–10% cover

of perennial grasses and forbs and 10–15% shrub cover (Oliver,

2000).

We selected two treatments in the long-term harvesting

study (74% removal and 0% removal) to test the cumulative

effect of harvesting on bitterbrush and mahala mat distribution,

coverage, and N-fixation. Three replicate plots (8.2 ha) of each

treatment were arranged in a randomized complete block

design. The 74% volume-removal treatment was typical of

‘‘heavy selection’’ harvesting on national forests that favored

cutting of large-diameter trees. Basal area was reduced by

harvesting from 24.7 to 10.5 m2 ha�1, and stand density

declined from 281 to 205 trees ha�1 (Dolph et al., 1995).

2.2. Plant cover, biomass, and age

Canopy cover of bitterbrush and mahala mat was determined

within three randomly-selected subplots (0.05 ha) per plot.

Length and width of each plant (to the nearest 1 cm) were

measured, and coverage was estimated assuming a rectangular-

shaped canopy. Total cover was calculated as the sum of the

canopy sizes of all individual plants within the subplots.

Predictive equations of shrub biomass and age were developed

to avoid unwanted destructive sampling within the subplots.

Twenty-eight bitterbrush and 54 mahala mat plants, spanning

all size classes, were measured for canopy length and width,

and then excavated for above- and below-ground (roots

>0.4 cm diameter) dry weight determination. Plant age was

determined on all excavated samples by counting annual rings

at ground level. Annual rings were counted on all tap roots of

individual mahala mat, and the oldest tap root was used as the

estimate of plant age. Linear regression analysis (SAS, 2000)

was used to produce the predictive equations of biomass and

age as a function of canopy size. Total biomass within each

subplot was calculated as the sum of individual plant estimates

as derived from the regression equations.

2.3. Quantification of N fixation

Few actinorhizal shrubs obtain their N solely from N fixation

(Boddey et al., 2000). Nitrogen from the atmosphere and from

soil solution are complementary sources whose proportional

use by N-fixing plants depends on host-plant physiology,

microsymbiont efficiency and environmental constraints, such

as site fertility. Therefore, the percentage of N derived from the

atmosphere (%Ndfa) must be quantified when assessing N



Table 1

Cover and biomass of bitterbrush and mahala mat 50 years after harvesting old-

growth ponderosa pine at Blacks Mountain Experimental Forest

Shrub Treatment Cover (%) Biomass (kg ha�1)

Bitterbrush Harvested 6.4 (3.4) 724 (403)

Unharvested 8.3 (3.3) 856 (384)

Mahala mat Harvested 14.4 (3.8) 1968 (550)

Unharvested 13.3 (5.3) 1588 (671)

Values in parentheses are S.E. (n = 3).
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fixation. We used the natural abundance method (Shearer and

Kohl, 1993) to determine %Ndfa by bitterbrush and mahala

mat. This method capitalizes on inherent differences between

atmospheric d15N (0% by definition) and plant d15N to

determine %Ndfa. Plants that meet all of their N demands from

fixation have a d15N signature of 0%, whereas those plants that

fail to obtain any of their N from the atmosphere have d15N

signatures equal to a non-fixing reference plant. Plants that

obtain 50% Ndfa have d15N signatures at the mid-point

between 0% and the d15N of a reference plant.

Foliage from five bitterbrush, mahala mat, and manzanita

(Arctostaphylos patula) plants was collected from each subplot,

for a total of 90 samples of each species (5 samples � 3

subplots � 3 reps � 2 treatments). Manzanita was selected as

the non-N-fixing reference plant based on its similar root

distribution and N uptake pattern as bitterbrush (Busse, 2000).

No other plants were sampled since manzanita was the only

non-N-fixing shrub found throughout the study area. Five

clusters of adjacent bitterbrush, mahala mat, and manzanita

were sampled within the subplots to account for anticipated

spatial variation in 15N natural abundance across treatment

plots (Sutherland et al., 1991). Foliage was clipped from

current-year growth in November 1995 and analyzed for d15N

(15N/14N relative to atmospheric 15N/14N) and N concentration

by mass spectrometry on duplicate samples at the Stable

Isotope Research Unit, Oregon State University.

The need for a well-matched reference plant to estimate N

fixation is minimized in soils with low 15N variability in the

rooting profile (Boddey et al., 2000). In such ‘‘homogeneous’’

soils, plants have access to similar 15N abundance regardless of

any differences in rooting depth or architecture between N-

fixing and non-N-fixing plants. To test the variation in 15N

abundance with rooting depth, composite soil samples were

collected from each harvested and unharvested plot at 0–18;

18–36; 36–54; 54–72 cm depths and analyzed for d15N by

Isotope Services, Inc., Los Alamos, New Mexico.

Nitrogen derived from fixation (%Ndfa) was calculated by

the equation:

%Ndfa ¼
�
½d15Nr � d15Na�

d15Nr

�
� 100 (1)

where d15Nr is the per mil 15N natural abundance of the

reference plant and d15Na is the per mil 15N natural abundance

of the N-fixing plant. Total N fixed was then calculated by the

equation:

Total N fixedðkgha�1Þ

¼ ð%NdfaÞ � ðplant biomassÞ � ðplant N concentrationÞ
(2)

Plant N concentration was determined by mass spectometry

using five randomly-selected, whole-plant samples of each

species. Total N fixed was converted to an annual rate by

dividing by the estimated mean age of all plants within the

subplots for bitterbrush or the actual mean age of the 54 mahala

mat plants selected for destructive sampling.
2.4. Soil N accretion

Fifteen randomly-selected organic and mineral soil (30 cm

depth) samples were collected in each subplot with a 10 cm-

diam. core sampler (Jurgensen et al., 1977) from: (1) beneath

the canopy of bitterbrush, (2) beneath the canopy of mahala

mat, and (3) in openings free of understory vegetation (a

minimum of 1 canopy-width from the nearest shrub). All cores

were separated in the field by forest floor (Oi, Oe, and Oa

horizons combined), soil wood, and mineral soil at two depths

(0–15 and 15–30 cm). Roots were hand-separated from the

forest floor, soil wood, and mineral soil samples in the

laboratory. Soil and root samples were dried at 80 8C, weighed,

and the mineral soil was passed through a 2 mm sieve to remove

coarse fragments. All samples were ground to pass a 0.04 mm

mesh, and analyzed for total N content with a LECO-600

analyzer (LECO Corp., St. Joseph, MI). Mineral soil N content

was extrapolated to an area basis using the fine-fraction bulk

density (Cromack et al., 1999).

2.5. Statistical analyses

Foliar and soil d15N data were normally distributed based on

the Kolmogorov-Smirnov test (SAS, 2000). Paired t-tests were

used to test for differences in foliar d15N between the N-fixing

shrubs and manzanita. A significant difference in foliar d15N

between reference plants and putative N-fixing plants is a

prerequisite to show active N fixation (Shearer and Kohl, 1993).

Paired t-tests were also used to determine the effect of harvesting

on shrub cover, biomass, and N fixation, and to identify

differences in soil N accretion due to the presence or absence of

N-fixing shrubs. Estimates of shrub biomass were determined by

linear regression using average canopy diameter ((length

+width)/2) as the independent variable and total dry weight

from destructively sampled shrubs as the dependent variable.

3. Results and discussion

3.1. Plant cover, biomass, and age

No significant difference in bitterbrush cover (P = 0.70) or

mahala mat cover (P = 0.71) was found between the 74%

harvest treatment and the uncut control (Table 1). Thus, our

hypothesis that bitterbrush and mahala mat would be less

prevalent following old-growth harvesting due to greater in-

growth and shading from young trees was not substantiated,



Table 2

Predictive equations of bitterbrush and mahala mat biomass (g plant�1) and age (year) as a function of their canopy diameter (cm)

Species Component n Predictive equation R2

Bitterbrush Biomass 28 ln(Y) = �5.6 + 2.66 ln(canopy diameter) 0.80

Age 10 Y = 1.70 + 0.235 (canopy diameter) 0.91

Mahala mat Biomass 54 ln(Y) = �5.3 + 2.54 ln(canopy diameter) 0.89

Age 52 Y = 14.5 + 0.078 (canopy diameter) 0.15

Canopy diameter was determined as the average of a plant’s canopy length and perpendicular width. Biomass predictions include both aboveground and belowground

weights.
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even though stand densities were higher on harvested

plots (1124 trees ha�1) compared to unharvested plots

(914 trees ha�1) (Dolph et al., 1995). This agrees with findings

from central Oregon that indicate bitterbrush and manzanita

growth is restricted when tree density exceeds 309 trees ha�1

and basal area exceeds 19 m2 ha�1 (Busse et al., 1996).

Plant canopy size was a good predictor of individual plant

biomass for both bitterbrush and mahala mat (Table 2). As a

result, large-scale destructive sampling was avoided in

predicting total biomass per hectare. No difference in total

biomass between harvest treatments was found for bitterbrush

(P = 0.82) or mahala mat (P = 0.68) (Table 1).

The relationship between bitterbrush age and canopy size

was also excellent (Table 2). Consequently, a bitterbrush age-

class distribution was developed in order to examine potential

differences in community structure between harvested and

unharvested plots. The distribution pattern of the two

treatments was similarly skewed in favor of young plants;

the majority of bitterbrush plants were 20 years old or younger

(Fig. 1), with a median age of 13.8 years for harvested plots and

13.3 years for unharvested plots. In contrast, a poor relationship

between canopy size and age was found for mahala mat

(Table 2). Consequently, a comparison of age distribution

between harvest treatments was not made for mahala mat.

3.2. Suitability of the 15N natural abundance method at

BMEF

Average soil-available d15N at the study site, as estimated by

the 15N signature of manzanita, was�3.2 � 0.2% (Fig. 2). This
Fig. 1. Age-class distribution of bitterbrush 50 years after old-growth harvest-

ing at Blacks Mountain Experimental Forest. Bars represent mean and S.E.

(n = 3).
was significantly different than atmospheric d15N at P < 0.001,

satisfying a key condition of the natural abundance method that

the d15N signatures of the soil and atmosphere are unique.

Mean foliar d15N of bitterbrush (�1.7 � 0.2%) was signifi-

cantly different than manzanita (P < 0.001), indicating active

N fixation. No differences in d15N of bitterbrush were found

between the control and harvested treatments (P = 0.34).

Additional evidence of active N fixation by bitterbrush included

higher total foliage N than manzanita (1.86% versus 1.32%,

respectively; P < 0.001), plus nodule formation on most plants

examined in spring when soil moisture was near optimal. These

factors, particularly the combined differences in d15N and total

N between putative N-fixing and reference plants, are strong

indicators of in situ N fixation (Delwiche et al., 1979; Virginia

and Delwiche, 1982; Roggy et al., 1999) and substantiate the

validity of the natural abundance method to estimate N fixation

by bitterbrush at BMEF.

In contrast, the difference in d15N between mahala mat and

manzanita (�2.7% versus �3.2%, respectively) was not

significant (P = 0.192), nor was the difference in total N content

between the species (1.29% versus 1.32%, respectively;

P = 0.274). Nodules were found on nearly all mahala mat

plants and served as the lone indication of potential N fixation.

Currently, no information exists to confirm or refute in situ N
Fig. 2. 15N natural abundance (d15N) of vegetation and mineral soil 50 years

after old-growth harvesting at Blacks Mountain Experimental Forest in north-

east California. Manzanita is a non-N-fixing shrub with similar rooting profile

and seasonal N uptake pattern as bitterbrush. Bars represent mean and S.E.

(n = 45 for each shrub-treatment combination except mahala mat-control,

n = 30; n = 3 for each soil depth � harvest treatment combination).
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fixation by mahala mat, although high rates of 15N2 fixation

have been shown using excised nodules (Delwiche et al., 1965).

Either mahala mat did not fix N at our study site, or N fixation

was not detected due to a poor reference-plant match with

manzanita. The natural abundance method assumes that rooting

profiles and temporal N demands are similar between N-fixing

and reference plants. However, mahala mat has multiple

taproots and a high proportion of fine roots in the upper soil

surface, which is considerably different from the upright,

single-taproot system of manzanita. The alternative method of

sampling several reference plants to provide a range of rooting

patterns and estimates of %Ndfa (Högberg, 1997; Boddey et al.,

2000) was not an option in our study since manzanita was the

only non-N-fixing shrub on all plots.

Our attempt to circumvent high spatial variability across

treatment plots by sampling adjacent N-fixing and non-N-fixing

plants met limited success. Spatial variability of d15N among

plants was high, ranging from �8.5 to 1.4% for manzanita,

�6.0 to 2.7% for bitterbrush, and �7.6 to 4.4% for mahala

mat. Although d15N was normally distributed, the respective

coefficients of variation for the three species were 66, 83, and

128%. Average subplot CV was 53% for manzanita, 61% for

bitterbrush, and 55% for mahala mat. The high variability of

d15N contributed to unrealistic values of %Ndfa by mahala mat

– greater than 100% or less than 0% – in 8 out of 18 subplots.

Other studies have reported impossible %Ndfa values

(Sanginga et al., 1990; Hansen and Vinther, 2001), and support

the concern of Broadbent et al. (1980) that excessive variation

in d15N can limit the use of the natural abundance method to

obtain quantitative estimates of N fixation. Guinto et al. (2000)

also was unable to estimate N fixation by Acacia sp. in the

understory of native eucalyptus forests using the natural

abundance method. Similar to our results for mahala mat, they

found substantial variation in foliar d15N and no significant

differences in d15N between N-fixing and reference plants. In

contrast, favorable results using the natural abundance method

have been reported for a variety of crops (Bremer and van

Kessel, 1990; George et al., 1993; Androsoff et al., 1995;

Doughton et al., 1995; Ramos et al., 2001) and tree species

(Shearer et al., 1983; Domenach et al., 1989; Ladha et al., 1993;

Salas et al., 2001; Galiana et al., 2002). Common experimental

conditions in these studies included: (1) a well-matched

reference plant, or, when available, selection of several

reference species to provide a range of %Ndfa; (2) growing

N-fixing and reference plants in proximity to overcome

inherent spatial variability in d15N; (3) plant-available d15N
Table 3

Nitrogen-fixing characteristics of bitterbrush and mahala mat 50 years after harve

Shrub Treatment Plant N

(kg ha�1)

Bitterbrush Harvested 5.3 (2.6)

Unharvested 6.2 (2.9)

Mahala mat Harvested 21.5 (6.0)

Unharvested 16.0 (6.8)

Values in parentheses are S.E. (n = 3).
with an absolute value at least 4% greater than atmospheric

d15N. These conditions were generally met for bitterbrush but

not mahala mat at our study site. Because the combination of

site factors (soil, plant, climate) required to meet condition 3 is

poorly understood, we agree with Shearer and Kohl (1993) that

preliminary testing of non-N-fixing plants for their d15N

signature is needed prior to selecting an experimental site.

3.3. N fixation estimates

Average %Ndfa for bitterbrush was 46%, with no

statistically significant differences between harvest treatments

(P = 0.59; Table 3). Only a rough approximation of %Ndfa was

possible for mahala mat given the unrealistic %Ndfa values

found for many of the subplots. Accepting this weakness, one-

third of mahala mat’s N was derived from fixation based on

whole-plot averages. No statistical difference in %Ndfa was

detected between harvest treatments for mahala mat (P = 0.54).

Annual N fixation averaged 0.2 kg ha�1 for bitterbrush and

0.3 kg ha�1 for mahala mat, reflecting both the low %Ndfa

values and the low biomass production by these shrubs. Again,

the rate of N fixation from mahala mat should be interpreted

with caution, and considered as an upper limit for these stands.

Even if these shrubs received all their N from the atmosphere

(100% Ndfa), their N fixation rate would only reach

0.4 kg ha�1 year�1 for bitterbrush and 0.9 kg ha�1 year�1 for

mahala mat. Such low N input by bitterbrush is similar to results

found in central Oregon pine stands (Dalton and Zobel, 1977;

Busse, 2000). Nevertheless, the combined estimate of 0.2–

0.5 kg N fixed ha�1 year�1 by bitterbrush and mahala mat

accounts for 10–60% of the annual N added to eastside forests

in California, with the remaining 0.3–2.0 kg ha�1 year�1

provided by precipitation (Johnson et al., 1997).

3.4. Soil N accretion

We could find no appreciable differences in soil N accretion

between the harvested and uncut stands due to the presence of

bitterbrush or mahala mat. Total N content in the forest floor,

mineral soil, and fine roots was similar beneath N-fixing plants

and the open stand. About 90% of the total N was found in

mineral soil where there was no clear trend between shrub and

non-shrub soil (Table 4). Differences in N content beneath N-

fixing plants and the open stand in the harvested treatment were

not significant for roots (P = 0.224) or the O horizon

(P = 0.547).
sting of old-growth pine at Blacks Mountain Experimental Forest

Ndfa (%) Total N fixed

(kg ha�1)

Annual N fixed

(kg ha�1 year�1)

37 (12) 2.0 (1.0) 0.1 (0.1)

55 (23) 3.6 (1.6) 0.2 (0.2)

20 (20) 4.1 (1.2) 0.2 (0.1)

44 (15) 7.0 (3.0) 0.3 (0.2)



Table 4

Total N content (g m�2) in roots, O horizon, and mineral soil sampled between understory shrubs (Open) or directly beneath bitterbrush and mahala mat plants

Treatment Sample location Roots O horizon Mineral soil Total

0–15 cm 15–30 cm

Harvested Open 1.9 (0.2) 9.4 (1.7) 87.7 (15.4) 66.7 (9.1) 165.7 (26.3)

Bitterbrush 2.6 (0.4) 15.9 (5.7) 84.0 (12.1) 59.7 (9.4) 162.1 (25.4)

Mahala mat 2.3 (0.2) 19.0 (8.5) 94.7 (10.3) 49.3 (9.1) 165.3 (27.0)

Unharvested Open 2.6 (0.2) 17.5 (6.9) 77.3 (9.4) 63.0 (0.0) 160.1 (16.0)

Bitterbrush 2.7 (0.1) 14.5 (0.6) 98.3 (15.1) 56.3 (9.4) 171.8 (20.0)

Mahala mat 3.0 (0.4) 13.9 (9.8) 80.7 (9.4) 45.7 (9.1) 143.3 (19.7)

Values in parentheses are S.E. (n = 3).
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Nitrogen accretion beneath other actinorhizal species is well

documented (Youngberg and Wollum, 1976; Binkley et al.,

1982; Johnson, 1995). Recently, Johnson et al. (2005) reported

rapid replenishment of O horizon and mineral soil N by

snowbrush after wildfire in the eastern Sierra Nevada range,

with N accretion estimated at 36–48 kg ha�1 year�1. Erickson

et al. (2005) found soil beneath Ceanothus cordulatus

(whitethorn) thickets had considerably higher N content and

N mineralization rates than open canopy soils in the central

California Sierras. Unlike snowbrush and whitethorn, which

serve an ecological function by improving soil productivity or

providing ‘‘islands of fertility’’, we found no evidence of soil N

accretion by bitterbrush or mahala mat. This divergence

between mahala mat and the other ceanothus species can be

attributed to inherent differences in biomass production.

Snowbrush biomass, for example, can approach 25 Mg ha�1

in similar climatic and soil conditions (Busse, 2000), or more

than 10-fold greater biomass than mahala mat produced at

BMEF.

4. Management implications

The ecological benefits of N fixation by bitterbrush and

mahala mat are subtle. Clearly, no gross improvements in soil N

content or soil productivity should be expected. Instead, these

shrubs serve as a long-term source for replenishing site N

following disturbance. Approximately 150 kg N ha�1 were

removed by the 74% harvest treatment at BMEF, based on

values for total volume removal (Dolph et al., 1995) and N

concentration in bolewood and crowns typical of eastside pine

(Little and Shainsky, 1995). This N loss would be replaced in

100 years or less given the combined input of 0.2–

0.5 kg ha�1 year�1 from the two shrubs, 1.0 kg ha�1 year�1

from rainfall, and <0.5 kg ha�1 year�1 from nonsymbiotic N

fixation (Jurgensen, unpublished results). Full restoration of site

N by bitterbrush and mahala mat following prescribed fire is

unlikely; however, Johnson et al. (1998) estimated that a

moderate-severity prescribed fire would volatilize about

200 kg N ha�1 from a forest ecosystem similar to ours. Thus,

nearly 7 kg N ha�1 year�1 are needed to replace the anticipated

N loss for a 30-year fire return interval, or 14-times more N than

is supplied by the two shrubs. Shorter fire-return intervals

would result in even greater N replacement needs, as would

fires of higher severity. Management implications for eastside
forests like BMEF are clear: restoration of soil N by bitterbrush

and mahala mat after forest disturbance (e.g. harvesting, fire)

will be incomplete without: (1) uncharacteristically long return

intervals between disturbance events, (2) logging methods and

light prescribed burns that limit N losses, (3) alternative

methods of fuel reduction that do not use fire, or (4) additional

N input from native or introduced legumes. Reducing excessive

fuel loads and catastrophic fire risk is currently the top priority

in these forests from an ecological and a social perspective.

Whether soil N losses due to preferred management practices

such as repeated prescribed fire are inevitable or ecologically

acceptable requires further scrutiny.

5. Conclusion

The natural abundance method was used successfully to

quantify %Ndfa by bitterbrush. Estimates for mahala mat were

compromised, however, by the lack of a well-matched reference

plant and high spatial variability of plant 15N. Combined N

fixation by bitterbrush and mahala mat was meager regardless of

harvest treatment (0.2–0.5 kg ha�1 year�1). As a result of this

low rate, soil N pools in the O horizon and mineral soil 50 years

after harvesting were not enriched beneath N-fixing shrubs, nor

were changes in site fertility indicated. Harvesting old-growth

pine at BMEF had no effect on cover, biomass, or N-fixing

capacity of bitterbrush or mahala mat. We suspect this was a

consequence of the lack of post-harvest treatment aimed at

reducing pine seedling density, and not a direct effect of

harvesting per se, as both harvested and unharvested treatments

had high stand densities that likely limited understory production

after 50 years. Although N fixation rates were low, the addition of

N by these shrubs accounts for 10–60% of annual N input in these

forests, approaching the amount added by atmospheric N

deposition.
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