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Forests in the contiguous 48 states of the USA store approxi-
mately 71 Gt of C, more than half of which resides in soils 

(Heath et al., 2003). Another 16% of this C is stored in for-
est fl oor detrital material or in coarse woody debris (Heath et 
al., 2003). Consequently, factors infl uencing belowground C 
storage in forests draw increasing interest with respect to their 
role in sequestration of CO2 and other greenhouse gases. Such 
factors include changes in climate, vegetation and soil type, N 
deposition, and forest management practices.

In addition, soil C and N are important in the context of 
sustainable forest management. Soil organic C can be used as 
a surrogate for soil organic matter (SOM) (Page-Dumroese et 
al., 2000; Ogle and Paustian, 2005). Soil organic matter is a 
key component in soil process and function as a C source for 
heterotrophic soil biota and through its infl uence on soil water 

dynamics, microclimate, and nutrient cycling (Amaranthus et 
al., 1989; Raison and Rab, 2001). Therefore, SOM protection 
has been identifi ed as a major goal of sustainable management 
of forests of the western USA (Powers et al., 1990, 1998; Page-
Dumroese et al., 2000).

Ponderosa pine is one of the most widely distributed 
tree species in western North America (Harlow et al., 1996). 
It is one of the leading conifers in sawtimber production in 
North America, second only to Douglas-fi r (Pseudotsuga men-
ziesii Mirb. Franco), and is the most-planted tree species in 
California, often the tree of choice following stand-replacing 
wildfi re (Jensen et al., 2002). Rotation lengths commonly 
are set at the culmination of mean annual volume increment 
(60–75 yr) or longer, depending on management objectives. 
Aboveground growth response to fertilization has been ob-
served for a number of coniferous species (Baker et al., 1986; 
Gower et al., 1992; Haynes and Gower, 1995; Hangs et al., 
2003; Adams et al., 2005; Will et al., 2006) including pon-
derosa pine (Powers et al., 1988). However, in California, 
growth response of ponderosa pine to fertilization varies with 
site-specifi c levels of shrub competition and soil moisture and 
can be improved when applied in combination with control 
of competing vegetation (Powers, 1983). On especially dry 
sites, ponderosa pine response to fertilization can be blocked 
if shrubs have not been controlled (Powers and Jackson, 1978). 
Success of planted or naturally regenerated conifers following 
timber harvest or stand-replacing fi re may require control of 
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Plantation Management Intensity Affects 
Belowground Carbon and Nitrogen Storage in 
Northern California

Belowground C and N storage is important in maintaining forest productivity and to CO2 
sequestration. How these pools respond to management is poorly understood. We investigated 
effects of repeated applications of complete fertilizer and competing vegetation control with 
herbicides on C and N storage in forest-fl oor, fi ne-root, and mineral-soil C and N pools to 
1-m depth at three Pinus ponderosa  P. Lawson & C. Lawson var. ponderosa plantations across 
a site quality gradient in northern California. Belowground C pools without treatment were 
66, 153, and 199 Mg C ha–1 for the low-, intermediate-, and high-quality sites, respectively, 
and N pools were 5.1, 6.7, and 6.5 Mg N ha−1, respectively. Treatments increased tree-
bole volume at 20 yr as much as 400%, while changes in C and N pools belowground 
were less dramatic. Herbicide treatment increased forest-fl oor C pools 35% at the poorer 
quality site. Fertilization increased forest-fl oor C and N storage 46 to 106% at all sites. 
Fertilization decreased fi ne-root C pools at 0 to 0.3 m at the most productive site 43% and 
increased this N pool 43% at the least productive site, but did not infl uence fi ne-root pools 
to 1 m. Fertilization increased mineral-soil C pools on lower quality sites, resulting in 12 
to 57% more belowground C storage. At the intermediate site, fertilization increased total 
belowground N storage 12%. Results of this study suggest that the major sequestration 
mechanism up to this point in stand development is through gains in tree biomass rather 
than storage in fi ne roots and soil belowground.

Abbreviations: SOM, soil organic matter.
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competing vegetation on poorer sites (Conrad and Radosevich, 
1982; Powers and Ferrell, 1996). Competition from shrubs 
and grasses can increase water defi cits in soils, increasing water 
stress in trees (Shainsky and Radosevich, 1986; Petersen and 
Maxwell, 1987), as well as competition for nutrients (Hangs 
et al., 2003). For ponderosa pine, control of shrubs can in-
crease water and nutrients available for trees, increasing tree 
growth and vigor, especially when trees are young (Lanini and 
Radosevich, 1986; Busse et al., 1996).

Silvicultural practices such as these may affect soil C and 
N storage, and increases in soil C and N pools following fertil-
ization of forest stands have been reported in reviews (Johnson 
and Curtis, 2001; Johnson et al., 2002). However, results of 
individual studies are site- and experiment-specifi c (Prietzel 
et al., 2004; Jandl et al., 2007) and accurate investigation of 
these responses in fi eld trials has been hindered by the inher-
ently high spatial heterogeneity of forest soils (Homann et al., 
2001a). For example, N fertilization of forest stands has in-
creased (Nohrstedt et al., 2000; Jandl et al., 2003; Adams et 
al., 2005), decreased (Shan et al., 2001; Jandl et al., 2002), and 
had no effect (Harding and Jokela, 1994; Canary et al., 2000; 
Homann et al., 2001b; Giardina et al., 2004) on C storage in 
forest fl oors and mineral soils.

Similarly, fertilization has been reported to have variable 
infl uence over belowground biomass and litter inputs, which 
are primary sources of C to mineral soils (Giardina et al., 2004; 
King et al., 2002; Matamala et al., 2003; Yano et al., 2005). 
Fertilization decreased the amount of C entering mineral soil 
through roots and mycorrhizae in a tropical forest in Hawaii 
(Giardina et al., 2003, 2004) and decreased fi ne- and coarse-
root production and turnover in conifers (Gower et al., 1992; 
Haynes and Gower, 1995). Contrasting evidence suggests that 
fi ne and coarse root production (Nadelhoffer et al., 1985), bio-
mass (Haile-Mariam et al., 2000), turnover (King et al., 2002), 
and mortality rates (Haynes and Gower, 1995) are greater when 
N is more available, potentially increasing root C inputs to soil.

Competing vegetation control, a common silvicultural 
practice in western forests, improves seedling survival and 
can increase growth rates in conifers signifi cantly (Busse et al., 
1996; Powers and Ferrell, 1996; Hangs et al., 2003). There is 
evidence that competing vegetation control, particularly under 
conifers, may decrease soil quality through declines in C and N 
concentrations and content in soils (Busse et al., 1996; Shan et 
al., 2001; Echeverría et al., 2004) and forest fl oors (Will et al., 
2006). Competing vegetation control may increase N losses 
early in stand development through increased NO3

− leach-
ing and erosion (Vitousek and Matson, 1985; Vitousek et al., 
1992). Declines in soil quality such as these may result from 
reduced quantity or quality of litter inputs, particularly where 
competing vegetation control includes removal of N-fi xing 
understory species that have been linked to increases in soil 
organic C and N content (Baker et al., 1986; Johnson, 1995).

We assessed effects of repeated fertilization and competing 
vegetation control with herbicides on belowground C and N 
pools at three ponderosa pine plantations along a gradient of 
site productivity in northern California. Specifi cally, we quan-
tifi ed amounts of C and N in the forest-fl oor, and in the fi ne-
root and mineral-soil pools to 1-m depth and tested the effects 
of fertilization and vegetation control on (i) individual pools, 

(ii) total pools, and (iii) distribution of total belowground C 
and N amongst the individual pools. We hypothesized that fer-
tilization would decrease forest-fl oor C/N ratios and increase 
forest-fl oor and total belowground N and C pools through in-
creased litter production. We suspected that herbicide would 
decrease forest-fl oor mass and forest-fl oor and mineral-soil C 
and N pools in surface soils, especially at the higher quality 
sites where the role of shrub competition in reducing pine pro-
ductivity was less than at the lowest-quality site (Powers and 
Ferrell, 1996). We suspected that increased nutrient and water 
availability following fertilizer and herbicide treatments might 
result in reduced fi ne-root biomass, especially at the more pro-
ductive sites. We also expected these effects to differ in mag-
nitude among sites as a result of differences in aboveground 
responses to treatment and differences in soil type.

METHODS
Site Descriptions

The three sites used for this study encompass the range in pro-
ductivity and soil type found in the northern California westside pon-
derosa pine region (Fig. 1, Table 1). This area is characterized by a 
Mediterranean climate with dry summers and wet winters. These sites 
are part of a larger, long-term study that was initiated to assess effects 
of commonly applied forest management treatments (competing veg-
etation control, fertilization. and systemic insecticides) on ponderosa 
pine productivity (the Garden of Eden Study, see Powers and Ferrell, 
1996; Powers and Reynolds, 1999). Sites for this study were selected 
to minimize within-site topographical variability by requiring slope 
variability <20% and aspects within 45° (Powers and Ferrell, 1996).

The least productive site is Elkhorn Ridge, which is located in 
the southern extreme of the Klamath Mountains. It is the western-
most, highest in elevation, and driest of the three sites. Elkhorn Ridge 

Fig. 1. Map of study site locations within the state of California. Sites: 
E = Elkhorn Ridge, W = Whitmore, F = Feather Falls. Base: California 
State Map Collection (http://geology.com/state-map/california.shtml).
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is characterized by loamy-skeletal, mixed mineralogy Inceptisols of 
the Sheetiron series derived from metasedimentary mica-quartz schist 
(Soil Survey Staff, 2009). Whitmore is of intermediate site productiv-
ity and is located in the southern Cascades. Soils at Whitmore consist 
of fi ne, parasesquic Ultisols of the Aiken series weathered from basic 
volcanic rock (Soil Survey Staff, 2009). The most productive site is 
Feather Falls, which is located in the western Sierra Nevada. Soils at 
this site are fi ne-loamy, mixed mineralogy, super active Alfi sols of the 
Cohasset series weathered from volcanic parent materials (Soil Survey 
Staff, 1997). Soils at all three sites contain charcoal, but are free of car-
bonates. A mixture of manzanita (Arcostaphylos spp.) species, woody 
shrubs ubiquitous to the ponderosa pine forest, occurs at all three sites, 
dominating at Elkhorn Ridge and Whitmore. Ceanothus integerrimus, 
a N-fi xing deciduous shrub that is also common to the region, domi-
nates at Feather Falls.

Field Experimental Design
The Garden of Eden experiment consists 

of a three-way, two-level factorial design. The 
current study assessed only the vegetation con-
trol and fertilization treatments, resulting in 
four treatment combinations: competing veg-
etation control only; fertilizer only; competing 
vegetation control plus fertilizer; and no applied 
treatments (control). Each treatment combina-
tion was replicated three times at each site so 
that treatment effects could be assessed at each 
location independently, as treatment × site in-
teractions were expected.

All sites were cleared of existing vegetation 
before planting. Elkhorn Ridge previously sup-
ported a sparsely stocked ponderosa pine planta-
tion, Whitmore was a brushfi eld of mixed man-
zanita, and Feather Falls was a natural stand of 
mixed-conifers and hardwoods. At each site 24 
contiguous 0.04-ha (19.5 by 21.9 m) rectangu-
lar plots were marked and seedlings were plant-
ed in spring at a square spacing of 2.4 m (1680 
trees ha−1). Each site was planted with pondero-
sa pine seedlings representing high-performing 
families especially adapted for each seed zone 
and elevation. To ensure uniformity, seedlings 

were raised at a common nursery (the Institute of Forest Genetics at 
Placerville, CA). Whitmore was planted in 1986 and Elkhorn Ridge 
and Feather Falls were planted in 1988. The outer 4.8 m of each side 
of each plot was designated as a buffer strip, to minimize edge effects 
and infl uence of adjacent treatments. All samples and measurements 
were taken from within measurement plots excluding this buffer.

Treatments were applied at planting and repeatedly over the next 
6 yr. The levels at which fertilizer and herbicide were applied were 
selected with the intention of alleviation of nutrient limitation and/
or understory competition during establishment and early stand de-
velopment for experimental purposes. Fertilization consisted of eight 
nutrients applied every 2 yr at an exponential rate, ending with a large 
fertilizer application at the end of Year 6 (Table 2). Spring fertilization, 
while appropriate in many regions, poses the risk in Mediterranean 
climates that an early dry season could leave dry salts unsolubilized. 
Thus, fertilizers were applied following the fi rst fall rains so that dry 
salts could dissolve and infi ltrate the soil profi le as the wet season com-

menced. Foliar analyses reported in Powers and 
Reynolds (1999) suggest rapid nutrient uptake 
and incorporation into biomass by trees in fer-
tilized plots, and studies elsewhere have shown 
that deep leaching of fertilizer elements is rare 
in the California climate (McColl and Powers, 
1984; Miles and Powers, 1988). Competing veg-
etation control was accomplished by spraying 
understory plants with glyphosate each spring 
for the fi rst 6 yr after planting. Additional in-
formation concerning the experimental design 
and early responses of aboveground tree growth 
are available in Powers and Ferrell (1996).

Table 1. Summary of selected characteristics for the Elkhorn Ridge, Whitmore, and 
Feather Falls study sites selected from the Garden of Eden Study.

Characteristic Elkhorn Ridge Whitmore Feather Falls

Productivity Low Intermediate High
SI50, m† 17 23 30

Age at sampling, yr 18 19 18

Annual precipitation, mm 1015 1140 1780

Annual temperature, °C 9.4 14.5 12.0

Elevation, m 1490 730 1220

Soil great group Dystroxerept Haplohumult Haploxeralf

Parent material Metasediment Volcanic Volcanic

Fine Bulk Density, Mg m−3 0–15 cm 0.86 ± 0.03‡ 0.93 ± 0.15§ 0.77 ± 0.19§

15–30 cm 0.88 ± 0.03 1.00 ± 0.15 0.98 ± 0.19

30–60 cm 0.85 ± 0.06 1.10 ± 0.15 1.13 ± 0.19

60–100 cm 1.42 ± 0.07 1.16 ± 0.15 1.14 ± 0.19

Soil pH in water‡ 0–15 cm 6.3 ± 0.1 6.2 ± 0.1 6.0 ± 0.1

15–30 cm 5.9 ± 0.1 6.2 ± 0.1 5.8 ± 0.1

30–60 cm 6.0 ± 0.1 6.3 ± 0.1 5.9 ± 0.1
60–100 cm 6.1 ± 0.1 6.1 ± 0.1 5.9 ± 0.1

† Site index for ponderosa pine at 50 yr estimated from adjacent stands (Powers and Ferrell, 1996).
‡ Measured in this study. Site means by depth are from analysis of variance followed by 
standard errors.
§ Estimated using data available from NRCS and in Zinke and Stangenberger (unpublished). 
Total bulk density values were estimated using polynomial equations. Coarse fraction contents 
measured in this study were used to calculate fi ne bulk densities. Estimates are followed by 
standard errors for the equations used.

Table 2. Fertilizer treatments in the Garden of Eden Study by nutrient and application 
rate including total amount applied (Powers and Ferrell, 1996).

Amount applied

Nutrient At planting End of year 2 End of year 4 End of year 6 Total applied

–––––––––––––––––––––––– kg ha−1––––––––––––––––––––––––

N 15.6 46.6 213.7 798.7 1074.4

P 7.9 23.2 103.4 395.2 529.7

K 7.7 23.2 109.6 399.4 539.9

Ca 10.1 23.6 118.6 264.0 416.3

Mg 5.5 16.8 61.7 137.2 221.2

S 5.2 28.3 16.0 62.4 111.9

Zn 1.1 3.2 14.0 55.1 73.4

Cu 0.5 1.6 6.8 26.9 35.8
B 0.5 1.6 6.8 26.8 35.7
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Pine Bole Volume and Canopy Cover
Aboveground stand characteristics were measured in each treat-

ment plot at Whitmore in 2007 at a stand age of 21 yr and at Elkhorn 
Ridge and Feather Falls in 2008 at a stand age of 20 yr. Standing 
bole volume for pines was determined by measuring all plot trees for 
diameter at breast height with a diameter tape and tree height with a 
telescoping pole or, for exceptionally tall trees at Feather Falls, with a 
laser range fi nder. These data were used to estimate stem volumes for 
each tree using the equation developed by Oliver and Powers (1978).

Crown cover was determined by measuring the crown width of 
each individual tree in two right-angle directions using a metric tape. 
These measurements were rounded to the nearest centimeter and aver-
aged. Crown area was estimated as πr2, where r is one-half of crown 
width. For each plot, crown areas were summed, divided by the total 
ground area of each plot (118.912 m2) and multiplied by 100 to give 
percent crown cover.

Sampling of Belowground Pools
For the Whitmore plantation, forest fl oor was sampled in June 

2005, in the midst of the 20th growing season. For the Elkhorn Ridge 
and Feather Falls plantations, forest fl oor was sampled in June 2006, 
in the midst of the 19th growing season. For each treatment plot, 
the measurement plot was divided into a 3 by 4 cell grid, with each 
cell measuring 2.4 by 2.4 m. Five subsamples were taken from each 
plot, one from the approximate center cell and one from each of the 
corner cells. Forest fl oor samples were collected using a 0.5 by 0.5 m 
sampling frame and contained all material within the frame above the 
mineral soil surface, including foliage and woody components.

Whitmore mineral soil samples were collected in September 
2005. At each plot, soil from each depth was collected using a soil 
auger from several points in the plot. One 0- to 15-cm soil sample was 
collected from the approximate center of each of the 12 cells. In eight 
cells, a 15- to 30-cm soil sample was collected. In three non-adjoin-
ing cells, soil samples were collected from the 30- to 60- and 60- to 
100-cm depth increments. In each plot, cells were selected for deeper 
sampling with the intention to reduce disturbance within the plot and 
ensure that sampling locations were spread over the entire plot. This 
sampling scheme resulted in the collection of 26 cores from each plot. 
For each depth, soil was composited, mixed, and a subsample was 
placed in a plastic bag and transported to the laboratory for analysis.

Whitmore fi ne-root and bulk density cores were collected in 
August 2005. Fine-root and bulk density cores and mineral soil sam-
ples were collected at Elkhorn Ridge and Feather Falls in June 2006. 
For samples to 60-cm depth, cores were collected for fi ne-roots and 
bulk density using an Eijkelkamp bi-partite root auger (7.6-cm di-
ameter and 15-cm length, Eijkelkamp, the Netherlands). Volumetric 
cores were taken in 0- to 15-, 15- to 30-, and 30- to 60-cm depth 
increments. When depth increments were longer than the sampler 
length, the sample was collected from approximately the middle of 
the depth increment (e.g., for the 30- to 60-cm increment a core sam-
pled with the Eijkelkamp auger came from approximately 38–53 cm). 
Diffi culties in volumetric sampling at 60- to 100-cm depth (rocks and 
high soil bulk densities) required that samples be collected using a soil 
auger. Volumes for these samples were estimated based on diameter 
and depth of the hole from which soil was taken. The same 3 by 4 cell 
grid was used for root sampling as was used for forest fl oor sampling. 
One 0- to 15-cm root core was collected from the approximate center 
of each of the 12 cells, at least 1 m from the nearest tree. At eight 
cells, a 15- to 30-cm root core was collected. At three non-adjoining 

cells, root cores were collected from the 30- to 60- and 60- to 100-cm 
depth increments. For every root core, depth to the top and bottom 
of the hole left by the sampler was measured to adjust core volumes 
when collected cores were not full.

Sample Analysis
Forest fl oor subsamples were dried to constant weight at 70°C 

and forest-fl oor mass (Mg ha−1) for each plot was calculated. Samples 
were composited by plot and ground to 850 μm. Subsamples of ground 
composites were further ground to 250 μm and analyzed for total C 
and N using the Dumas combustion technique on a Fisons NA1500 
NCS Elemental Analyzer (ThermoQuest Italia, Milan, Italy).

Soil and root samples were stored fi eld-moist at 4°C until they 
were analyzed. Cores were composited by plot and depth, mixed, and 
weighed. A 10% subsample by weight was hand-picked for fi ne roots 
(<2 mm diam.). We did not attempt to separate fi ne roots by species. 
Roots were oven dried for at least 5 d at 60°C, weighed, ground to 
250 μm, and analyzed for N and C in the same manner as the forest 
fl oor and soil samples. Root weights were corrected for ash-content 
and fi ne-root biomass to 1-m depth was calculated for every plot. Soil 
subsamples were sieved to 2 mm and ground to 250 μm. Ground 
samples were analyzed for total C and N in the same manner as the 
forest fl oor samples. Treatment effects on fi ne-root biomass and fi ne-
root C and N pools were also conducted on the top 30 cm because, 
in general, most fi ne root biomass occurs in the top 30 cm in forests 
(Yanai et al., 2006), and we suspected that fi ne-root pools at this shal-
lower depth might be more sensitive to treatments than those to 1 m.

A 300-g subsample by weight of the composited cores described 
above was sieved to 2 mm and coarse and fi ne fractions oven-dried 
at 105°C to estimate coarse fraction content, total bulk density, and 
fi ne bulk density. This method provided reasonable estimates for 
bulk density for the Elkhorn Ridge site, where our coring device cut 
through coarse fragments of soft schist and did not appear to cause 
compaction. However, bulk densities we calculated from our cores 
at the Whitmore and Feather Falls sites were appreciably higher than 
those previously reported (P.J. Zinke and A.G. Stangenberger, per-
sonal communication, 2008; Soil Survey Staff, 2008) for the soil se-
ries occurring at those sites. We suspect this discrepancy is due to 
compaction caused by our coring device in these fi ner-textured soils. 
Therefore, to err toward conservative estimates of C and N storage 
at the Whitmore and Feather Falls sites, we developed a polynomial 
function for total bulk density with depth from independent, whole-
soil data for the series (P.J. Zinke and A.G. Stangenberger, personal 
communication, 2008; Soil Survey Staff, 2008). For the Aiken soil 
series at Whitmore, we used a polynomial where

( )
8 3 5 2

2

Total bulk density  (3  10 ) –  (3  10 )  0.0058  1.0214 

                                                                                     0.41

d d d

R

− −= × × + +

=
 [1]

where d is depth in centimeters. For the Cohassett soil series at Feather 
Falls, the best fi t polynomial estimated total bulk density as

( )
9 4 6 3 4 2

2

Total bulk density  ( 3  10 ) (1  10 )–(2  10 ) 0.0173 0.8362

                                                                                                    0.39

d d d d

R

− − −= − × + × × + +

=  [2]

where d is depth in centimeters. We used these equations to estimate 
total bulk density at the middle of each depth increment, estimated 
fi ne fraction bulk densities by applying the coarse fraction content 
measured in our collections, and used these bulk density values to 
estimate soil C and N pools and total C and N storage for each plot at 
the Whitmore and Feather Falls sites.
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Data Analysis
For each plot, forest-fl oor, fi ne-root, and mineral-soil C and N 

concentrations were extrapolated to pool values to 1-m depth (ex-
pressed in Mg C or N ha−1). Values for each of the above components 
were summed to yield total belowground C and N pools for each 
plot, exclusive of coarse roots. To address changes in distribution, the 
proportion of the total pool for each of the forest-fl oor, fi ne-root, and 
mineral-soil pools was calculated (of 100% of the total pool).

Treatment differences were assessed using analysis of variance 
with the Mixed Procedure in SAS (SAS Institute, v. 9.1, Cary, NC). 
All data were analyzed with a completely randomized design for each 
site. Separate analyses were conducted for each site because of the oc-
currence of site-treatment interactions. Differences among sites were 
assessed by comparing control treatments using t tests. All statistical 
results signifi cant at the 0.10 α level are discussed.

For each site, fi ne-root and mineral soil data including root mass 
density, root and soil chemistry, and soil bulk density were analyzed 
by depth with repeated-measures to account for correlation among 
depth increments in each plot. Changes in distribution of total C 
and N among individual pools (e.g., mineral soil or fi ne-root) were 
analyzed using a split–plot design where the total pool served as the 
whole-plot and individual pools served as subplots. When there was 
a signifi cant treatment effect (fertilization or vegetation control main 
effect or an interaction of the two) differences among treatments were 
tested with multiple linear contrasts using a Tukey adjustment or a 
Dunnett’s adjustment to compare controls to treatments. Both Tukey 
and Dunnett’s tests were used because the combined effect of fertilizer 
and herbicide treatments compared with each treatment alone were of 
interest (Tukey) as well as differences between treatments and controls 
(Dunnett).When there was a signifi cant depth × treatment interaction 
(α = 0.1), differences among treatments by depth were identifi ed and 
assessed by slicing and linear contrasts.

RESULTS
Pine Bole Volume and Canopy Cover

Standing bole volume increased dramati-
cally with increasing site productivity and was 
17.3, 39.9, and 186.7 m3 ha−1 for controls at 
Elkhorn Ridge, Whitmore, and Feather Falls, 
respectively (Table 3). At Elkhorn Ridge fer-
tilization or herbicide, applied alone, roughly 
doubled pine bole volume, whereas the com-
bination of both treatments increased bole 
volume more than four times compared with 
the control. At Whitmore, compared with 
the control, bole volume increased by 32% 
following fertilization alone, nearly doubled 
following herbicide alone, and more than 
tripled when both treatments were applied 
together. At Feather Falls, herbicide applied 
alone had no effect on bole volume compared 
with the control, but fertilizer alone or with 
herbicide increased standing bole volume 60 
to 70% compared with the control.

Pine productivity differences associated 
with site and treatment were refl ected in de-
gree of overstory canopy cover (Table 3). For 
controls, canopy cover was similar at Elkhorn 

Ridge (48%) and Whitmore (55%). However, canopy cover 
was appreciably higher at Feather Falls (118%), indicating a 
fl attening in the trend analogous to leaf area saturation on this 
very productive site. At the less productive sites, canopy cover 
increased 26 to 49% with fertilization and 86 to 108% with 
herbicide. At Feather Falls, fertilizer increased canopy cover by 
32%, while herbicide did not affect cover at the site.

Response of these aboveground stand characteristics to 
fertilizer and herbicide treatments suggests that the impact of 
understory competition on tree growth declines with increas-
ing site quality. Competition with understory shrubs is a major 
factor in determining pine productivity at the lower quality 
sites, especially at Elkhorn Ridge where skeletal soil coupled 
with low precipitation produces low soil water storage. At the 
most productive site, however, shrub competition has less in-
fl uence on pine growth.

Forest Floor
Forest fl oor characteristics varied by site quality. For con-

trols, forest-fl oor mass at Elkhorn Ridge was one-third that 
at Whitmore and one-fourth that at Feather Falls (Table 4). 
Across sites, fertilization increased forest-fl oor mass, regardless 
of herbicide, by an average of 5.3 Mg ha−1 or 46%, but the 
magnitude of effect differed among sites (Table 4). Fertilization 
increased forest-fl oor mass by about one-third at the low- and 
high-quality sites and nearly doubled it at the intermediate-
quality site. Herbicide treatment increased forest fl oor mass by 
45% at Elkhorn Ridge, but had no infl uence elsewhere.

Elkhorn Ridge had appreciably lower N concentrations 
and higher C/N ratios in its forest fl oor material than the other 
two sites, and C concentrations there were increased slightly 
by all treatments (Table 4). Forest fl oor C concentrations were 
increased slightly by herbicide treatment at Whitmore, but 

Table 3. Standing bole volume and pine canopy cover by site and treatment for the 
Elkhorn Ridge, Whitmore, and Feather Falls Garden of Eden Study sites at 20 yr.†

Treatment Elkhorn Ridge Whitmore Feather Falls

Standing bole volume (m3 ha−1) C 17 ± 6a‡ 40 ± 7a 187 ± 20a

H 56 ± 6b 118 ± 7b 226 ± 20ab

F 33 ± 6ab 93 ± 7b 316 ± 20b

HF 90 ± 6c 172 ± 7c 296 ± 20b

p-value

H  <0.01  < 0.01 NS§

F 0.03 0.01  <0.01

H x F NS 0.05 NS

Pine canopy (% cover) C 46 ± 6a 55 ± 5a 118 ± 6a

H 81 ± 6b 111 ± 5b 125 ± 6a

F 55 ± 6c 82 ± 5c 166 ± 6b

HF 106 ± 6d 115 ± 5b 156 ± 6b

p-value

H NS NS NS

F NS NS NS
H x F  <0.01  <0.01  <0.01

† Means are followed by standard errors. P-values for treatment factors were determined 
from analysis of variance. Boldface p-values are signifi cant, α = 0.1. Treatments: C = control, 
H = herbicide only, F = fertilizer only, HF = herbicide and fertilizer.
‡ For each site, different letters denote statistically different treatments as assessed by multiple 
pair-wise comparisons with a Tukey adjustment, α = 0.1.
§ NS, nonsignifi cant at the 0.1 α  level.
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Feather Falls was unaffected. Fertilization 
increased forest-fl oor N concentrations 
by 0.9 g N kg soil−1 at Elkhorn Ridge 
and Whitmore and by 1.4 g N kg soil−1 
at Feather Falls. Herbicide treatment de-
creased forest-fl oor N concentrations at 
Feather Falls by 1.2 g N kg soil−1 and 
raised C/N ratios by 16%, while the other 
sites were not affected. Forest-fl oor C/N 
ratios decreased with fertilization by 11 to 
16% at all three sites.

Fertilization increased forest-fl oor C 
and N pools substantially at all sites (Table 
4). Fertilization increased the forest-fl oor 
C pool by 46% and N pool by 62% at 
Elkhorn Ridge. At Whitmore, fertilization 
increased the C pool by 82% and the N 
pool was doubled. At Feather Falls, the C 
pool increased by 48% and the N pool by 
75%. Herbicide treatment only affected for-
est-fl oor pools at Elkhorn Ridge, increasing 
forest-fl oor C mass by one third (Table 4).

Fine Roots
Fine-root mass density (mg cm−3) was 

related inversely to site quality (Fig. 2a). Root 
densities decreased with depth to 1 m from 
2.13 to 0.66 mg cm−3 at Elkhorn Ridge, 
2.94 to 0.59 mg cm−3 at Whitmore, and 
3.84 to 0.91 mg cm−3 at Feather Falls (p < 
0.01). Within-site variability in root density 
was high, and no effect of treatment on root 
density was detectable at Elkhorn Ridge or 
Whitmore (Fig. 2a). At Feather Falls, how-
ever, fertilization decreased root density at 
the 0- to 15-cm depth increment by 63% 
(p = 0.04) and increased root density at the 
30- to 60-cm depth increment by 70% (p < 
0.01) (Fig. 2a).

Fine root biomass also decreased with depth (Fig. 2b), 
with greater mass at Feather Falls and lesser but similar masses 
at Whitmore and Elkhorn Ridge (Table 5). Fine-root C con-
centrations averaged 540 g kg−1 across sites and depths and 
were not affected by fertilizer or herbicide at Elkhorn Ridge or 
Whitmore. At Feather Falls, however, herbicide decreased fi ne-
root C concentrations from 544 to 504 g kg−1 C across depths 
(p = 0.03). Fine-root N concentrations averaged 7 g kg−1 across 
sites and depths. Fertilization increased fi ne-root N concentra-
tions in the top 15 cm at Elkhorn Ridge (10.6 g kg−1 for fertil-
ized vs. 6.2 g kg−1 N for unfertilized plots, p < 0.01). Fertilizer, 
regardless of herbicide application or depth, increased fi ne-root 
N concentrations from 6.3 to 7.6 g kg−1 at Whitmore (p = 
0.01) and from 7.1 to 8.3 g kg−1 at Feather Falls (p = 0.03). 
Herbicide treatment decreased fi ne-root N concentrations at 
Feather Falls from 8.3 to 7.0 g kg−1 across depths (p = 0.03).

Fertilization decreased the fi ne-root C pool to 30 cm at 
Feather Falls by 46% and increased the fi ne-root N pool within 
0 to 30 cm at Elkhorn Ridge by 43% (Table 5). Treatments 
had no statistically signifi cant effect on total fi ne-root biomass, 

fi ne-root C content, or fi ne-root N content to 1-m depth at 
any of the three sites (Table 5).

High within-site variability posed a challenge to detecting 
differences in the fi ne-root C and N pools to 1 m. Based on with-
in-site variability, changes in fi ne-root C pools > 2.0, 3.0, and 
3.8 Mg C ha−1 at Elkhorn Ridge, Whitmore, and Feather Falls, 
respectively, were required for detection of treatment effects. 
Changes in fi ne-root N pool of >0.04 Mg N ha−1 were neces-
sary to detect any treatment effects at all three sites. We did not 
observe differences of this magnitude in the fi ne-root C or N 
pools among treatments.

Mineral Soil
Mineral-soil C concentrations, N concentrations, and 

C/N ratios decreased with depth across sites and treatments 
(p < 0.01, Fig. 3). Soil C pools to 1 m at Feather Falls averaged 
about 20 Mg C ha−1 more than those at Whitmore and ap-
proximately 105 Mg C ha−1 more than those at Elkhorn Ridge 
(Fig. 4). Soil N concentrations were also higher at Feather Falls 
than Elkhorn Ridge and Whitmore (Fig. 3b). Low concentra-
tions and low fi ne-soil bulk densities (due to high coarse frag-
ments) at Elkhorn Ridge resulted in much lower total C pools 

Table 4. Forest-fl oor mass, C and N concentrations, C and N content, and C to N ratios 
by site and treatment for the Elkhorn Ridge, Whitmore, and Feather Falls Garden of 
Eden Study sites.†

Treatment Mass C N C N C/N ratio

Mg ha−1 g kg soil−1 Mg ha−1

Elkhorn Ridge– Low

C 6.0 ± 1.4 a‡ 534 ± 1a 4.6 ± 0.4a 3.2 ± 0.8 a 0.03 ± 0.01a 115 ± 9a

H 10.7 ± 1.4b 538 ± 1b 4.4 ± 0.4a 5.8 ± 0.8b 0.04 ± 0.01a 124 ± 9a

F 10.0 ± 1.4c 537 ± 1c 5.9 ± 0.4b 5.4 ± 0.8c 0.06 ± 0.01b 92 ± 9b

HF 12.4 ± 1.4d 542 ± 1d 4.9 ± 0.4b 6.7 ± 0.8d 0.06 ± 0.01b 111 ± 9b

p-value

H 0.04  < 0.01 0.19 0.03 0.29 0.16

F 0.08 0.03 0.07 0.07 0.05 0.09

H x F 0.44 0.88 0.39 0.45 0.41 0.58

Whitmore– Intermediate

C 19.8 ± 2.8a 519 ± 2a 7.3 ± 0.5a 10.3 ± 1.5a 0.14 ± 0.03a 71 ± 4a

H 19.7 ± 2.8a 534 ± 2c 7.4 ± 0.5a 10.5 ± 1.5a 0.15 ± 0.03a 73 ± 4a

F 36.2 ± 2.8b 523 ± 2ab 8.0 ± 0.5b 19.0 ± 1.5b 0.29 ± 0.03b 65 ± 4b

HF 35.6 ± 2.8b 529 ± 2bc 8.5 ± 0.5b 18.8 ± 1.5b 0.31 ± 0.03b 63 ± 4b

p-value

H 0.90  < 0.01 0.55 0.96 0.74 0.91

F  < 0.01 0.91 0.08  < 0.01  < 0.01 0.07

H x F 0.93 0.06 0.63 0.90 0.82 0.61

Feather Falls– High

C 24.9 ± 2.7a 536 ± 2 8.4 ± 0.6a 13.3 ± 1.5a 0.21 ± 0.03a 65 ± 4a

H 24.1 ± 2.7a 541 ± 2 7.3 ± 0.6b 13.0 ± 1.5a 0.18 ± 0.03a 74 ± 4b

F 37.6 ± 2.7b 540 ± 2 10.0 ± 0.6c 20.3 ± 1.5b 0.38 ± 0.03b 54 ± 4c

HF 34.3 ± 2.7b 541 ± 2 8.6 ± 0.6d 18.6 ± 1.5b 0.30 ± 0.03b 63 ± 4d

p-value

H 0.47 0.20 0.07 0.52 0.11 0.07

F  < 0.01 0.25 0.04  < 0.01  < 0.01 0.04
H x F 0.66 0.34 0.76 0.64 0.42 0.95

† Means are followed by standard errors. P-values for treatment factors were determined from 
analysis of variance. Boldface p-values are signifi cant, α = 0.1. Treatments: C = control, H = 
herbicide only, F = fertilizer only, HF = herbicide and fertilizer.
‡ For each column, different letters denote statistically different treatments as assessed by multiple pair-
wise comparisons with a Tukey adjustment, α = 0.1.



1026 SSSAJ: Volume 73: Number 3  •  May–June 2009

and detectably lower N pools there (83 Mg C ha−1 and 6 Mg 
N ha−1) than Whitmore (177 Mg C ha−1 and 7 Mg N ha−1) 
and Feather Falls (206 Mg C ha−1 and 7 Mg N ha−1) (Fig. 4).

Fertilization affected mineral soil chemistry at spe-
cifi c depths at Elkhorn Ridge and Whitmore, but not at 
Feather Falls (Fig. 3). At Elkhorn Ridge, fertilizer increased 
0- to 15-cm mineral-soil N concentrations (p = 0.09) by 
about 0.2 g N kg soil−1, but had no effect on C concentrations 
or C/N ratios. At Whitmore, fertilized plots had higher miner-
al-soil C and N concentrations compared with control plots (p 
= 0.09 and 0.03, respectively). Also at Whitmore, fertilization, 
regardless of herbicide application, decreased mineral-soil C/N 
ratios for 0 to 15 cm slightly (p = 0.03), but had the opposite 
effect at 15- to 30-cm depth (p = 0.09). Herbicide did not af-
fect mineral-soil C or N concentrations or C/N ratios at any 
site or any depth (Fig. 3).

Mineral-soil C and N pools to 1-m depth were highly vari-
able across plots at each site (Fig. 4), resulting in high minimum 
detectable differences. Based on within-site variability, changes 
in mineral-soil C pools to 1-m depth, for example, needed to 

be >24 Mg C ha−1 at Elkhorn Ridge and Whitmore and >40 
Mg C ha−1 at Feather Falls to detect main effects of fertilizer 
or herbicide at our sampling intensity. To detect differences 
between treatment combinations, changes >34 Mg C ha−1 at 
Elkhorn Ridge and Whitmore and >60 Mg C ha−1 at Feather 
Falls were necessary. The only case where a difference of this 
magnitude among treatment combinations occurred was at 
Elkhorn Ridge (H×F interaction, p = 0.05) where plots that 
received fertilizer alone had higher C pools than control plots 
by approximately 34 Mg C ha−1, an increase of 60%. High 
variability occurred for mineral-soil N pools and the only sta-
tistically detectable treatment effect occurred at Whitmore, 
where fertilization increased mineral-soil N pools by about 
13% or 0.7 Mg N ha−1 (p = 0.02) (Fig. 4).

Total Belowground C and N Pools
Forest-fl oor, fi ne-root, and mineral-soil C and N pools 

were summed to provide estimates of total belowground C 
and N pools, exclusive of coarse roots, and these results fol-
lowed similar patterns observed for mineral-soil pools which 

Fig. 2. Fine-root mass (a) density, (b) biomass, and (c) C storage by depth for each treatment at the Elkhorn Ridge (left), Whitmore (middle), and 
Feather Falls (right) Garden of Eden Study sites. Bars indicate standard errors. Note differences in scale for root density across sites. Data refl ect 
all fi ne roots, regardless of species. Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and herbicide.
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comprised 86 to 89% of the total 
C pool and 94–98% of the total N 
pool. Total belowground C pools 
were highest at Feather Falls where 
control plots contained 166 Mg C 
ha−1, slightly lower at Whitmore 
(122 Mg C ha−1), and lowest at 
Elkhorn Ridge where controls had 
66 Mg C ha−1 (Fig. 4a). Total be-
lowground N pools were similar at 
Elkhorn Ridge (5.1 Mg N ha−1) 
and Whitmore (5.0 Mg N ha−1) 
and slightly higher at Feather Falls 
(5.3 g N ha−1, Fig. 4b).

Variability in total belowground 
C and N pools among replicate 
plots was high, as was the case with 
mineral-soil pools. Belowground C 
pools at Elkhorn Ridge were larger 
in plots treated with fertilizer alone, 
which had 37 Mg ha−1 more C than 
the control (p = 0.09, Dunnett’s ad-
justment) (Fig. 4a). At Whitmore, 
fertilizer applications, regardless of 
herbicide, increased total below-
ground C and N pools by 16%, 
or 22 Mg C ha−1 (p = 0.05) (Fig. 
4a) and by 16%, or 0.9 Mg N ha−1 
(p < 0.01), respectively (Fig. 4b). 
Herbicide increased total below-
ground C and N pools compared 
with the control, but effects were 
not signifi cant at the Whitmore 
site (Fig. 4a and 4b). Differences 
among treatment means at Feather 
Falls followed a similar trend but 
were not large enough to detect sta-
tistically signifi cant differences for 
total belowground C (Fig. 4a) or N 
pools (Fig. 4b).

DISCUSSION
Forest-Floor Pools

The strongest effects of fertilizer and herbicide treatments 
on belowground C and N pools occurred in the forest fl oor. 
Fertilization increased mass, C content, and N content of the 
forest fl oor and decreased forest-fl oor C/N ratios at all sites, 
regardless of herbicide application. Fertilization increased for-
est-fl oor C and N pools on all sites with the largest effect at 
Whitmore, the intermediate-quality site. Herbicide treatment 
infl uenced forest fl oor pools only at Elkhorn Ridge, where mass 
and C content were increased substantially. Control of under-
story vegetation tripled tree crown cover at the site (Table 3) 
and litter production by pine more than compensated for lit-
terfall in understory vegetation. This result likely refl ects higher 
competition between pines and shrubs at the Elkhorn Ridge 
than the other sites, which may be due to low soil volume avail-
able for water storage and root exploration in this skeletal soil.

Forest-fl oor C/N ratios in this study were relatively high, 
much higher than 20, the conventional critical C/N ratio for 
organic matter above which decomposition by microbes re-
quires the immobilization of inorganic soil N (Myrold, 2005). 
Fertilization decreased forest-fl oor C/N ratios at all sites, but 
not below 54. This decrease in forest-fl oor C/N ratios with 
fertilization may be the result of lowered plant N-use effi -
ciency and reduced translocation of N from senescent foliage. 
Alternatively, fertilization may have resulted in an accumula-
tion of partially decomposed forest fl oor material (i.e., Oa or 
H layer), which could also result in the observed decline in 
C/N ratios. Similar trends in forest-fl oor C/N ratios have been 
observed elsewhere in N fertilization studies of Douglas-fi r 
(Prietzel et al., 2004).

In contrast, competing vegetation control with herbi-
cides increased forest-fl oor C/N ratio at Feather Falls, suggest-
ing a relatively higher retention of C than of N in the litter 
layer. Increased forest-fl oor C/N ratio following herbicide 
treatment may have been observed only at this site because a 

Table 5. Fine-root (<2-mm diam.) biomass, C pool, and N pool to 30-cm depth and to 1-m 
depth by site and treatment for the Elkhorn Ridge, Whitmore, and Feather Falls Garden of 
Eden Study sites.†

Treatment 
0–30 cm Depth 0–1 m Depth

Root biomass Root C Pool Root N Pool Root biomass Root C Pool Root N Pool

–––––––––––––––––––––––––––––––Mg ha−1––––––––––––––––––––––––––––––
Elkhorn Ridge– Low

C 6.4 ± 0.7 3.6 ± 0.5 0.04 ± 0.01 10.8 ± 1.9 5.8 ± 1.1 0.06 ± 0.02

H 6.7 ± 0.7 3.7 ± 0.5 0.05 ± 0.01 11.4 ± 1.9 6.3 ± 1.1 0.07 ± 0.02

F 6.9 ± 0.7 3.9 ± 0.5 0.07 ± 0.01 11.9 ± 1.9 6.5 ± 1.1 0.11 ± 0.02

HF 6.3 ± 0.7 3.5 ± 0.5 0.05 ± 0.01 11.6 ± 1.9 6.2 ± 1.1 0.08 ± 0.02

p-value

H 0.82 0.85 0.51 0.95 0.93 0.70

F 0.99 0.98 0.10 0.77 0.77 0.15

H x F 0.59 0.68 0.09‡ 0.79 0.74 0.25

Whitmore–Intermediate

C 5.9 ± 1.5 3.2 ± 0.8 0.04 ± 0.01 7.8 ± 2.4 4.3 ± 1.3 0.05 ± 0.02

H 8.6 ± 1.5 4.5 ± 0.8 0.06 ± 0.01 13.4 ± 2.4 7.2 ± 1.3 0.09 ± 0.02

F 7.8 ± 1.5 4.3 ± 0.8 0.07 ± 0.01 12.4 ± 2.4 6.9 ± 1.3 0.10 ± 0.02

HF 6.5 ± 1.5 3.4 ± 0.8 0.05 ± 0.01 13.5 ± 2.4 6.7 ± 1.3 0.10 ± 0.02

p-value

H 0.66 0.82 0.67 0.28 0.41 0.38

F 0.95 0.98 0.42 0.43 0.50 0.22

H x F 0.26 0.24 0.22 0.43 0.34 0.50

Feather Falls– High

C 8.9 ± 2.5 5.0 ± 1.4a§ 0.08 ± 0.01 14.5 ± 3.1 8.0 ± 1.6 0.11 ± 0.02

H 15.1 ± 2.5 8.1 ± 1.4a 0.08 ± 0.01 22.3 ± 3.1 11.6 ± 1.6 0.13 ± 0.02

F 7.6 ± 2.5 4.0 ± 1.4b 0.08 ± 0.01 15.7 ± 3.1 8.5 ± 1.6 0.14 ± 0.02

HF 6.4 ± 2.5 3.1 ± 1.4b 0.06 ± 0.01 15.6 ± 3.1 7.4 ± 1.6 0.11 ± 0.02

p-value

H 0.38 0.46 0.72 0.29 0.48 0.76

F 0.12 0.09 0.34 0.44 0.32 0.82
H x F 0.21 0.22 0.31 0.28 0.22 0.24
† Means are followed by standard errors. P-values for treatment factors were determined from analysis 
of variance. Boldface p-values are signifi cant, α = 0.1. C and N concentrations are shown in Fig. 2. 
Treatments: C = control, H = herbicide only, F = fertilizer only, HF = herbicide and fertilizer.
‡ No pair-wise comparisons signifi cant with a Tukey adjustment, α = 0.1. F > C with Dunnett’s adjustment 
to test treatments against control, α = 0.1.
§ For each column, different letters denote statistically different treatments as assessed by multiple pair-
wise comparisons with a Tukey adjustment, α = 0.1.
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N-fi xing deciduous shrub, Ceanothus integerrimus, dominated 
the understory vegetation at Feather Falls, whereas manza-
nita species dominated the understory at Elkhorn Ridge and 
Whitmore. A similar decrease in forest-fl oor N concentration 
was observed following herbicide applications in loblolly pine 
(Pinus taeda; Will et al., 2006).

There has been concern that competing vegetation control 
may decrease the quality of litter inputs and that this decrease 
could impair nutrient cycling (Busse et al., 1996, 2006; Munson 
et al., 1993). One source of concern is that pine litter is often 
nutrient-poor compared with litter of understory species. For 
example, manzanita leaves are particularly rich in Ca, averaging 
four-times the concentrations found in pine needles (Powers, 
1981). High accumulations of Ca in manzanita litter might di-
lute fi xed amounts of C, helping explain the apparent higher C 
concentrations in the forest fl oor of herbicide-treated plots at 
Elkhorn and Whitmore (Table 4). The elimination of N-inputs 
by N-fi xing Ceanothus, may have caused the observed decrease 
in N concentration and increase in C/N ratio in the forest fl oor 
following understory control at Feather Falls. In contrast, in-

creased forest-fl oor mass at Elkhorn Ridge with competing 
vegetation control using herbicides is probably a result of in-
creased inputs associated with the tripling of aboveground pine 
productivity and a doubling of crown cover (Table 1), rather 
than depressed litter decomposition.

Fine-Root Pools
Fine roots in our study contributed 4 to 8% of the to-

tal belowground C pool, exclusive of coarse roots. Fine root 
initiation and turnover continues at variable rates throughout 
a year (Bowen, 1984). Our sampling occurred at a single in-
terval during the growing season (August for Whitmore, June 
for Elkhorn Ridge and Feather Falls). Tingey et al. (1995) 
have shown that summer sampling such as done here marks 
both a peak and a period of relative stability in fi ne-root den-
sity for ponderosa pine, and this may be generally true for 
other species in the northern hemisphere (Ford and Deans, 
1977). Thus, we believe that our sampling periods coincided 
with maximum fi ne-root density.

Fig. 3. Mineral-soil C (a) concentration, (b) N concentration, and (c) C/N ratio by depth for each treatment at Elkhorn Ridge (left), Whitmore 
(middle), and Feather Falls (right) Garden of Eden Study sites. Bars indicate standard errors. Note differences in scale for C and N concentrations 
across sites. Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and herbicide.
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Our estimates of fi ne-root C do not represent total fi ne-
root C inputs as we did not quantify turnover occurring ear-
lier and later in the year. It is possible that the major role of 
fi ne roots in belowground C storage and dynamics is through 
exudation and turnover (i.e., belowground litter production). 
Unfortunately, these processes, while known to be important, 
are not well understood. Nadelhoffer et al. (1985) proposed 
that while fi ne-root biomass tends to decrease with increasing 
soil N availability, fi ne-root production may increase. Evidence 
for this hypothesis includes patterns observed across gradients 
of nutrient availability and is reviewed in Nadelhoffer (2000). 
In contrast, Hendricks et al. (2006) observed decreased fi ne-
root biomass with increasing soil N and water availability co-
incident with no change in fi ne-root production and mortality 
in longleaf pine (Pinus palustris). Similar inconsistencies in the 
literature include reports that fi ne-root production and turnover 
increased (King et al., 2002) or decreased (Haynes and Gower, 
1995; Giardina et al., 2003, 2004) following fertilization.

Challenges to measuring changes in fi ne-root biomass or 
turnover and to comparing results across studies include dif-
ferences in sampling methodology and differences in diameter 
classes and cutoffs. For example, in one study loblolly pine 
measurements recorded using minirhizotrons indicated in-
creased production of fi ne roots < 1 mm in diameter (King 
et al., 2002), whereas sequential coring suggested decreased 
fi ne-root production (<2-mm diam.) (Albaugh et al., 1998) 
following fertilization. Fine-root biomass estimates from 
root coring were 27% greater than estimates from soil pits at 
Bartlett Experimental Forest, NH (Park et al., 2007). A study 
of slash pine (Pinus elliotii) observed decreased fi ne-root bio-
mass (<2-mm diam.) following competing vegetation control, 

whereas fertilization decreased fi ne-root biomass only for roots 
< 0.5 mm (Shan et al., 2001).

Mineral-Soil Pools
Mineral-soil C pools in our study were not very responsive 

to silvicultural treatments, although high variability may have 
precluded detection of statistically signifi cant treatment effects. 
Similar results were reported by Homann et al. (2001a) who 
observed large variability in soil C storage and no detectable 
effect of fertilization on soil C storage in Douglas-fi r forests. In 
fact, a growing number of studies have reported no detectable 
change in soil C storage following fertilization of Douglas-fi r 
(Canary et al., 2000), slash pine (Harding and Jokela, 1994; 
Shan et al., 2001), and loblolly pine (Sartori et al., 2007) 
stands. Similar results were reported for a red pine (Pinus res-
inosa)/mixed-hardwood forest (Parker et al., 2002) and for wet 
tropical forests (Giardina et al., 2004; Li et al., 2006). However, 
several of these studies did report increases in forest-fl oor C 
pools (Harding and Jokela, 1994; Canary et al., 2000; Parker 
et al., 2001; Sartori et al., 2007).

Fertilization increased mineral-soil N concentrations and 
the mineral-soil N pool to 1-m depth at Whitmore 12–13 yr af-
ter fertilizer applications ceased. The increase of 0.9 Mg N ha−1 
at Whitmore was smaller than the total 1.1 Mg N ha−1 applied 
during the fi rst 6 yr after tree establishment (Table 2). While 
fertilization had a profound effect on forest fl oor N concen-
trations and pools, high variability precluding detecting a re-
sidual effect in mineral soil at Elkhorn Ridge or Feather Falls. 
Some studies have reported residual elevation of mineral soil N 
a decade or longer following fertilizer applications (Homann 
et al., 2001b; Jandl et al., 2003). Other studies have reported 

Fig. 4. (a) Total belowground C pools and (b) total belowground N pools for each treatment at Elkhorn Ridge (left), Whitmore (middle), and Feather 
Falls (right) Garden of Eden Study sites. Bars indicate standard errors for total pools. Note difference in scale for belowground C pool at Elkhorn 
Ridge. Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and herbicide. Different letters indicate statistically signifi cant 
differences between treatment means, α = 0.1. Brackets indicate main effects for fertilizer treatment. Specifi c p values are reported in the text.
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no lasting effect of N additions on mineral soil (Harding and 
Jokela, 1994; Johnson et al., 2003; Adams et al., 2005).

Total Belowground Pools
Total belowground C pools, including forest fl oor, fi ne 

roots, and mineral soil, increased with increasing site produc-
tivity. Total N pools were less at Elkhorn Ridge than at the 
more productive sites, but appeared to be larger at Whitmore 
than at Feather Falls as a result of higher soil bulk densities at 
Whitmore. Competing vegetation control with herbicides did 
not appear to affect total C or N pools at any of the three sites. 
In contrast, fertilization increased total C pools at Elkhorn 
Ridge and increased total C and N pools at Whitmore. Despite 
California’s droughty climate, high rates of N fertilization can 
lead to nitrate leaching on weakly developed, coarse-textured 
soils (McColl and Powers, 1984). However, deep leaching is 
unlikely on the fi ne-textured soils in our study (Miles and 
Powers, 1988). Fertilizers were applied at an incremental rate 
intended to meet anticipated demand, and soils at Whitmore 
and Feather Falls were fi ne-textured and well developed. Even 
at Elkhorn Ridge where skeletal soils are presumably more leach-
able, fertilization led to N gains in the forest fl oor, fi ne roots, and 
mineral soil equivalent to 84% of the N applied as fertilizer, and 
the remainder was probably retained in perennial biomass.

Mechanisms for Responses to Fertilization
Two mechanisms for increases in forest-fl oor- and min-

eral-soil C pools with fertilization have been proposed. The 
fi rst is that increased tree productivity elevates litter produc-
tion, which augments accumulation of organic matter and C 
belowground. Elevated litterfall following fertilization has been 
noted in many forests, ranging from cool, temperate red pine 
plantations (Haynes and Gower, 1995) to tropical wet forests 
(Li et al., 2006). This explanation for fertilizer-induced increas-
es in forest-fl oor or mineral-soil C pools has been proposed in 
a number of additional studies where fertilization or other for-
est management treatments resulted in improved aboveground 
productivity and increased forest-fl oor mass or C pool (Baker 
et al., 1986; Harding and Jokela, 1994) or mineral-soil C pool 
(Adams et al., 2005).

The second possible mechanism for accumulation of for-
est-fl oor- and surface-soil C following fertilization is reduced 
decomposition of partially decomposed organic matter (Berg, 
2000; Neff et al., 2002; Franklin et al., 2003). In forest fl oors, 
depressed long-term decomposition increases C accumula-
tion as humifi ed organic matter, particularly in Oe horizons 
(Nohrstedt et al., 1989). In fact, decreased decomposition fol-
lowing fertilization was more important than litter production 
in increasing forest-fl oor C in one study of Scots pine (Pinus 
sylvestris) in Sweden (Franklin et al., 2003). Fertilization has 
also resulted in decreased soil respiration measured in the fi eld 
(Haynes and Gower, 1995) and during laboratory incubations 
of whole-soils and soil fractions (Swanston et al., 2004).

This longer-term reduction in decomposition following 
fertilization, particularly with N, may be due to suppression 
of the microbial community (Nohrstedt et al., 1989; Bååth et 
al., 1995), more rapid decline in organic matter quality during 
decomposition (Berg, 2000; Ǻgren et al., 2001), or increases 
in decomposer effi ciency (Ǻgren et al., 2001). Several stud-

ies have shown changes in the microbial community follow-
ing fertilization in Scandinavian forests. Nitrogen fertilization 
increased forest-fl oor mass coincident with decreases in soil 
respiration, microbial biomass, ATP content (Nohrstedt et al., 
1989) and changed species composition of the fungal commu-
nity (Arnebrant et al., 1990). Fertilization with wood-ash de-
creased microbial biomass and had a larger effect on the fungal 
community than on bacteria (Bååth et al., 1995). In contrast, 
fertilization increased microbial biomass in a wet tropical forest 
(Li et al., 2006).

Of these two mechanisms, we believe that increased litter 
production associated with increased aboveground productiv-
ity following fertilization is primarily responsible for the great-
er forest fl oor mass on fertilized plots in this study. Although 
forest-fl oor N concentrations were signifi cantly higher on fer-
tilized plots (Table 4), we suspect that C/N ratios were suf-
fi ciently high to preclude rapid decomposition, especially in a 
summer-dry climate. However, we did not measure litterfall or 
litter decomposition or separate forest fl oor material into Oi/
Oe/Oa (L/F/H) horizons and such data may have provided ad-
ditional insight into the mechanisms behind our observations.

CONCLUSIONS
We expected to observe increased total belowground C and 

N pools following fertilization and decreased C and N pools 
following herbicide applications. Fertilization increased forest-
fl oor C and N pools at all sites, and the magnitude of effect 
decreased with increasing site productivity. Total belowground 
pools were not as strongly affected by fertilization, however. 
Herbicide had no effect on total belowground pools, and only 
affected forest-fl oor C pools at Elkhorn Ridge where compet-
ing vegetation control resulted in an unexpected increase in C 
storage, either as a result of slower decomposition of pine lit-
ter relative to mixed litter or increased litterfall associated with 
increased pine productivity.

Herbicide did not reduce forest-fl oor- or total below-
ground C and N pools, but we did observe some evidence for 
changes in litter quality in the presence of competing vegeta-
tion control. Decreased N concentration and higher C/N ra-
tios in the forest fl oor at Feather Falls are one indication of 
reduced litter quality following shrub removal that eliminated 
N-rich Ceanothus litter. Elevated forest-fl oor C concentrations 
at Elkhorn Ridge and Whitmore following herbicide applica-
tion refl ect inputs of pine litter with lower nutrient status. In 
addition, we saw evidence for reduced SOM quality through 
density fractionation and laboratory incubation of soils from 
these sites when treated with competing vegetation control 
(McFarlane, 2007). It remains possible that over the longer pe-
riod of multiple rotations declines in soil quality could occur in 
association with competing vegetation control, but any sugges-
tions that this might affect site productivity are speculative.

Our results suggest that the largest increases in C seques-
tration with forest management occur in the aboveground bio-
mass with smaller, but potentially signifi cant, responses occur-
ring in forest fl oors. In forests managed for timber production, 
it is especially important to consider the longevity of manage-
ment-enhanced C sequestration. Increases in C storage in for-
est fl oors and, to a lesser extent, in mineral soils resulting from 
nutrient additions or competing vegetation control may not 



SSSAJ: Volume 73: Number 3  •  May –June 2009 1031 

amount to long-term C storage if stands are subjected to fi re or 
harvested before organic matter is stabilized. Selection of forest 
stands to be managed for C storage will require consideration 
of site characteristics, other management objectives, and plans 
for future harvest and thinning operations. While it may be 
possible to increase C sequestration by forests with manage-
ment practices such as these, our results suggest that the major 
mechanism for increases in stored C will be through increased 
incorporation of C in tree biomass with storage of C in forest-
fl oor, fi ne-root, or mineral soil C pools, a lesser, but still im-
portant mechanism.
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