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a b s t r a c t

Black cottonwood (Populus trichocarpa Torr. and Gray) is a deciduous tree species that extends from Alaska
through coastal regions of western Canada into the northwestern United States and as far south as Baja
California. We examined the influence of black cottonwood on soil fertility within a forest dominated by
Douglas-fir [Pseudotsuga menziessi (Mirb.) Franco], western hemlock [Tsuga heterophylla (Raf.) Sarg], and
western red cedar (Thuja plicata Donn ex. D. Don.). Six circular 0.008 ha plots with a single cottonwood
tree in the center of conifers were paired with six conifer plots (of the same size) without cottonwood.
Litterfall, litter decomposition, properties of forest floor and mineral soil, and N mineralization were
compared between plot types. Cottonwood litter had higher concentrations of almost all elements relative
to conifer litter. Mass loss did not differ between cottonwood and fir/hemlock litter on cottonwood sites.
orest floor
ineral soil

orest soils

Twice the amount of mull-like humus form (vermimull and mullmoder, 56%) was found in cottonwood
plots compared to 28% in conifer plots. Higher pH (4.4) was found in the forest floor under cottonwood
compared to conifer (3.9). Total N concentration (3.33 g/kg) and base saturation (68%) were higher in
the mineral soil under cottonwood compared to conifers (2.98 g/kg total N and 50% base saturation).
Net ammonification and net mineralization were both lower under cottonwood. These results suggest

woo
oura
a variable effect of cotton
variables changed in a fav

. Introduction

Forest managers in the Pacific Northwest traditionally view
any deciduous trees as weeds that compete with conifers for

esources. However, the presence of deciduous species in conifer
tands can improve biodiversity, which in turn increases the capac-
ty of ecosystems to renew and reorganize after disturbance.
iodiversity can therefore be seen as a kind of insurance policy
gainst the loss of ecosystem functionality (Folke et al., 2004). In
ddition, soil fertility has been found to be higher under some
road-leaved species compared to conifers.

In the Pacific Northwest, deciduous species such as red alder
Alnus rubra Bong), vine maple (Acer circinatum Pursh), bigleaf

aple (Acer macrophyllum Pursh), and black cottonwood (Pop-
lus balsamifera L.) grow within forests dominated by conifers.

ed alder, a N-fixing tree species, has been observed to increase

(Tarrant et al., 1969), and organic matter content (Bormann
nd DeBell, 1981), as well as acidity in the mineral soil (Van
iegroet and Cole, 1984). Vine maple growing in the understory

∗ Corresponding author at: Faculty of Environment, Department of Geography,
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5A 1S6. Tel.: +1 778 782 3323.

E-mail addresses: margaret schmidt@sfu.ca, caschmidtc@sfu.ca (M.G. Schmidt).

378-1127/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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d on soil fertility within coastal western hemlock forests with some soil
ble direction and some in an unfavourable direction.

© 2010 Elsevier B.V. All rights reserved.

of Douglas-fir [P. menziessi (Mirb.) Franco] and western hemlock
[T. heterophylla (Raf.) Sarg.] has been found to increase mineraliz-
able N and total exchangeable bases in the mineral soil (Tashe and
Schmidt, 2001). Bigleaf maple sites have been observed to have
higher pH and mineralizable N contents in the forest floor as well
as higher concentrations of total N and exchangeable K, Ca, and Mg
in the mineral soil (Turk et al., 2008) compared to adjacent conifer
sites free from the influence of deciduous species.

Black cottonwood is regarded as the Pacific coastal race of
balsam poplar (BC Ministry of Forests, 1996). It grows in Alaska
through coastal regions of western Canada and the northwestern
United States and as far south as Baja California (Fig. 1). Cotton-
wood grows in climates ranging from relatively arid to humid,
but achieves its best development in areas of humid climate
(Haeussler et al., 1990). This species is highly shade intolerant and
poorly adapted to both drought and waterlogging (BC Ministry of
Forests, 1991). Cottonwood often grows within stands populated
by conifers including Douglas-fir, western hemlock, and western
red cedar, (T. plicata Donn ex. D. Don.) as well as other deciduous
trees including bigleaf maple, vine maple, and red alder (Haeussler

et al., 1990). Cottonwood can be a strong competitor for light within
mixed stands due to its rapid height growth and early dominance.

Information regarding the impact of cottonwood on soils is
extremely limited. No studies were found that address the impact
of cottonwood on soil fertility, however, other species within

dx.doi.org/10.1016/j.foreco.2010.07.029
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco
mailto:margaret_schmidt@sfu.ca
mailto:caschmidtc@sfu.ca
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Fig. 1. Geographic distribution of cottonwood in No

he genus Populus have been shown to enrich conifer forests, as
as reported by Weih (2004) in a study of boreal regions. In an

ffort to fill a knowledge gap associated with this species, our
tudy examined the impact of cottonwood on soil fertility in a
ouglas-fir/western hemlock dominated forest. Conifer plots with
cottonwood component were compared to pure conifer plots

sing a paired plot design. The goal of the study was to determine
he influence of cottonwood on: (1) litterfall, (2) litter decomposi-
ion, (3) forest floor properties, (4) mineral soil properties, and (5)

mineralization.

. Methodology
.1. Study area and sampling design

This study was undertaken at the Malcolm Knapp Research For-
st (MKRF), located in Haney, east of Vancouver, British Columbia
erica (modified from USDA Forest Services, 2004).

(BC) (49◦16′40′ ′N, 122◦34′20′ ′W) (Fig. 2). Mean annual precipita-
tion within the study area is approximately 2200 mm (Malcolm
Knapp Research Forest, 2008), while mean monthly temperatures
range from 1.4 to 16.8 ◦C (Klinka and Krajina, 1986). The research
forest is located within the Coastal Western Hemlock (CWH) bio-
geoclimatic zone (Malcolm Knapp Research Forest, 2008). Stands
used in this study were approximately 80 years old and have
regenerated naturally after a forest fire in 1931. Stands were dom-
inated by Douglas-fir, western hemlock, and western red cedar.
Deciduous trees, including bigleaf maple, cottonwood, red alder,
and vine maple, occurred as single or groups of stems within
the coniferous forest. The most common understory vegetation

was salmon berry (Rubus spectabilis Prush), trailing blackberry
(Rubus ursinus Cham. & Schltdl.), evergreen blackberry (Rubus
laciniatus Willd.), red huckleberry (Vaccinium parvifolium Sm.),
western sword fern (Polystichum munitum (Kaulf.) C. Presl), and
salal (Gaultheria shallon Pursh). The soil in this area was classified
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Fig. 2. Location of Malcolm Knapp Res

s Gleyed Dystric Brunisol formed on morainal deposits (Tashe and
chmidt, 2001).

Six pairs of circular 0.008 ha plots were located within conifer-
ominated stands of the MKRF. Five of the research sites were

ocated within the dry maritime (dm) subzone of the CWH, while
ne site was within the very wet subzone of the CWH. Snow per-
ists for about 4 months on one of the six pairs used in this study,
ut does not generally occur on the other five sites. Each pair of
lots contained one plot centred on a dominant cottonwood bole
nd one plot centred on a dominant conifer. Cottonwood plots
ad one cottonwood individual surrounded by conifers. Douglas-fir
rees were chosen for the centre of pure conifer plots when-
ver possible, however, one plot was centred around a western
emlock because an appropriate Douglas-fir tree could not be

ocated.
Each pair of plots displayed similar site characteristics, includ-

ng: slope, aspect, elevation, and age of stand. The soil moisture
egime (SMR) did not differ by more than one unit and the
oil textural class was adjacent on the textural triangle for
ach pair of plots. The SMR in the study area ranged from

to 6. The mean diameter for the central cottonwood stems
as 53 cm with a range of 41–72 cm, while the mean diam-

ter for central conifer stems was 58 cm with a range of
7–86 cm. One hundred percent of the basal area in conifer
lots was from conifers, whereas the mean cottonwood basal
rea was 45% in cottonwood plots. The cottonwood plots were
hus mixed conifer/deciduous plots rather than pure deciduous
lots.

All plots had a radius of 5 m and were located at least 15 m away
rom trails or roads. Selected cottonwood trees were at least 15 m
way from the boles of other deciduous trees, and pure conifer plots
ere at least 15 m away from all deciduous influence. Plots within

he same pair were located a minimum of 30 m and a maximum

f 60 m away from each other. This placement allowed pairs to be
lose enough to ensure similar site characteristics yet far enough
o remove as much effect of cottonwood on the conifer plots as
ossible. Comparisons were made between plots within the same
air.
Forest in southwest British Columbia.

2.2. Litterfall sampling and analysis

Litterfall was collected in each plot for one year (August 2007 to
August 2008). Five plastic trays (0.125 m2, lined with nylon mesh,
and with 1 mm2 pores) were randomly placed on the forest floor
of each plot for a total of 60 trays. Litterfall was collected weekly
in the autumn and monthly for the rest of the year. All litter col-
lected from any one plot (5 trays per plot) was composited and then
oven-dried at 70 ◦C for 24 h. Samples were sorted into: cottonwood
leaves, fir/hemlock needles, western red cedar leaves, and “other”
debris (small twigs, cone scales, and any other litter). Twigs that
were larger than 2 mm in diameter were removed from samples
(Maguire, 1994). Seasonal litter input was then determined.

Litterfall samples from the autumn for cottonwood, fir/hemlock,
western red cedar, and “other” debris were analysed for P, K, Ca,
Mg, S, Mn, B, Zn, Fe, Cu, and Al by an inductively coupled plasma-
atomic emission spectrometer (ICP), following the closed vessel
microwave digestion method (Kalra and Maynard, 1991). For anal-
ysis of total C and N, tissue samples were ground with a Wiley mill
(produced by Thomas Scientific) and run through a Fisons NA-1500
Elemental Analyser. Lignin analysis followed the acid detergent
method by Goering and Van Soest (1970) as modified by Ryan et al.
(1990).

Cottonwood litter was placed in 12 cm × 15 cm mesh bags
while fir/hemlock needles were placed in 6 cm × 12 cm mesh bags.
Decomposition bags were made of 2-ply nylon mesh with 1 mm2

holes. All bags were filled with the equivalent of 2 g dry weight of
litter. On December 5 and 6 of 2007, three bags each of two litter
types (cottonwood and fir/hemlock) were randomly pinned to the
forest floor in each of the 12 plots. All decomposition bags (72) were
collected from each plot 18 months later. Litter was oven-dried at
70 ◦C for 24 h, weighed, and mass loss was determined.
2.3. Forest floor sampling and analysis

Depths of the forest floor and of the Ah horizon were recorded
at three random locations between 1.5 and 5 m from the centre of
each plot. The same three locations within each plot were used to
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Table 1
Seasonal litterfall (kg ha−1) in cottonwood and conifer plots (n = 6).

Season Cottonwood plots Conifer plots P Power

Autumn 3071 (1282) 2666 (921) 0.15 0.15
Winter 780 (410) 635 (237) 0.47 0.17
Spring 548 (296) 527 (384) 0.80 0.06

T
A

V
i
t
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lassify humus form to the group level according to Green et al.
1993).

Three randomly selected forest floor samples were collected
ithin each plot for further analysis. The moist forest floor sam-
les were weighed before they were oven-dried at 70 ◦C for 24 h
o determine dry weight of the forest floor (Kalra and Maynard,
991). Water content and bulk density of each sample were cal-
ulated. A subsample of equal weight was removed from each
ven-dried sample. Composite samples from each plot were sent
o the BC Ministry of Forests and Range Laboratory for determina-
ion of the following properties: pH, total N, C, and S, mineralizable
, exchangeable cations, available P, cation exchange capacity

CEC), NH4-N and NO3-N. The pH was measured with a combina-
ion electrode and data acquisition system in a 1:1 forest floor to
ater solution (Kalra and Maynard, 1991). Total C, N, and S were
etermined by a dry combustion method using a Fisons NA-1500
lemental Analyser.

Mineralizable N was measured using an anaerobic incuba-
ion method where soil samples were incubated under anaerobic
onditions for 2 weeks at 30 ◦C, and N was determined colori-
etrically by a Technicon Auto-analyzer II (Waring and Bremner,

964a,b; Bremner, 1965). Mineralizable N was measured in a 1 M
Cl extract and NH4-N and NO3-N were measured in a 2 M KCl
xtract. Exchangeable cations were measured using an ARL 3560
nductively coupled argon plasma (ICAP) spectrometer. The sum
f cations reported by this method was used to determine effec-
ive CEC (Carter, 1993). Available phosphate was extracted using
he Bray P1 method (Kalra and Maynard, 1991; John, 1970), while
H4-N and NO3-N were measured colorimetrically using an Alp-
em Flow System IV analyzer (Carter, 1993).

The buried bag technique (Prescott et al., 2003; Prescott, 1992)
as used to quantify differences in N mineralization rates between

ottonwood and conifer plots. Bags were left to incubate at three
andom locations per plot for 40 days, from July 18 to August
7, 2007. The samples removed from each plot were compos-

ted and delivered, within 48 h, to Pacific Soils Analysis Laboratory
n Richmond, BC for chemical analysis. Samples were analysed
or NH4-N and NO3-N concentrations before and after incubation.
vailable NH4-N and NO3-N were determined using 0.5 M K2SO4
xtract. NH4-N was determined colorimetrically on a Technicon
utoanalyser, and NO3-N was determined by the chromotropic acid
olour development method, and measured on a Turner colorime-
er (Carter, 1993).

.4. Mineral soil sampling and analysis

Mineral soil sampling took place during July and August 2007.

hree randomly selected mineral soil samples were collected per
lot using a bulk density corer with a volume of 490.3 cm3. Bulk
ensity cores were taken directly beneath forest floor sample loca-
ions. The moist weight of all soil core samples was determined,
amples were oven-dried at 105 ◦C for 48 h, and weighed again

able 2
utumn litterfall (kg ha−1) in cottonwood and conifer plots (n = 6).

Litter type Cottonwood plots

Cottonwood 767a (748)
Conifer (fir/hemlock + cedar) 1606 (651)
Fir/hemlock litterfall 506a (277)
Western red cedar 1100a (758)
‘Other’ litterfall 589a (213)

Total autumn litterfall 2963 (1077)

alues in parentheses represent standard deviations. Underlined values indicate signific
ndicate significant differences between litterfall types (excluding total conifer litter) wi
otal mass of all components does not add up exactly to the total mass for autumn litterfa
Summer 623 (223) 786 (204) 0.22 0.34

Annual total 5025 (1212) 4614 (840) 0.22 0.16

Values in parentheses represent standard deviations.

(Kalra and Maynard, 1991). Percentage of coarse fragment (diame-
ter > 2 mm), gravimetric soil water content, and bulk density were
determined for each sample.

Equal portions of the remainder of the samples were thoroughly
mixed on a per plot basis and sent to the BC Ministry of Forests
and Range Laboratory. Analyses were completed using the same
methodology used for forest floor samples and included tests for:
pH, total N, C and S, mineralizable N, exchangeable cations, avail-
able P, CEC, NH4-N and NO3-N.

2.5. Statistical analysis

Differences in properties between plot types were deter-
mined using SPSS 16.0 statistical software (SPSS Inc., 2006).
All data were analysed for normality using the One-Sample
Kolmogorov–Smirnov test. Data not appearing normal were log
transformed to achieve normality. Data were analysed using paired
t-tests, except in the case of autumn litterfall data, which were
analysed using a one-way analysis of variance (ANOVA), and
humus form data which were analysed using a Kruskal–Wallis
test. When significant differences were found between litter
types, data were further analysed with the Tukey/Tamhane mul-
tiple comparison test. A significance level of 0.1 was used
due to considerable natural heterogeneity within measured
properties.

The probability of committing a Type II (ˇ) error was calculated
when paired t-tests yielded non-statistically significant results
(a Type II error results in a failure to reject the null hypothesis
when the alternative hypothesis is true) (Kleinbaum et al., 1998).
Power was determined by using a computer program created by
Borenstein and Cohen (1988).

3. Results

3.1. Litterfall and litter decomposition

Seasonal litterfall weights were similar for cottonwood and

conifer plots (Table 1). More than half of the annual litter fell
in the autumn for both plot types. Significantly more cotton-
wood litter fell in cottonwood plots compared with conifer plots,
and significantly more fir/hemlock litter fell in conifer plots com-
pared to cottonwood plots (Table 2) during the autumn. Within

Conifer plots P Power

147a (199) 0.07
1727 (576) 0.19 0.09
748b (327) 0.09

979ab (872) 0.40 0.08
809b (319) 0.10 0.37

2684 (829) 0.27 0.12

ant differences between plot types at P < 0.1. Different letters in the same column
thin the same plot type at P < 0.05 using a Dunnett multiple comparison test. The
ll in Table 1 due to slight errors in sorting and weighing.
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Table 3
Concentrations of elements (�g g−1) in autumn litter from cottonwood plots (n = 6).

Element Cottonwood litter Fir/hemlock litter Red cedar litter ANOVA, P

C 507,530a (3746) 542,373b (6351) 543,258b (10,963) 0.00
N 14,563a (2093) 9772b (1076) 5693c (768) 0.00
P 643a (61) 492b (80) 362c (85) 0.00
K 4885a (1384) 1532b (552) 1115b (243) 0.00
Ca 19,215a (1732) 9995b (1832) 16,523a (2545) 0.00
Mg 1993a (351) 785b (85) 603b (124) 0.00
S 1385a (229) 837b (66) 543c (38) 0.00
Mn 122a (57) 300b (207) 109a (34) 0.01a

B 38a (6) 15b (4) 12b (2) 0.00
Zn 339a (112) 42b (16) 19c (7) 0.00
Fe 141 (25) 169 (68) 119 (21) 0.17
Cu 10a (1) 8a (3) 4b (1) 0.00
Al 125 (22) 125 (22) 264 (349) 0.41

Single and double underlined values indicate significant differences at P < 0.1 and P < 0.05, respectively. Values in parentheses represent standard deviations. Different letters
in the same rows indicate significant differences at P < 0.05.

a Data were log transformed to meet underlying statistical assumptions.

Table 4
Element contents (kg ha−1) of autumn litter (composite of all litter types) in cottonwood and conifer plots (n = 6).

Element Cottonwood plots Conifer plots P Power

C 1578 (569) 1437 (432) 0.28 0.12
N 28.02 (9.97) 23.34 (6.47) 0.10 0.23
P 1.57 (0.70) 1.30 (0.54) 0.25 0.17
K 6.74 (3.93) 4.77 (2.83) 0.08
Ca 44.14 (22.54) 33.59 (14.77) 0.13 0.23
Mg 3.12 (1.59) 2.29 (1.04) 0.07
S 2.49 (0.91) 2.02 (0.49) 0.11 0.27
Mn 0.45 (0.21) 0.56 (0.13) 0.24 0.27
B 0.05 (0.03) 0.04 (0.01) 0.04
Zn 0.38 (0.37) 0.14 (0.06) 0.13 0.43

0
0
1

V value

c
(

c
t
h
o

T
P

V

T
P

V

Fe 0.70 (0.31)
Cu 0.022 (0.007)
Al 0.79 (0.35)

alues in parentheses represent standard deviations. Single and double underlined

ottonwood plots, there was significantly more conifer litter
fir/hemlock + cedar) than cottonwood litter (P = 0.096).
Cottonwood litter that fell in autumn had significantly higher
oncentrations of N, P, K, Ca, Mg, S, B, and Zn, and lower concentra-
ions of Mn than fir/hemlock litter (Table 3). Cottonwood plots had
igher contents of K, Mg, B, and Cu in autumn litterfall (composite
f all litter types) than conifer plots (Table 4). There were no signifi-

able 5
roperties of cottonwood and fir/hemlock litter (n = 4).

Property Concentrations (�g g−1)

Cottonwood litter fi

Fibre (total) 664,912 (102,715)
Cellulose 320,432 (17,317)
Lignin 338,274 (91,506)
Lignin:N ratio 24 (6.30)

alues in parentheses represent standard deviations.

able 6
ercentage of original litter remaining after 18 months decomposition period (n = 6).

Post 18 month incubation

Cottonwood plot Conife

Cottonwood litter 64.7 (3.10) 66.2
Fir/hemlock litter 60.6 (7.11) 62.7

Post 18 month incubation

Cottonwood litter Fir/hem

Cottonwood plot 64.7 (3.10) 60.6
Conifer plot 66.2 (4.09) 62.7

alues in parentheses represent standard deviations.
.97 (0.84) 0.30 0.17

.018 (0.005) 0.03

.15 (1.02) 0.31 0.19

s indicate significant differences at P < 0.1 and P < 0.05, respectively.

cant differences in nutrient concentrations within fir/hemlock litter
between cottonwood and conifer plots. No differences were found

in lignin concentration or the lignin:N ratio between cottonwood
and fir/hemlock litter (Table 5).

After 18 months of decomposition, mass loss did not differ
between cottonwood and fir/hemlock litter within cottonwood
plots, however, mass loss was lower for cottonwood litter when

r/hemlock litter P Power

574,955 (47,523) 0.13 0.41
307,089 (21,107) 0.43 0.22
260,898 (50,242) 0.11 0.37

25 (4.73) 0.87 0.07

r plot P (t-test) Power (1 − ˇ)

(4.09) 0.374 0.11
(4.58) 0.465 0.09

lock litter P (t-test) Power (1 − ˇ)

(7.11) 0.157 0.25
(4.58) 0.071 0.29
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ig. 3. Mean thickness of forest floor horizons and Ah horizons for cottonwood and
onifer plots (n = 6). None of the horizon depths are significantly different between
lot types.

ompared to fir/hemlock litter within conifer plots (Table 6). Mass
oss did not differ for cottonwood litter decomposing in cotton-

ood plots when compared to conifer plots, or for fir/hemlock
itter decomposing in cottonwood as compared to conifer
lots.

.2. Forest floor, mineral soil and N mineralization

None of the forest floor or upper mineral horizon depths were
ignificantly different between plot types (Fig. 3). The same six
umus forms were identified in both cottonwood and conifer plots:
umimor, mormoder, vermimull, leptomoder, and mullmoder
Fig. 4). However, forest floors within cottonwood plots were found
o have double the amount of mull-like (vermimull and mullmoder,
= 0.05) humus forms and a lesser (but not significantly different)
roportion (38% vs. 55%) of mor-like (mormoder and humimor)
umus forms compared to conifer plots.

Forest floors of cottonwood plots had a higher pH and lower
oncentrations of exchangeable K and Fe (Table 7) when compared

o conifer plots. Mineral soil within cottonwood plots had a higher
otal N concentration and base saturation and lower concentra-
ions of exchangeable Fe and Al than mineral soil of conifer plots
Table 8).

Fig. 4. Frequency of humus forms within (A) cottonwood and (B) conifer plots (n = 6).

able 7
roperties of the forest floor in cottonwood and conifer plots (n = 6).

Property Cottonwood plots Conifer plots P Power

Weight (kg ha−1) 144,922 (37,113) 133,190 (114,625) 0.77 0.08
Bulk density (g cm−3) 0.23 (0.04) 0.20 (0.05) 0.21 0.28
pH (1:1 CaCl2) 4.4 (0.45) 3.9 (0.52) 0.04 0.51
Total C (g kg−1) 308 (94) 372 (89) 0.09 0.30
Total C (kg ha−1) 43,891 (13,678) 46,193 (36,339) 0.86 0.10
Total N (g kg−1) 10.2 (1.5) 12.1 (2.9) 0.12 0.38
Total N (kg ha−1) 1477 (428) 1827 (2042) 0.64
C:N ratio 30.2 (7.6) 30.8 (2.9) 0.77
Mineralizable N (mg kg−1) 242 (51) 254 (44) 0.76
Mineralizable N (kg ha−1) 34.4 (8.6) 38.0 (42.6) 0.85 0.07
NO3-N (mg kg−1) 0.83 (0.92) 0.91 (1.16) 0.90 0.06
NO3-N (kg ha−1) 0.11 (0.12) 0.07 (0.08) 0.49 0.16
NH4-N (mg g−1) 27.4 (9.3) 32.8 (15.9) 0.51 0.16
NH4-N (kg ha−1) 3.96 (1.52) 5.76 (8.32) 0.60 0.12
N mineralization (−1) (mg kg−1 day−1) 0.86 (0.85) 3.95 (2.81) 0.04
Available P (mg kg−1) 59.7 (22.0) 54.4 (11.6) 0.39
Available P (kg ha−1) 8.09 (2.24) 6.54 (4.09) 0.55 0.19
Total S (g kg−1) 1.25 (0.19) 1.44 (0.32) 0.16 0.32
Total S (kg ha−1) 180 (49) 214 (233) 0.70 0.09
Exch K (cmol kg−1) 0.81 (0.21) 1.02 (0.14) 0.07
Exch Ca (cmol kg−1) 25.3 (6.9) 23.0 (7.1) 0.64 0.13
Exch Mg (cmol kg−1) 2.56 (0.80) 2.74 (0.34) 0.55 0.12
Exch Mn (cmol kg−1) 0.50 (0.19) 0.48 0.18) 0.89 0.07
Exch Fe (cmol kg−1) 0.06 (0.04) 0.21 (0.15) 0.03
Exch Al (cmol kg−1) 1.71 (0.84) 3.07 (1.81) 0.15 0.47
Exch Na (cmol kg−1) 0.34 (0.02) 0.33 (0.03) 0.29 0.16
CEC (cmol kg−1) 31.3 (7.0) 30.7 (5.5) 0.93 0.06
Total exchangeable bases (cmol kg−1) 29.0 (7.7) 27.1 (7.4) 0.71 0.11
Base saturation (%) 91.7 (5.7) 86.6 (8.9) 0.32 0.30

alues in parentheses represent standard deviations. Single and double underlined values indicate significant differences at P < 0.1 and P < 0.05, respectively.



1356 J. Sabau et al. / Forest Ecology and Management 260 (2010) 1350–1358

Table 8
Properties of mineral soil in cottonwood and conifer plots (n = 6).

Property Cottonwood plots Conifer plots P Power

Bulk density (g cm−3) 0.74 (0.15) 0.72 (0.26) 0.95 0.07
Coarse fragments (%) 42.0 (9.9) 31.8 (13.8) 0.05
WG (g H2O g−1 soil) 0.58 (0.24) 0.54 (0.25) 0.79 0.08
WV (g H2O cm−3) 0.35 (0.10) 0.32 (0.06) 0.53 0.15
pH (CaCl2) 4.50 (0.20) 4.15 (0.33) 0.12 0.67
Total C (g kg−1) 73.9 (16.2) 71.8 (15.2) 0.62 0.08
Total C (kg ha−1) 34,980 (12,098) 35,604 (22,820) 0.92 0.01
Total N (g kg−1) 3.33 (0.78) 2.98 (0.53) 0.07
Total N (kg ha−1) 1557 (477) 1432 (733) 0.54 0.09
C:N ratio 22.5 (3.4) 24.2 (3.0) 0.18 0.20
Mineralizable N (mg kg−1) 79.2 (24.1) 71.0 (12.4) 0.30 0.17
Mineralizable N (kg ha−1) 37.9 (15.3) 34.0 (16.2) 0.48 0.11
NO3-N (mg kg−1) 3.30 (1.41) 2.33 (2.30) 0.44 0.21
NO3-N (kg ha−1) 1.63 (0.91) 1.04 (0.92) 0.33 0.27
NH4-N (mg kg−1) 8.26 (2.79) 7.75 (1.11) 0.62 0.10
NH4-N (kg ha−1) 3.87 (1.49) 3.72 (1.90) 0.84 0.07
Available P (mg kg−1) 6.29 (2.75) 4.16 (2.66) 0.16 0.36
Available P (kg ha−1) 3.00 (1.55) 2.33 (2.56) 0.49 0.13
Total S (g kg−1) 0.46 (0.13) 0.38 (0.06) 0.13 0.36
Total S (kg ha−1) 215 (72) 181 (89) 0.35 0.17
Exch K (cmol kg−1) 0.08 (0.03) 0.09 (0.06) 0.51 0.10
Exch Ca (cmol kg−1) 3.55 (2.24) 2.48 (1.11) 0.31 0.25
Exch Mg (cmol kg−1) 0.28 (0.13) 0.23 (0.12) 0.21 0.16
Exch Mn (cmol kg−1) 0.06 (0.05) 0.02 (0.01) 0.15 0.56
Exch Fe (cmol kg−1) 0.01 (0.00) 0.05 (0.04) 0.04
Exch Al (cmol kg−1) 1.50 (0.73) 2.85 (1.23) 0.07
Exch Na (cmol kg−1) 0.04 (0.01) 0.04 (0.01) 0.70 0.05
CEC (cmol kg−1) 5.52 (2.20) 5.77 (1.71) 0.75 0.07
Total exchangeable bases (cmol kg−1) 3.96 (2.35) 2.84 (1.27) 0.31 0.25
Base saturation (%) 68.0 (16.0) 49.5 (14.8) 0.10
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Coarse fragments (%) 0.74 (0.15)

alues in parentheses represent standard deviations. Single and double underlined

After incubation, cottonwood plots had significantly lower NH4-
concentrations (P = 0.03) and significantly higher NO3-N (P = 0.01)

oncentrations compared to conifer plots. Net ammonification
nd net mineralization were significantly higher in conifer plots
Table 7).

. Discussion

.1. Litter decomposition

The presence of cottonwood did not appear to influence decom-
osition processes or soil C accumulation. Evidence for this lack of

nfluence includes: no difference in decomposition rates between
ottonwood and fir/hemlock litter on cottonwood plots; no differ-
nce in forest floor and Ah depths as well as weight per unit area
f forest floor between cottonwood and conifer plots; and similar
oncentrations of C in the surface mineral soil on both plot types.
hese findings suggest similar long-term litter decomposition rates
nd similar mixing of decomposing organic matter into the mineral
oil.

A contributing factor to the similarity in decomposition rates
etween cottonwood and fir/hemlock litter was most likely due
o the similar chemical quality of the litter. We found no signifi-
ant differences in the lignin concentrations or the lignin:N ratio
etween cottonwood and fir/hemlock litter. This lack of difference
as unexpected since these properties generally tend to be lower

or litter of deciduous trees compared to that of conifers (Pandey
nd Singh, 1982; Prescott and Blevins, 2000; Fisher et al., 2000) and

he lignin:N ratio has been negatively correlated with decomposi-
ion rates (Prescott et al., 2004).

We found a greater proportion of mull-like humus forms
eneath cottonwood than beneath conifers, which may indicate
ifferent biological activity between the plot types. Biologi-
0.72 (0.26) 0.95 0.07

s indicate significant differences at P < 0.1 and P < 0.05, respectively.

cal activity may be greater in cottonwood plots compared to
conifer plots, as mulls are considered to be the most bio-
logically dynamic humus form (Green et al., 1993). However,
measurements of decomposition rates, forest floor depths and
weights, and mineral soil C contents, all suggest a similar level
of biological activity for cottonwood and conifer sites as dis-
cussed previously. These results may thus indicate that mull-like
humus form is not necessarily an indicator of enhanced biological
activity.

We found an indication of possible species-specific decay com-
munities in that decomposition rates were higher for fir/hemlock
than cottonwood litter on conifer plots. It is possible that the
biotic soil community within fir/hemlock sites is better suited
to decomposing fir/hemlock litter than cottonwood litter, thus
accounting for the difference in mass loss. As suggested by
Vivanco and Austin (2008), plant species can create conditions
within their own habitat that enhance decomposition of their own
litter.

The influence of cottonwood on decay processes appears to dif-
fer from that of other deciduous species. Significantly greater mass
losses have been reported within the same biogeoclimatic zone
for bigleaf maple litter (Turk, 2006) and vine maple litter (Ogden
and Schmidt, 1997) compared to conifer litter. Other studies have
implied increased biological activity in the presence of deciduous
trees. Schulp et al. (2008) suggests that there is enhanced biolog-
ical activity, more fragmentation, and more humification of forest
floor material in deciduous stands compared to conifer stands. Fried
et al. (1990) and Tashe and Schmidt (2003) found a significantly

higher C concentration within the mineral soil under bigleaf maple
compared to conifer plots. Reasons for the differing results for cot-
tonwood compared to other deciduous species may include: poorer
litter quality for cottonwood, and differing soil organism popula-
tion beneath cottonwood.
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.2. Nitrogen availability

The influence of cottonwood on N status of a site appears to
e varied and possibly negative. The only indication of a poten-
ially positive influence of cottonwood on the N status of sites was
higher concentration of total N in the mineral soil beneath cot-

onwood than beneath conifers. Mineralizable N in the forest floor
nd mineral soil as measured in an anaerobic incubation as well as
otal N in the forest floor were not significantly different between
lot types.

Net N mineralization as measured in field incubation was sub-
tantially lower in cottonwood compared to conifer plots. This
eems to suggest that cottonwood is reducing N availability. The
esult of reduced N availability is surprising as we had expected

mineralization to be either similar or higher beneath cotton-
ood based on litter chemical quality and forest floor properties.
itrogen mineralization has been reported to have an inverse rela-

ionship with the lignin:N ratio of litter (Pastor et al., 1987; Binkley
nd Giardina, 1998), a direct relationship with litterfall N (Reich
t al., 1997), and an inverse relationship with C:N ratio (Devito et
l., 1999). Though our results showed no difference between the
ignin:N ratio of cottonwood compared to fir/hemlock litter, and
o differences within the C:N ratio of the forest floor, we did find a
ignificantly greater concentration of N in cottonwood litter. Fur-
hermore, we measured a greater N flux in litterfall in the autumn
eneath cottonwood than conifers. In spite of the apparent better

itter quality and greater N flux in litterfall in cottonwood plots,
et mineralization was lower under cottonwood. It is possible that
ther measures of litter quality than those used in this study may
eveal that cottonwood litter is of poorer chemical quality than
r/hemlock litter.

Differences in type and activity of soil organisms beneath cot-
onwood and conifers may contribute to the apparent reduced N
vailability beneath cottonwood. It is possible that in our study the
oil biotic community is dominated by decomposers with a greater
fficiency for consuming conifer litter, and this may account for
he greater N mineralization rates beneath conifers than beneath

ixed cottonwood and conifer plots. Washburn and Arthur (2003)
ound higher rates of N mineralization below oak (Quercus prunus
.) than below red maple (Acer rubrum L.) in a study in Kentucky, and
ypothesized that the results were due to decomposer specificity.
hey suggested that decomposers with a greater efficiency for con-
uming oak litter dominated the soil biotic community below oak
rees.

There is mixed evidence (Binkley and Giardina, 1998) in the lit-
rature concerning the effect of deciduous versus coniferous trees
n rates of N mineralization. A number of studies support the notion
hat deciduous trees have a positive effect on the rate of N miner-
lization (Paré and Bergeron, 1996; Perez et al., 1998; Devito et
l., 1999; Côté et al., 2000; Ollinger et al., 2002; Chandler et al.,
008) while others state that this is not always the case (Binkley,
995; Washburn and Arthur, 2003). No other studies have looked
t N mineralization under naturally-occurring cottonwood, how-
ver, a few have considered this process under trembling aspen
Populus tremuloides Michx.), a species within the same genus as
ottonwood. Overall, the results of our study are dissimilar to those
eported for trembling aspen where higher rates of N mineraliza-
ion were found below trembling aspen relative to conifers (Côté
t al., 2000; Flannagan and Van Cleve, 1983).

.3. Soil pH and cations
The pH of the forest floor and the base saturation of the min-
ral soil were higher within cottonwood plots compared to conifer
lots. Even though this positive effect on soil reaction was evident in
he forest floor, it did not extend to the mineral soil. With time, the
agement 260 (2010) 1350–1358 1357

pH of the mineral soil underneath the cottonwood plots may also
increase, as changes often take longer to occur within mineral soils
compared to the forest floors. Turk et al. (2008) also reported signif-
icantly higher pH in the forest floor under maples growing within
a conifer forest compared to pure conifer stands, but no differences
were reported for the pH of the mineral soil.

Though cations were substantially elevated in cottonwood
litterfall compared to fir/hemlock litterfall, this effect was consid-
erably diluted on a flux basis, and was not apparent in the soil at
all. Indeed, the only significant difference in exchangeable bases
for forest floor or mineral soil was higher concentrations of K in
forest floor of conifer plots. Our results are unlike those of stud-
ies of other deciduous species that occur in the study area. Turk
et al. (2008) found significantly higher concentrations of Ca, Mg,
and K in surface mineral soils beneath bigleaf maple. Ogden and
Schmidt (1997) reported higher total Ca, Mg, and K concentrations
within forest floor of vine maple plots compared to forest floor
under conifers. It seems that cottonwood does not have a positive
effect on exchangeable cations in soils, whereas bigleaf maple and
vine maple do. A relatively high rate of cation uptake by cottonwood
compared to bigleaf maple, vine maple, and conifers could account
for these results. Bigleaf maple and vine maple are only colonized
by endomycorrhizal fungi while cottonwood can be colonized by
both ectomycorrhizal and endomycorrhizal fungi (Piotrowski et al.,
2008), which may provide an advantage to cottonwood for nutri-
ent uptake. It is also possible that root litter plays a more dominant
role than leaf litter for cottonwood and that root properties are
not appreciably different between cottonwood and conifers, thus
accounting for the lack of differences in cation availability in min-
eral soils.

5. Conclusion

Cottonwood litter was found to be of higher quality in terms
of nutrient concentrations compared to conifer litter within the
CWH zone of BC. Despite this apparent higher quality, cotton-
wood litter did not decompose faster than fir/hemlock litter. Similar
decomposition rates, a lack of measurable difference in forest floor
weight below cottonwood compared to conifers, and lower net
N mineralization beneath cottonwood suggest that cottonwood
may not improve soil fertility. However, other results obtained in
the study point to a positive effect of cottonwood on soil fertil-
ity within conifer-dominated stands: the proportion of mull-like
humus forms under cottonwood was almost double that under
conifers, total N concentrations and base saturation were higher
in the mineral soil, and pH was higher in the forest floor under
cottonwood trees.

This was the first ecological study considering the effect of
naturally-occurring cottonwood on soil fertility in forests of the
CWH biogeoclimatic zone. Overall, our results suggest a variable
effect of cottonwood on soil fertility with some soil variables
changed in a favourable direction and some in an unfavourable
direction. Many questions regarding the interaction of this tree
species with the biotic and abiotic components of its ecosystem
remain unanswered and future studies should aim to build further
understanding of these components of the soil ecosystem.
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