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ABSTRACT

Internal cycling of nitrogen and phosphorus were compared
among a 90-year-old Tlodgepole pine forést, a 120-year-old white
spruce forest, a 350-year-old Engelmann spruce-subalpine fir forest,
and a 13-year-old clearcut site in the Rocky Mountains of south-
western Alberta. Aboveground biomass of vegetation ranged from
109 - 203 t ha ' while net primary productivity ranged from 4.4 -
5.3 t ha " yr * in the forests. Annual uptake of nutrients (pro-
duction minus resorption) was between 1.8 and 2.2 gm ? yr * for N
and 0.2 - 0.4gm?>yr* for P. Efficiency of nutrient use by
vegetation (mg new biomass produced per.mg nutrient taken up in one
year) ranged from 249 - 262 for N and 1604 - 2355 for P in the
forests, and 72 and 642, respecti;ely, in the clearcut stand.

Rates of input of aboveground litter in the forests ranged
from 286 to 321 gm > yr *. The mass of litter accumulated on the

2

forest floors ranged from 6.3 to 11.0 kg m °. Residence times
of organic matter in the forest floor were 11.years in the pine
stand, 16 years in the spruce-pine stand, and 23 years in the
spruce-fir stand.

Addition of N, P, and S to each forest did not alter
biomass or activity of forest floor microorganisms, but did incfease

rates of decomposition, N and P mineralization and nitrification in

the forest floors. Fertilization enhanced productivity of young
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lodgepole pine trees at the clearcut site and ground vegetation at
all sites. Differences in nutrient -cpntent of vegetation in
fertilized plots were particularly apparent for nitrogen in the pine
and spruce-pine stands and for phosphorus in the spruce-fir forest.
Concentrations of N énd P in vegetétion, Titterfall and
~ forest floors, and rates of net mineralization were. lower in the
pine stand, than 1in the spruce stand. Concentrations and
mineralization rates in the spruce-fir forest relative to the other
forests were high for N and 10Q for P. Results indicated N to be
the nutrient most Timiting to productivity of vegetation in the
lower elevation pine and spruce forests, and P to be most limiting

in the high elevation spruce-fir forest.
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CHAPTER 1

1. GENERAL INTRODUCTION

The internal nutrient cycle of a forested ecosystem
comprises the processes of primary production, tlitterfall, and
decomposition. Linkages among these processes allow much of the
nufrient capital of an ecosystem to be recycled within the system
rather than being lost. The principle organisms invoived in the
cycle are primary producers (plants) and decomposers (soil microor-—
ganisms), although consumers may circumvent or alter the rate of‘
some processes. The present study examines the internal cycling of
two critical nutrients, nitrogen and phosphorus, between the vegeta-
tive and microbial components of four coniferous forests.

The major reservoir for ﬁitrogen is in gaseous form in the
atmosphere. Nitrogen enters a forest through fixation of N2 by
microorganisms and through wet and dry deposition of NHa and NO-=.
Most N in soil is. present 1in the organic form 1in the uppermost
layer. Organic N is mineralized through enzymatic activity of
decomposing microorganisms to NH4+, which may become fixed to
clay minerals, bonded onto cation exchange sites, taken up by soil
microorganisms or plants and incorporated into biomass, or taken up
by nitrifying bacteria and converted into nitrite and nitrate. If
converted to nitrate, nitrogen may be 1éaéhed from the soil or immo-
bilized by plants and microorganisms. Plants absorb nitrogen as
NH4+“or NOs~ through their roots and convert‘it to small organic

compounds such as amides, amino acids and ureide compounds. These



compounds are transported through the‘p1ant and eventually converted
into proteins and other large molecules or stored as glutamine and
other amino acids. A portion of the immobilized N 1is remobilized
and redistributed during Teaf senescence and the remaining organic N
zis returned to the soil in Titter. The nitrogen cycle is described
in more detail elsewhere (Barber 1984; Haynes 1986; Stevenson 1986).

The primary source of phosphorus in a terrestrial ecosystem
is phosphate derived from the primary mineral apatite of 5011—;
forming rocks. Phosphorus 1§ much less mobile 1in soil than is
nitrogen as it forms complexes with aluminum and iron at -low pH
levels, and is more tightly bonded on cation exchange sites.
Phosphorus occurs in solution primarily as HzP04 in slightly or
moderately acidic soils such as in coniferous forests. Absorption
0f_H2P04— by plants is usually aided by association with mycorrhizal
fungi. Within plants P is transported as Hz2P0a or in ester form
through the plant before incorporation into biomass. Some ofrthe P
incorporated in biomass is remobilized and redistributed during
senescence and the remaining organic P is returned to the soil 1in
litter. More detailed.information on Ehe P cycle may be found else-
where (Barber 1984; Marschner 1986; Stevenson 1986).

Both N and P are essential nutrients in all Tliving orga-
nisms. Nitrogen is a component of proteins, nucleic acids and ATP;v
P occurs fin nuc]eic.acids, ATP and cell membranes (Waring and
Schlesinger 1985). Insufficient levels of nitrogen retard growth of

plants and causes nitrogen to be mobilized from mature leaves to



areas of new growth, leading to premature leaf senescence. Phos-
phorus deficiencies cause general reductions in the rates of many
metabolic processes including cell division and expansion, respira-
tion and,photosynfhesis (Marschner 1986). As a consequence of
reductions in rates of growth and'reproduction of plants, the pro-
‘ductivity and biomass of forest vegetation may be reduced on soils
deficient in nitrogen or phosphorus (Waring and Schlesinger 1985).
Nitrogen and phosphorus are the two most abundant nutrients occur-
ring in microorganisms (Stevenson 1986); therefore low availability
of either of these nutriénts in soil could also limit the producti-
vity of the soil microbial biomass.

Nitrogen and phosphorus are the two most frequently .
Timiting nutrients in terrestrial ecosystems (Swift et al 1979;
Vitousek 1982, 1984). Nitrogen has often been found to 1imit pro-
ductivity of temperate forests, especially in early stages of deve-
lopment. This reflects the lack of nitrogen capital présent in
recently disturbed ecosystems such that sufficient nitrogenrmust be
brought into the system through fixatibn or deposition before enough
is being internally recycled to meet the requirements of the
vegetation.. Phosphorus, by contrast, is most abundant in recently
formed soils as it becomes complexed with aluminum and iron and fhus
unavailable over time. Therefore, phosphorus deficiencies occur
most often in very old, highly-weathered soils such as the utisols
and oxisols underiying many tropical forests (Vitousek and Sanford
-1986) . Nutrient deficiencies may also arise when climate conditions

are not conducive to organic matter decomposition, as in arctic,



alpine and desert areas, where rates of mineralization from prganié
matter are sufficiently -low to 1iﬁit nutrient availability in soil
(Swift et al 1979). The degree of nutrient deficiency may vary with

the age of the forest. . |

The demand by vegetation for soil nutrients is greatest
early in stand development when potential productivity is highest
and internal recycling is not suff%ciently developed to meet this
demand. As a result, nutrieﬁt Timitations to productivity of forest
vegetation are most intense around the time of canopy closure
(Vitousek and Reiners 1975).

Organisms in nutrient deficient environments have a number
of characteristics which allow them to make more efficient use of
theclimitinj nutrient(s). These nutrient conservation mechanisms
may show up as alterations in the species composition or physiolo-
gical changes in species already present. Characteristics of plants
growing on soils of low nutrient availability include Tower produc-
tivity and nutrient content, longer retentijon of foliage (hence pre-
dominantly evergreen), and gkeater resorption capacity for nutrients
during leaf senescence. Litter produced by these plants tends to
have low nutrient content and high polyphenol content, which make it
of poor nutritional quality for decomposer organisms. Under:these
conditions, soil microorganisms absorb a greatertproportion of the
nutrient into their biomass during mineralization activities. Upon
deathkand decomposition of microorganisms, these nutrients are
rapidly sequestered by other microorganisms, such that most of the

nutrients remain within the soil microbial pool and very little is



made available to plant roots. Ultimate consequences of this more
efficient use of 1imiting nutrients within 1individual plants and
within the soil microbial community is a very “tight“ internal cycle
for thé ecosystem with very small rates of leaching losses of the
nutrient(s), and the exacerbation of the already low levels of
available nutrient(s) in the soil (Gosz 1984).

Since shortages of nutrients are capable of limiting the
productivity of ecosystems, it is necessary to be able to assess the
degree of nutrient limitation, such that ameliorative measures may
be taken 1if desired. The degree to which a nutrient Timits the
productivity of an organism is a function of the degree to which the
“demand" or potential rate of use exceeds the.“suppIy" or amount of
nutrient available. The availability of a nutrient may be measured
in a number of ways. The total amount of the nutrient present in
fhe soil provides an estimate of the nutrient "capital" of fhe
;cosystem, but will not indicate how much of this is present in a
form available to organisms. The amount of available (extrac-
table) nutrients present in soil is a better estimate of the supply

-of the nutrient, but this measure is extremely variable (Stevenson
1986) and provides no indication of the rate at which nutrients are
becoming available. Measurements of nutrient mineralization rates
determined as the net dincrease in extractable nutrients during
incubation are more useful but are difficult to carry out under
field conditions or extrapolate from 1laboratory measurements

{(Keeney 1980).



The demand (i.e. potential rate of uptake) of vegetation
for a nutrient can be estimated from the amount and nutrient content
of new biomass produced annually. However, the proportion ofrincor—
porated nutrients derived from internal (within-plant) redistkibution
must be determined and subtracted from the totai. For tﬁis reason,
the amount of nutrient lost annually in l1itterfall can be used as an
estimate of demand, assuming this to be the amount of nutrient which
the plant must acquire in order to con{inue its current rate of bio-
mass produqtion (Vitousek‘1982). The concentration of the nutrient
in plant tissue provides an indication of the amount of nutrient
available to the plant (van den Driessche 1974), and allows for com-
parison of nutrient status of vegetation in different species and
sftes (Vitousek and Sanford 1986). Nutrient content may also be
expressed as the amount of biomassﬂproduced per unit nutrient taken‘
up (nutrient use efficiency - Vitousek 1982).

An indication of the degree to which nutrients are limiting -
to soil microorganisms can be obtained by determining the rates of
net immobilization or mineralization of nutrients in litter during
detomposﬁtion (éqsz 1984). Nutrients whose concentrations increase
in litter relative to carbon during decomposition are being selec-
tively immobilized in microbial biomass and thus must occur in the
Titter in quantities smaller than requireduby microbes. Net immobi-
Tization generally occurs in litter with a C:N ratio greater than 30
or.a C:P greater than 300 (Stevenson 1986). Net mineralization of
NHz and P04 generally occur in litter with C:N less than 20 and C:P

less than 200 (Stevenson 1986). Rates of net mineralization of



. nutrients from organic and mineral soil are also indicative of the
demand by microbes relative to the supply of the nutrient in the
soil.

While all these parameters provide indications of possible
nutrient Tlimitation, the best way to test for nutrient limitations
is to measure the changes in any or all of these parameters
following experimental addition of nutrients to the forest. This
may be done for individual parameters 1in controlled 1aboratory‘
experiments or for the'entire ecosystem in field fertilization
trials. 1Increases 1in the productivity or nutrient content of orga-
nisms in fertilized forests are indicative of their potential to use
additional nutrients when they are made available and thus are indi-
cative of thé degree of nutrient limitation present.

| In the present investigation, an attempt was made to assess
" the degree to which nitrogen and phosphorus 1imit the productivity
of vegetation and microbial components of several Rocky Mountain
" coniferous forest ecosystéms. This was achieved by measuring the
size of pools and rates of major fluxes of these nutrients in the
forests to acquire an understandihg of their cycling dynamics, and
examining the forementioned parameters which might be considered as
indicators of nutrient limitation. This information is examined
along with results éf experimental addition of nitrogen and phos-
phorus to each forest in order to determine the extent to which
either of these nutrients limit the prdductivity ofAvegetation or
soil migroorganisms in these forests. Comparisons‘.among the

different forests will allow determination of the ubiquity of any



nutrient limitation, and speculation regarding factors contributing
to nutrient limitations.

This information will be presented in fhe following fdr—
mat:‘ after a brief description of the study area and sites in
Chapter 2, information on the dynamics of nitrogen and phosphorus
cycling 1in aboveground vegetation is presented in Chapter 3.
Chapter 4 provides a description of litter dynamics and fluxes of N
and P between vegetation and the forest floor. 1In Chépter 5,
results of the field fertilization experiments are presented.
Information on parameters which are indicative of nutrient limita-
tion are extracted from this information Fnd discussed along with
additional <indicator parameters in the finai chapter to determine

the degree of N and P limitation existing in each forest and the

relative utility of each indicator parameter.



CHAPTER 2

2. STUDY AREA AND SITE DESCRIPTION

2.1 STUDY AREA

The forests chosen for study are in the front range of the
Rocky Mountains in the Kananaskis Valley of ‘southwestern A]bérta,
Canada (51°2'N, 115°3'W). Most of the study area is located within
the Montane ecoregion of Alberta (Strong and Leggat 1981). This
region is subject to both Prairie and Cordilleran climatic
influences. Mean monthly temperatures at the Kananaskis Centre for
Environmental Research located in the study area range from -10.2°C
in January to 14.7°C in July. The frost-free period averages 58
days, from 24 June to 22 August. Mean annual precipitation is 657
mm, of which 292 mm occurs as snow. Peak precipitation occurs in
June. Snow cover is discontinuous due to frequent warm chinook
winds throughout the winter: Variations in this c]%matic regime
occur at different aspects and elevations. South- and west-facing
slopes are usually warmer and drier than north- and east-facing
slopes (Karkanis 1972). 7Increasing elevation is associated with
cooler temperatures and greater winter precipitation. Above 7600'
(2135 m), the area is in the'Suba1p1ne ecoregion (Strong and Leggat
1981) which has a Cordilleran climate characterized by greater depth

and duration of snow cover and fewer frost-free days.
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VegétatiQn in the Kananaskis Valley occurs in two zones: a

lower montane zone of lodgepole pine (Pinus contorta Loudon) and

white spruce (Picea glauca [Moench] Voss) or white x Engelmann

spruce hybrids, and an upper subalpine zone of Engelmann spruce (P.
engelmannii Parry ex Engelm.) and/or white x Engelmann spruce

hybrids and subalpine fir (Abies lasiocarpa [Hook.] Nutt.) (Peet

1988). Fire is the major type of disturbance influencing forests in
the valley; stand-replacing fires occur on an average of every 100
years (Johnson 1987). Lodgepo1e pihe regenerates most rapidly after
a severe fire, often forming dense even-aged stands (Day 1972;
Wheeler and Critchfield 1985). Spruce may also regenerate after
firé given sufficient seed source and moisture (Alexander 1987).

Trembling aspen (Populus tremuloides Michx.) regenerates rapidly via

suckering after less severe fires (Parker and Parker 1983). After
canopy closure, spfuce and fir become dominant in the understory.
Given a sufficient period of time between fires, as occurs at higher
e]évations, spruce and fir come to dominate the overstory. Diffe~
rent 1ife history traits of spruce (long lifespan, low recruitment)
and fir (short 1lifespan, ﬁigh recruitment) allow both species to
remain in old growth forests, (Veblen 1986; Aplet et al. 1988).
Additional information on the physical environment is available in

the Kananaskis Country Environmental Education Library, Government

of Alberta, Edmonton. Nomenclature of plants follows Moss (1983).

2.2 SITE DESCRIPTION
Within this mosaic of’forests in the Kananaskis Valley,

four stands with distinctly different overstory tree composition
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were selected for study. A1l stands are within 5 km of one another
in the Lusk Creek watershed (51°62'N, 115°03'W). Soils in the
watershed are mostly well~drained brunisols of sandy-loam texture
derived from predominantly limestone parent material. Glacial
reworking of parent material has led to intermixing of calcareous
and noncalcareous rocks in the watershed (Crossley 1951). Study
sites are named according to the dominant species of overstory tree
in the stand: Pine, Spruce and Fir, as well as a Clearcut, and are
described in Table 1.

The “"Pine".site is located on a flat ground moraine of
glacial till (Stalker i973) at 1530 m elevation. The soil s an
orthic eutric brunisol. Canopy trees are almost exclusively Todge-
pole pine aﬁproximate]y 70 - 90 years of age and 15 m in height. A
few §1dek (100 -127 year old) fire-scarred trees are present. Den-
sity of canopy trees is 1716 stems per hectare; stand basal area is
30.5 m* ﬁer hectare. Extensive natural thinning has already
'occurred in this stand, with considerable numbers of standing dead
and fallen pines all of DBH less than 10 cm. White (or white X

Engelmann) spruce, poplar (Populus balsamifera L.) and aspen domi-

nate the understory. The shrub layer is composed of buff&]oberry

(Shepherdia canadensis), big willow (Salix scouleriana) and juniper

(Juniperus communis). Ground vegetation is dominated by forbs

(Cornus canadensis, Hedysarum sulphurescens, Lathyrus ochroleucus,

Aster conspicuus, Epilobium angustifolium) and grasées (Calamagrostis

rubescens, Elymus innovatus). The forest floor is approximately

6 cm thick with substantial amounts of incorporated charred wood and

large amounts of uncharred wood on the surface.



Table 1. Characteristics of the forests at the four study sites in the Rocky Mountains
of southwestern Alberta.

Site Elevation Slope Aspect Aged Densityb Basal AreaP Forest FlioorC
Depth (cm) + (m) (yr) - (stems ha™?1) (m2 ha™?1) Depth (cm)
Clearcut 1410 0 - 13 0 0 3.9 +0.8 -
Pine 1530 0 - 90 1716 30.52 6.4 £ 1.4
Spruce - 1500 3e - NW 120 750 39.14 11.9 £ 3.9

t 4.2

Fir 1830 30° WNW 350 171 40.04 1241

a4 Apparent age since last fire, or time since cutting at the Clearcut site.

b values for canopy trees only, >10 cm DBH for subalpine fir, spruce, aspen; >5 cm DBH for
Douglas fir, pine, poplar

€ Each value is the mean * standard deviation of 40 values

¢l
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The présent stand probably originated after a severe fire destroyed
a similar stand, most 1likely the fire determined by Johnson (3987)
to have swept through the area in 1889.

The “Spruce" stand is Tlocated on a north-facing 3° slope
at 1500 m elevation. The soil is an orthic dystric brunisol on an
alluvial outwash fan overlying lake deposits (Stalker 1973). The
overstory is composed of white (or white x Engelmann) spruce and
lodgepole pine up to 120 years of age. Canopy trees averége 20 m-in
heighﬁ, and have a density of 750 stems per hectare and a basal area
of 39 m® per hectare. Spruce is also predominant in the uﬁder—

story, along with Douglas fir (Pseudotsuga menziesii [Mirb.] Franco),

aspen and balsam poplar (Populus balsamifera L.). This stand is

considerably less dense than the pine stand with relatively few
standing dead or fallen trees. Buffaloberry and green alder (Alnus
crispa) are common shrubs. Ground vegetation is composed of mosses

(Pleurozium schreberi, Hylocomnium splendens, twinflower (Linnaea

borealis) and forbs (A. conspicuus, E. anqustifolium, Arnica cordi-

folia, Mertensia panicu]ata)l The forest floor is about 12 cm thick

with many large partially charred boles incorporated. It appears
that this stand originated from a similar stand after a fire in 1865
(Johnson 1987).

The "Fir" site is situated at 1830 m on a WNW-facing 30°
slope. The soil is an orthic eutric brunisol on a layer of glacial
ti11 overlying bedrock (Stalker 1973). The overstory is composed of
subalpine fir up to 200 years old and Engelmann (or Engelmann x

white) spruce up to 350 years old. The height of canopy'trees
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ranges from 15 to 25 m. Density is 1177 stems per hectare; stand
basal area is 40 m® per hectare. As in other Rocky Mountain spruce-
fir forests (Day 1972; Veblen 1986), subalpine fir are more numerous

in the undergtory while spruce make up the greatest proportion of

the biomass of the overstory. Large numbers of dead and fallen
trees of both species are present. The shrub 1ayer‘is dominated by

green alder while mosses (H. splendens, P. schreberi) dominate the

ground vegetation. The forest fioor is on the average 12 cm thick
with much surface and incorporated wood, none of which is charred.
It appears that this forest has not experienced a fire for at least
3 centuries.

The fourth site ("Clearcut") is a 1500 m®> area cut from
a lodgepole pine forest at 1410 m. The soil is an orthic eutric
6runiso1 on glaciofluvial and fluvial deposits. Live trees were
removed during cutting in 1972 while standing dead trees were felled
and left on the surface. Understory trees were left intact, and no
further site treatment occurred. The present stand is composed of
10dgepo]e pine from 1 - 11 yéars of age, white (or white x Engelmann)
spruce 3 - 19 vyears, willow, aspen, buffa]oberry and alder. Ground

vegetation is composed primarily of grasses (E. innovatus, C._rubes-

cens), dwarf shrubs (Arctostaphylos uva-ursi, L. borealis) and forbs

(A. conspicuus, E. anqustifolium, L. ochroleucus, C. canadensis). .The

forest f]oor,aveféges 4 cm deep with small amounts of incorporated
charred wood. "Analysis of the surrounding pine forest suggests that

this forest is of similar origin as the "Pine" site.
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CHAPTER 3

3. BIOMASS, PRODUCTIVITY AND NUTRIENT USE EFFICIENCY OF
VEGETATION B

3.1 INTRODUCTION

Quantification of the internal nutrient dynamics of vegeta-
tiop is an essential component of studies of nutrient cycling in
terrestrial ecosystems. In addition to providing information on
nutrient immobilization in biomass and demand by annual production,
analysis of nutrient dynamics of vegetation also provides an inqiéa—
tion of nutrient avai]abiiity 1& the ecosystem. Foliar nutrient
levels have been shown to fluctuate to some extent according to °
levels of available nutrients 16 soil (Birk and Vitousek 1986). The
extent of fesqrption of nutrient§ from foliage during senescence has
also been shown to vary with nutrient availaﬁility (Stachurski and
Zimka 1975; but see Chapin and Kedrowski 1983). This flexibility in
nutrient levels and resorption capacity lead to differences in
nutrient use efficiency (amount of biomass produced per unit
nutrient taken up), which may also be used as an indicétor of
nutrient availability in soil. The purpose of thié chapter is to
characterize the qboveground vegetation in each forest éccording to
composition, biohass-and productivity, and to compare the efficiency
witﬁ thch these potentially Timiting nutrienfs:are used by the

vegetation in-each forest.
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3.2 - METHODS

The species and diamete} at breast height (DBH) of all live
and standing dead trees on two 20 x 30 m plots at each site were
recorded in the summer of 1984. Published equations (Singh 1982)
were used to converﬁ DBH to aboveground live wood biomass for each
species. Published values for the proportion of wood to "foliage"
(current year's increment and all previous year's foliage plus
current year twigs) for each species (Keays 1971) were used to
calculate the biomass of “foliage" for each tree. The mass of
current year foliage was estimated as the mass of foliage of each
species ih annual 1itter?a]1. Litterfall was harvested monthly from
fifteen 0.25 m® littertraps randomly placed within one 20 x 30 m
plot at each site (Chapter 4). Samples of branches of each species
were then used to determine the proportiohs of current twigs,
current needles or leaves and previous years needles for each tree.
‘In February 1986 one mid-canopy branch was harvested from each of
six healthy canopy trees of each dominant species at each site (pine
at the Pine site, pine aﬁd spruce at the Spruce site, and spruce and
fir at the Fir site). The proportion of the total "foliage" mass
which occurréd as needles or twigs of each branch was determined and
averaged for each species at each site. Foliage production by
deciduous trees was estimated using regression equations relating
DBH to foliage mass for each'species (Keays 1971).

Annual wood increment of trees was estimated by measuring
the'average width of annual growth rings over the last ten years.

Two cores were taken from each 5 cm diameter class of each dominant
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species at each site in July 1985. Using the DBH-wood mass regres-
sion equations, the mass of wood including and excluding average
annual growth were calculated for each tree; the difference between
the two masses was equal to the mass of the average annual wood
increment for that tree.

Net primary proddction (NPP) of the aboveground portion of
each tree was ca]cu1ateq as the sum of the biomasses of current
year's needles, current year'srtwigs and annual wood increment.
Total aboveground biomass was cé]cu1ated as the sum of annual pro-
duction plus previous year's needles and old live wood for each
tree. Values for individual trees were summed for each species and
for all trees on the plots to estimate NPP and biomass per unit area
at each site.

Published quations relating DBH to wood mass were not
reliable for trees of DBH less than 10 cm. This necessitated har-
vesting of understory trees of each species to develop regréssion
equations for trees of DBH between 1 and 10 cm. The number of
individuals of each species harvested ranged from 10 - 15 for common
‘species and 4 - 10 for rare species. Individuals from across this
range of diameters were harvested from areas outside the study plots
in October 1985 and separated into biomass categories: current year
needles or leaves, current year twigs, previous year needles, Tive
wood and attached dead wood. The average width of annual rings over
the last ten years was again used to determine the mass of new
wood. Regression equations-relating DBH to the mass of each biomass

component were calculated for each species (Corbin, unpublished
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data) and used to determine annual production and total biomass for
each understory tree. Values for individual trees were summed for
each species and for all trees on the two plots (1200 m?) to
estimate annual NP? and biomass of understory trees at each site.
For rare species, the regression equations developed for understory
trees were also applied to canopy trees of the same species. The
mass of standing dead trees was estimated using the regressions for
Tive trees minus the mass of foliage.

, Abovéground NPP and biomass of shrubs was determined in a
manner similar to that for understory trees. The basal diameter and
species of each live stem on three 20 x 30 m plots at each site was
recorded in July 1984. Four to fifteen 1nd1vidua1 stems of each
species (depending on their abundance at the site) across the range
of basal diameters present at each site were clipped at ground level
and separated into biomass categories. Regression equations rela-
ting basal diameter to mass of each biomass component were developed
for each species (Corbin, unpubiished data) and used to Eonvert DBH
to mass of each component of each individual. Thé mass of appro-
priate components were summed to estimate NPP and biomass of each
stem; these were summed for the sample area §1800 m?) to determine
the annual aboveground production and biomass of shrubs at each site.

Net primary production and biomass-of'grpund vegetation
(grass, forbs, small shrubs) was estimated by clipping aboveground
portions in ten 0.25 m? quadrats within oﬁe 20 x 30 m plot in Augusf
1985. Harvesting of quadrats at monthly intervals during summer in

1984, as well as previous studies in the area (Dennis 1970)
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indicated late July to be the time of maximum biomass of all species
of ground vegetation combined. For herbaceous species, the
aboveground mass at peak growth served as the estimate of both NPP
and biomass. For woody species, current year growth was separated
from that of previous years to calculate annual NPP, and combined to
determine total biomass. A1l Tive (green) moss was remdved from
fokty 0.0625 m®> samples of .forest floor taken in August 1984 and
separated into current and previous year's growth. Annual NPP and
biomass of each type of ground vegetation (grass, forb, small shrub,
moss) were determined separately.

A1l samples of vegetation used to estimate biomass of pro-
duction were dried at 80°C to constant Qeight before final weight
determination. Nitrogen and phosphorus content of each type of
vegetation was also estimated from these samples. For common
species'of canopy trees, current yeér's needles and twigs harvested
from one bran;h of six trees of each species at each site, and a
bulk sample of needles of all age classes from a second branch of
each tree were analyzed. The nitrogen and phosphorus content of
wood of common canopy trees was estimated from two cores taken from
healthy canopy individuals of each species. For less common species
of canopy trees, and for all species of understory trees, the small
trees harvested to produce biomass regression equations were used
for nutrient analysis. Each component of 3 trees between 1 and 5 cm
DBH, and 2‘treés between 5 and 10 cm DOBH of each species'were.
-analyzed. N and P content of shrubs was estimated from sampies of

each biomass component of 3 stems of each species across the range

8
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of diameters present at each site. Samples of each type of ground
vegetation (grasses, forbs, small shrubs) from 5 quadrats, and green
portions of moss from 5 samples of the forest floor from each site
were analyzed for N and P content.

Portions of each sample to be analyzed for N and P content
were ground through a 20 um sieve in a Wiley mill and dried at 80°C.
150 mg of each non-wood sample or 250 mg of each woody sample to be
used for N and P analysis were digested at 360°C in sulphuric acid
and hydrogen peroxide, fi]fered through Whatman #1 paper, and ana-
lyzed for total N and P content in mg per gram sample on a Techni-
con II autoanalyzer. The average N and P content of each biomass
component was multiplied by the mass of that component for each
species or type of vegetation. The total mass of N and P in annual
NPP and biomass Qas then determined for each species or type of
vegetation, and summed for each site to estimate the total mass of N
and P in aboveground net primary production and biomass at each site.

" Annual nutrient resorption was determined from differences
in the green_and senescent N and P contents of fo]iagé. Concentra-
tions. of N and P were multipiied by the mass of foliage of each
species or type of vegetation in annual litterfall (for trees and
éhrubs) or annual production (for ground vegetation) to determine
the mass of N and P in each type of foliage at each time. The N and
P contents of tree foliage harvested in February 1986 were used to
estimate concentrations‘of nutrients in green needles, and needles
of each species collected in littertraps in October 1985 were used

to determine nutrient content of each species after senescence.
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Shrub foliage was harvested from each species at maximum biomass in
August 1986 and immediately after'abscsisfon in October 1986 to
determine green and senescent nutrient content, respectively.
Cur}ent year production of ground vegetation harvested in September
1985 and October 1986 were used to determine nutrient content at
maximum biomass and following senescence. Although nutrient with-
drawal from ground vegetation may not have been complete by October,
the difficulty of sampling and the potential for heightened rates of
leaching of N and P from vegetation brought on by accumu]atién of
snow precluded further postponement of harvesting. Greén and yelilow
portions of moss from the forest floor samples were used to deter-
mine the nutrient content of'1ive and senescent moss, respectively.
The difference in total mass of each nutrient in live and senescent -
foliage was used as an estimate of the amount of each nutrient
resorbed from fo]iage'annua11y. This calculation asgumes no mass
1655 or leaching during senescence, or resorption from non-foliar
components. |

Amounts of N and P resorbed from foliage annually were sub-
tracted from the amounts in net primary production to estimate the
amount of N and P taken up annually by vegetation to prdduce new
aboveground bibmass. This value was uséd as a relative estimate of
annual upéake or nutrient demand of the vegetation at each site.
The efficiency of nutrient use of vegetation at each site was
estimated by dividing the amount of neﬁ aboveground biomass by the

amount of N and P taken up in one year.

~
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_The significance of differences among sites were tested
using one-way analysis of variance followed by Scheffé's tests, or
t-tests. Data sets with non-homogeneous variances according to
Bartlett's tests were analyzed by Kruskall-Wallis tests. A1l

statistical analyses were carr%ed out using spss® (SPSS Inc. 1986).

3.3. RESULTS

The composition-of vegetation in each forest is shown in
Tables 2 and 3. The Spruce site supported the greatest biomass of
trees (Table 2); this was due to their large size as density of
canopy trees was lowest at this site. The canopy was composed
primarily of white x Engelmann spruce, along with smaller amounts of
lodgepole pine and a few standing dead trees which were mostly pine.
Spruce was also the most abundant species in the understory. The
Pine site had the greatest density of overstory trees, but the
lowest biomass of the three forested sites. Canopy trees, both live
and standing déad, were almost exclusively lodgepole pine (many of
the trees under 10 cm DﬁH were essentially canopy trees).- Balsam
poplar, trembling éspen and white x Engelmann spruce were most abun-
aant in thé understory. Canopy trees at the Fir site were of inter-
mediate density and biomass. White x Engelmann spruce dominated the
canopy in terms of biomass, while subalpine fir was the most
numerous ‘species in a11m1ayers. A Tlarge mass of standing dead of
both species was present. At the Clearcut site, all trees were of -

DBH less than 10 cm. Lodgepole pine and white x Engelmann spruce



Table 2. Density and biomass of trees at the four study sites in the Rocky Mountains of Alberta.

Density (stems ha™1)

Biomass (g m~2)

Standing

Site Understory Canopy Dead Live , Dead

Species (<0.5 cm DBH) (0.5-10 cm DBH) (>10 cm DBH) (Total) Understory Canopy Understory Canopy
Clearcut

pine 211 100 0 0 27.66 0 0 0

spruce 150 133 0 0 65.53 0 0 0

Douglas fir 125 0 0 0 0.22 0 0 0

subalpine fir 25 0 0 2 0 0 1.05 0

aspen _34 33 0. 0 16.08 0 0 0

Total 551 266 0 2 109.49 0 1.05 0
Pine

pine 20 33 24617 1429 8.96 1067603 © 48.88 1289.48

spruce 125 84 8 92 53.77 30.53 0.00 0

poplar 400 34 8 33 17.29 34.19 3.49 28.25

aspen 120 17 0 25 1.47 0 17.34 0

Total 665 168 2483 1579 - 81.49 10740.75 69.71 1317.73

continued. ..

€¢



Table 2. (Concluded.)

Density (stems ha™2) Standing Biomass (g m™2)

Site Understory Canopy Dead Live Dead
Species (<0.5 cm DBH) (0.5-10 c¢m DBH) (>10 cm DBH) (Total) Understory Canopy Understory Canopy

Spruce )
pine ) 0 0 267 67 0 5509.01 0.95 670.01
spruce - 5900 . 400 ’ 400 117 265.39  13241.07 48.99 262.07
Douglas fir 180 17 58 0 14.25 783.54 0.00 0

. poplar 130 8 0 25 0.37 0 0 107.81
aspen 270 0 - 8 17 0.60 279.06 0 41.54
Total 6480 425 750 226 280.61 19812.68 49.94 1081.43

Fir
subalpine fir 6400 - 1117 783 514 507.89 5377.78 123.12 633.77
spruce 450 423 394 251 174.51 9028.74 107.50 1394.73
Total 6850 1540 1177 S IN 682.40 14406.56 230.62 2038.50

12



Table 3. Aboveground biomass (g m~2) of ground vegetation in four Rocky Mountain
coniferous forests.

Total
. Ground Large
Site Moss Grass Forb small Shrubs? Vegetation Shrubsb
Clearcut 9.8 + 4.0 39.1 15.6 12.8 + 8.9 55.3 + 57.9 117.0 182.4
Pine 15.0 + 17.8 15.8 + 9.6 28.1 + 9.3 24.6 + 24.4 83.5 37.7
Spruce 64.5 + 26.2 3.1+ 2.0 10.7 +17.6 25.1 + 19.8 103.4 118.7
Fir 46.8 +25.7 0.9+ 1.1 3.3 +2.9 1.3 + 3.0 52.3 92.9

NOfE: Each value is the mean * standard deviation. For moss, n = 40, for grass,
forbs and small shrubs, n = 10.

@ pPrimarily woody, creeping species such as Linnaea borealis, Arctostaphylos
uva-ursi, VYaccinium caespitosum

b Species greater than T m in height, prﬁmari]iy Shepherdia canadensis and
Alnus crispa.

6¢
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4

were most abundant; Douglas fir and trembling aspen saplings wére
also present.

The greatest biomass of. large shrubs occurred at the
Clearcut site and the least amount occurred at the Pine site
(Table 3). Ground vegetation was also most abundant at the Clearcut
site, especially grass andrsmall shrubs. The Spruce site had large
amounts of ground vegetation, especially moss. Forbs were ;he most
abundant type of ground vegetation at the - Pine site. Ground
vegetation was least abundant at the Fir site and dominated by moss.

The biomass of aboveground vegetation and‘the amount of N
and P immobilized %n biomass were highest at the Spruce site,
followed by the Fir, Pine and Clearcut sites, reffeéting the biomass
of the canopy layer af each site. Net primary production and immo-
bilization of N were highest at the Pine site, followed closely by
the Spruce site which had slightly more P immobilized in new bio-
mass. The shrub layer attained its greatest biomass and nutrient
mass at the Fir site, but was most productive in terms of mass and
nutrients at the Clearcut site (Table 4). Biomass and production of
ground vegetation was greatest at the Clearcut site and 1owest‘at
the Fir site (Table 4). In summary, nutrient immobilization in bio-
mass was in the order: Spruce > Fir > Pine >'Clearcut. Nutrient
immobilization in new growth was in the order: Pine > Spruce >
Fir > Clearcut. The amount (%) of new growth produced annually
per unit existing biomass was Pine 4.25 > Fir 2.66 > Spruce 2.18
for canopy trees, and Clearcut 21.17 > Pine 13.73 > Spruce 8.75 > Fir

4.34 for the shrub layer.
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Table 4. Mass of N and P 1in annual net primary production and
biomass of aboveground vegetation 1in four Rocky Mountain
coniferous forests.

Net Primary Production Biomass
Site Dry Dry
Layer Mass P Mass N
Clearcut
canopy - 0 0 0 0 0 0
shrub 0.62 10.24 0.88 2.93° 27.44 2.43
ground 0.74 10.17  1.56 1.17 18.00 2.37
Total 1.36 20.41 2;45€ 4.10 45.45 4.80
Pine 7
canopy 4.57 18.96 2.65 107.41 131.03 16.11
shrub” 0.16 2.09 0.22 1.20 8.47 0.92
ground 0.61 11.62 1.49 0.82 _17.18 _2.12
Total 5.34 32.68 4.36 109.43 156.58 19.14
Spruce
canopy 4.32 17.87 2.97 198.13 263.27 29.59
shrub 0.35 3.70 0.56 4.02 24.40 3.99
ground 0.47 1.36 1.44 1.05 _17.29 3.23
Total 5.15 28.93 4.97 203.20 304.97 36.81
Fir
canopy 3.83 15.98 1.92 144.07 244.78 23.75
shrub 0.34 4,35 0.38 7.76 40.15 4.73'
ground 0.21 3.06 0.31 0.53 _ 6.32 _0.80
Total 4.37 23.39  2.61 152.36 291.25 29.

28

NOTE: Dry mass in t ha™*, N and P content in kg ha™t.
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Foliar N and P concentrations for trees of the same species
and ground vegetation of the same type at different sites are shown
in Tables 5 and 6. Nitrogen concentrations were remarkably similar
among sites for 611 vegetation types; phosphorus concentrations were
consistently low at the Eir site. BotﬁrN and P concentrations
tended to be highest in current year foliage and understory trees
(Tables 5 ana 6).

| The mass and proportion pf N and P resorbed from trees,
shrubs and ground vegefation at each site is shown in Table 7. The
mass of both nutrients resorbed depended largely on the mass of
resorbing tissue present at the site. Proportional resorption of
nutrients by surface vegetation was slightly lower at the Clearcut |
for both N and P (Table 7). Proportional resorption of nutrients by
trees and shrubs was greatest at the Pine site for N andrgreatest at
the Fir site for P. Trees and shrubs at the Clearcut site resorbed
the lowest amount and proportion of both N and P.

The proportion of nutrients resdrbed by a given species at
different sites is shown in Table 8. Even:where differences among
sites occur %n concentrations of a nutrient, the degree of resorp-
tion does not change appreciably for a given species.

Annual nutrient uptake was ca];g]ated as the difference
between the amount of N and P in new production and the amount of N
and P resorbed anhuai]y. The apparent uptake‘of both nutrients by
trees and shrubs declined in the order Spruce > Fir > Pine > Clearcut
(Table 9). Nutrient uptake by ground vegetatioﬁ was greatest at the

Clearcut site and lowest at the Fir site.. Thus, total nutrient
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Table 5. Average N and P content of major types of ground vegetation in
four Rocky Mountain coniferous forests.

Surface Vegetation

Vegetation
Type+ Site n % N % P
Moss Clearcut 4 1.37 + 0.16% 0.24 + 0.04?
Pine 5 1.49 + 0.122 0.25 + 0.022
Spruce 5 1.18 + 0.09° 0.24 + 0.012
Fir 5 1.29 + 0.32°2 0.15 + 0.04P
Grass Clearcut 2 1.26 + 0.10% 0.21 + 0.071°¢
| Pine 3 1.74 + 0.03 0.29 + 0.10%°
Spruce 3 1.99 + 0.18° 0.40 + 0.032
Fir 3 2.77 + 0.96° 0.16 + 0.04°
Forb Clearcut 2 1.81 + 0.072 0.20 + 0.01°
Pine 3 2.19 + 0.272 0.26 + 0.05°
Spruce 3 1.94 + 0.172 0.44 + 0.052
Fir 3 2.04 + 0.372 0.16 + 0.06"
' Small Clearcut 2 1.02 + 0.01° 0.12 + 0.001¢
shrub”  Pine 3 1.44 + 0.172 0.16 + 0.01°
Spruce 3 1.71 + 0.102 0.28 + 0.022
Fir 3 1.79 + 0.122 0.10 + 0.01°

NOTE: Each value 1is the mean * standard deviation. Values in the
same column for each vegetation type followed by the same letter
are not s1gn1f1cant1y different (p < 0.05) based on one—way
analysis of variance and Scheffé's tests.

+ samples of all species within quadrat combined for each
vegetation type

* foliage only



Table 6.

trees in four Rocky Mountain coniferous forests.

Average N and P content of lodgepole pine and white x Engelmann spruce needles from

‘Lodgepo]e Pine Needles

White X Engelmann Spruce Needles

Type Site n %N %P Type Site n % N %P
Understory o Understory
current Clearcut 4 1.26 + 0.092 0.13 + 0.0228 current Clearcut 5§ 1.06 + 0.158 0.18 + 0.032
Pine 2 1.17 + 0.042 0.13 + 0.012 Pine 5 1.14 + 0.352 0.21 + 0.048
Spruce 5 1.28 + 0.072 0.24 + 0.012
Fir 5 1.23 + 0.122 0.20 + 0.032
previous Clearcut 4 1.10 + 0.068 0.10 + 0.012 previous Clearcut 4 0.85 + 0.09b 0.13 + 0.032
Pine 3 7.02 + 0.323 0.09 + 0.033 Pine 4  0.86 + 0.06b 0.12 ¥ 0.032
Spruce 5 1.06 + 0,118 0.15 +.0.0328
Fir 5§ 1.04 +0.092b  0.11 ¥ 0.042
Overstory ) Overstory
current Pine 6 0.93 + 0.044 0.13 + 0.012 current Spruce 5 0.94 + 0.0292 0.17 + 0.023
Spruce 6  0.94 + 0.083 0.12 ¥ 0.013 Fir 5  0.93 + 0.052 0.12 * 0.02b
current Pine 6 0.89 + 0.05b 0.12 + 0.028 current Spruce 5 0.86 + 0.04b 0.12 + 0.018
plus Spruce 6 1.01 + 0.072 0.09 + 0.018 plus Fir 5 0.99 + 0.098 0.09 + 0.06b
previous - previous
NOTE: Each value is the mean + standard deviation. Values within each column for each type of needle followed by the same
letter are not significantly different (p < 0.05) based on t-tests for two-mean comparisons or one-way analysis of

variance and Scheffé's tests for comparisons among four means.

0¢



Table 7. Mass of N and P resorbed by vegetation in four Rocky Mountaih coniferous forests.

Litterfall Nutrient Mass (mg m~2)a ) Resorpt1onb
Mass Green Tissue Litterfall N p
Site (g m™2 y~1) N p N p (mg m—2) % {mg m~2) %

Ground Vegetation

Clearcut 70.44 973 148 | 704 118 | 269 28 30 20
Pine 55.61 1087 136 637 105 450 41 31 - 23
Spruce 25.88 482 93 317 67 165 34 26 28
Fir - 4.96 108 ‘ 8 n 5 34 32 3 38

Trees and Shrubs (foliage only)

Clearcut  6.94 98 8§ 80 5 18 18 3 26
Pine  172.78 1515 201 198 44 m a9 - 157 78
Spruce  143.07 1373 169 839 82 534 39 87 51
Fir 119.15 1333 119 185 11 548 . 41 72 60

a Nutrient concentration x mass, determined separately for type of surface vegetation and each species of tree
and shrub.

Mass of nutrient in green tissue minus mass of nutrient in litterfall, and per cent of mass of nutrient. in
green tissue which is resorbed.

1€



Table 8. Concentration and resorption of N and P from pine and spruce needles in trees from different

sites in the Rocky Mountains of southwestern Alberta.

mgN g-l ' ' mgp g—l
Needle N
Species Site Green Litterfall Resorption Green Litterfall Resorption*
pine Pine 8.90 + 0.50° 4.61 + 0.322  4.29 (48%) 1.16 + 0.18%  0.26 + 0.05%  0.90 (78%)
Spruce  10.13 + 0.74%  4.48 + 0.06% 5.65 (56%)  0.90 + 0.11° 0.24 £ 0.01%  0.66 (73%)
spruce  Spruce 10.56 £ 1.10% 5.15 + 1.04% 5.41 (51%)  1.97 + 0.24% 0.61 £ 0.09% - 1.36 (69%)
Fir 10.28 + 0.66%  5.37 + 0.48%  4.91 (48%) 1.30 + 0.18°  0.35 +0.01°  0.95 (73%)
NOTE: Each value is the mean + standard deviation. Values in different columns for each species

followed by the same letter are not significantly (p < 0.05) different based on t-tests.
Concentration of nutrient in green tissue minus concentration of nutrient in litterfall, (per
cent of concentration in green tissue)

¢t
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uptake by all aboveground. vegetation was greatest at the Spruce
site, followed by the Pine, Clearcut and Fir sites (Table 9).
Nutrient use efficiency was calculated as the amount of new
biomass produced per unit N or P taken up annually (Table 9). For
ground vegetation, nitrogen ﬁse efficiency was similar among the
sites, while -phosphorus was uged most efficiently at the Fir site
and least efficiently at the Spruce site. Efficiency of use of N
and P by trees and shrubs was greatest at the Pine site and least at
the Clearcut. The resulting order of P use efficiency was Fir >

Pine > Spruce > Clearcut (Table 9).

3.4 DISCUSSION

Estimates of net primary production of therforests in the
Lusk Creek watershed (437 - 534 gm 2 yr ') are slightly lower than
average values for boreal forests (600 g m > yr ', Lieth 1975) or
montane coniferous forests (600 g m 2 yr *, Olson 1975). Inclusion
of estimates of belowground production and consumption losses would
bring these estimates into the range of those in the literature.

Aboveground biomass at the pine site falls within the range
reported for other lodgepole pine forests of similar age and density
(Table 10). The nitrogen content of the pine stand is similar to
that reported in Wyoming, but is higher than that reported in
~ British Co]umbia (Table 11). The few data available for spruce-fir
stands have-similar biomass as that found at the Spruce site, but

are higher than those at the Fir site (Table 10). Biomass producti-

vity of the forest of the Spruce site are about 20% higher than



Table 9. Annual uptake and efficiency of N + P use by aboveground vegetat1on in four Rocky

Mountain coniferous forests.

N P
Annual & Annual b Annual® d Annual 2 Annual b Annual® “
Production Resorption Uptake Efficiency Production Resorption Uptake Efficiency
(mg m 2yr *)(mg m *yr *)( mg m Zyr *)

(mg m~2yr *)(mg m yr *)(mg m *yr ')

.

Tree and Shrubs

Clearcut 1024 18 1006 62 89 3 86 721
Pine 2106 111 1329 357 2817 157 130 3646
Spruce 2157 534 1623 288 353 87 266 1756
Fir 2033 548 1485 281 230 72 158 2639
Ground Vegetation h
Clearcut 1017 269 748 99 156 30 126 5817
Pine 1162 450 12 86 149 k)| 118 517
Spruce 736 165 5N 82 144 26 118 398
Fir . 306 34 272 71 31 3 28 750
Total
Clearcut 2041 281 1890 72 244 33 212 642
Pine 3268 1221 2041 262 436 188 248 2157
Spruce 2893 699 2194 281 497 113 384 1604
Fir 2339 582 1751 249 261 75 186 2355
4 From Table 4
b From Table 7 :
C Mass of nutrient in annual production minus mass of nutrient resorbed annually
,d_ Milligrams. of new biomass produced per mg N or P taken up in one year

149
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Table 10. Aboveground biomass of some Rocky Mountain coniferous forests.

Dominant Stand Density Biomass Location Reference
Trees Age (stems ]
(years) ( ha™?) (t ha™1)

Lodgepole 75 1280 96.3  S.E. Wyoming Pearson et al. 1984
pine ’ (Rock Creek)

110 1850 144 .1 S.E. Wyoming Pearson et al. 1984
C (Nash Fork)

A 1600 70.1 central Moir 1972
Colorado (stand. 4.3)
200 ~— 101-104 northern Reid et al. 1976
- Colorado
125 - 194.5 central B.C. Kimmins 1974-
(Parsnip plot)
100 1020 245.0 southern Johnstone 1971
Alberta (stand 1)
85 1716 107.4 southern this study
) Alberta (Pine site)
White or 250 - 197.0 Colorado Landis and Mogren 1975
Engelmann ‘ (average)
spruce - .
subalpine 350 - 213.1 central B.C. Kimmins 1974
fir (McGregor plot)
350 1177 144.1  southern this study
Alberta (Fir site)
120 750 198.1 southern this study

Alberta (Spruce site)
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thosé reported in a white spruce stand (plot 26) of similar age and
density in dinterior Alaska (Yarie and Van Cleve 1983). Nitrogen
content of the Spruce and Fir stands was sihi]ar to, and phosphorus
content lower than those reported in British Columbia (Tablie 11).
Nitrogen and phosphorus content of overstory tree foliage
was similar to that reported from other forests of lodgepole pine
(Beaton et al. 1965; Kimmins 1974; DeByle 1980; Stark 1983) and

white or Engelmann spruce (Beaton et al. 1965; Kimmins 1974; Stark
1983; Ballard and Carter 1985). Subalpine fir foliage in the Lusk
Creek watershed had higher levels of N and lower levels of P than
those found 1in British Columbia (Kimmins 1974) and‘Montana (Stark
1983). Levgls of N and P in foliage of pine and spruce were less
than most estimates of adequate Tevels for these species (Morrison
1974a; van den Driessche 1974; Ba11ard‘and Carter 1985). Similar
data for subalpine fir are not available. Concentrations of N and P
in live moss are lower than those reported elsewhere (Kimmins et al.
1985) for the same species. Proportional resorption of N from pine
needles at these sites (50%) was similar to, and resorption of P
(75%) was higher than that reported for other species of pine
(Grizzard et gl{‘1976 in Chapin and Kedrowski 1983; Wells and Metz
1963 in van den Driessche 1984). Annual uptake of N and P in these
forests (18 - 20 kg ha " yr' ") is very close to that
predicted by Miller (1984) for temperate fofésts with these rates of
net primary production.

The Pine site might be expected to be the most productive

of the forests in this study because it is younger and is composed
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Table 11. Mass of N and P in aboveground biomass of some Rocky Mountain
coniferous forests.
Dominant Biomgis N P_ Reference
Trees ‘(t ha *) (kg ha ') % (kg ha ) %
Lodgepole pine 144. 185 .13 - - Fahey et al. 1985
(Nash Fork)
142. 169 .12 - - Fahey et al. 1985
(Dry Park 1)
194. 155 .08 19.8 0.010 Kimmins 1974
‘ (Parsnip plot)
107. 13 .12 16.1 0.015 this study
(Pine site)
White or 213. 324 .15 41.7 0.019 Kimmins 1974
Engelmann (McGregor plot)
spruce - -
subalpine fir 144. 245 7 23.7 0.016 this study
"(Fir site)
198. 263 .13 29.6 this study

0.015

(Spruce site)
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primarily of fast-growing lodgepole pine (Wheeler and Critchfield
1985). The low levels of N and P in annual production, biomass and
foliage, and the high degree of resorption are_demonstrativé of "high
efficiency of nutrient use by trees at this site. The intermediate
Tevels of nutrient and resorption in ground vegetation and the simi-
lar degree of resorption of pines at both the Pine and Spruce sites
suggést that this efficiency is a characteristic of pine trees, and
not neceséari]y‘evidence of 1owér nutrient availability at this
site. High efficiency of water and nutrient use has been demon-
strated for other species of pines (Miller et al. 1979); thus the
prevalence of this species is probably responsib1e for the efficient
use of N and P by vegetation at the Pine site.

The Spruce site had the greatest biomass and productivity,
but the Tlowest productivity per unit biomass of the forests.
Resorption of N and P by the overstory was relatively small, resul-
ting in the greatest rates of uptake and lowest efficiency of use of
these nutrients at this site. Values for the amounts of N and P in
tree biomass annual production (requirement), and the efficiency of
use of both nutrients at the Spruce site are similar to average
values for white spruce stands in interior Alaska (Vah Cleve et al.
1983). This observation, as well as the similarity in levels of N
and P 1in fo]iage'and in the degree of resorption of N and P from
piﬁe and spruce foliage from this and other sites suggest that the
efficiency of N and P use in this forest is also a consequence of

the species composition of the stand, rather than a result of sub-

stantially greater nutrient avai]abil%ty at this site.
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- Although the Fir site ranked second in terms of total bié—
mass, it was the least productive of the three forested sites.
Nitrogen'1evels in vegetation were similar to those at the Spruce
site and other spruce-fir forests (Kimmins 1974), as was the degree
of N resorption and the efficiency of N use. Phosphorus levels,
however, were lower 1in foliage from the Fir site than from other
-forests, and P was used much more efficiently by vegetation at this
site. Comparison of data for'levels of available nutrients in soils
at these sites (Chapter 6) demonstrates consistently lower levels of
P in soil at the Fir site. This may be partially responsible for
thé Tow primary productivity of vegetation at this site, but many
otherrfactors such as the greater age, prevalence of slow-growing
subalpine fir (Alexander 1987), lower temperatures, and shorter
growing seaéon at this higher elevation site cannot be ruled out.

The low biomass and productivity of vegetation at the
Clearcut site are obvious consequences of the lack of overstory
(> 10 cm DBH) trees at th{s site. The resulting increase in
shrubs and ground vegetatioﬁ which have higher levels of nutrients
in foliage, a grgater foliage té wood ratio (Waring and Schlesinger
1985) and a more limited -nutrient resorption capacity led to this
site having rates of nutrient uptake similar to that at the forested
sites. This finding supports similar reports of fast-growing ear]y'
successional vegetation retaining nutrients within recently distur-
bed ecoéytems (Marks and Bormann 1972; Vitousek and Reiners 1975).

In theory, vegetation may respond to reduced nutrient

availability through difference in species composition towards
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greater dominance by species more efficient in nutrient use or
through change in the nutrient use efficiency of component species
(Kost and Boerner 1985). These physiological changes may arise from
plants simply producing less nutrient rich tissues, or by resorbing
a greater amount of nutrients during senescence. Patterns of tree
species composition in the forests in the present study are probably
the result of factors other than nutrient availability, such as
disturbance type and frequency and microclimate, and thus do not
provide evidence for the first mechanism. Only in situations where
differences in nutrient availability were much larger than differ-
ences in other factors could the species composition of forests be
reliably related to levels of‘avai1ab1e nutrients. There was some
evidence of- greater efficiency of use of limiting nutrients by
vegetation in the low levels of P in vegetation at the Fir site.
The greater efficiency of P use at this site appeared to arise from
production of more biomass per unit P taken up, rather than through
greater resorption of P from senescing foliage.

With the exception of this apparent response of vegetation
at the Fir site to low availability of phosphorus, the efficienc& of
nutrient use by vegetation in thése férests appeared to be mostly
related to the dinherent nutrient use efficiencies of the tree
‘species present. Since the spec{es composition of these forests is
most 1ikely the result of factors other than nutrient availability,
the nutrient use efficiency of each forest is also for the most part

a consequence of factors other than nutrient availability.
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Analysis of the nutrient content of foliage or litterfall
has often been suggested as a simple and reliable means of assessing
nutrient availability or deficiency in forests (van den Driessche
1974; Waring and Schlesinger 1985). The reliability of this tech-
nique requires demonstration that nutrient levels in foliage from
sites with different nutrient availability are detectably different
from one another. The Timited data presented in this study suggest
that these species of trees are, for the most part, remarkably
consistent in levels of nutrients in foliage regardless of
location. However, it appears that substantial differences in
nutrient availability (as suggested fof phosphorus at the Fir site)
may be detected through analysis of the nutrient content of foliage

or litterfall.
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CHAPTER 4

4. INPUT, ACCUMULATION AND RESIDENCE TIME OF CARBON, NITROGEN

AND PHOSPHORUS

4.1 _  INTRODUCTION

Comparison of Titter dynamics among forested ecosystems
provides information on a number of aspects of ecosystem functioning.
The mass of litter produced on a yearly basis may be used as an
: 1ndgx‘of primary productivity of the forest (Bray and Gorham 1964).
Comparison of litter input rates with the amount accumulated on the
forest floor may be used as an estimate of the residence time of
Titter in the forest floor, or reciprocally, the turnover rate of
litter (Olson 1963). Together, rates of litter input and turnoVer
provide an estimate of the rate at which matter is cycled within the
ecosystem. duantification of the nutrient content of litter inputs
and accumulation allows estimates to be extended to rates of nutrient
cycling within the ecosytem. Comparison of rates of cycling of
different nutrients within one ecoéystem, or of a single nutrient
among different ecosystems provides an indication of the relative
availability ofrdifferent nutrients in different ecosystems.

Increasing recognition of the prevalence of disturbance in
forested ecosystems (White 1979) has important implications for the
calculation of litter turnover times. The assumption OF“steady

state conditions in the detrital pool required by the turnover model

~
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mayvnot be achieved for several decades after a disturbance (Birk

and Simpson 19?0; Pearson et al. 1987). Means of reconciling this

assumption in light of frequent disturbances must be addréssed for
estimates of litter turnover rates to be useful descriptors of eco-
system functioning.

In the present 1nvesti§ation, the mass and nitrogen and
phosphorus content of annual litter input and litter accumulation
were compared in four different coniferous forests in order to
characterize and quantify'the cycling of matter and nutrients in
each forest and to combare the relative availability of these
nutrients among these forests. Séparation of litter input and accu-
mulation into components a11owgd for comparison of decay rates of
individual litter types among sites, and examination of means by
which the turnover method could be used as a valid measurement of
litter turnover rates in forests subjected to fire or logging. dis-

turbances. .
4.2 METHODS

4.2.1 Litter Input

The mass of curfent year's production of ground vegetation
(grass, forbs, shrubs <1 m high) was estimated by harvesting ‘ten
0.25 m® quadrats from one 20 x 30 m plot at each site at time of
maximum biomass jn,August 1985 (Chapter 3). The mass of litter
input from gfass and forbs was considered to be equal to the total

mass while the mass of 1itter input from small shrubs was considered
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to be equal to the mass of current year's production pn1y. Ten
additional quadrats were harvested in October 1986; all non-peren-
nié] portions of vegetation were analyzed to determine the'nutrient
(C,N,P) content of sehescent ground vegetation as will bé described
later. The concentration of each nutrient was then multiplied by
the mass of each type of ground vegetation at the time of maximum
biomass to determine the mass of C, N and P in annual 1itter.input
from ground vegetation. This calculation assumes no loss of mass
during senescence and thus may overestimate the mass and nutrient
content of annual litter input from ground vegetation. Differences
in total mass of harvested quadrats between the maximum biomass and
senescence harvests were inconsistent, due to considerable spatial
heterogeneity; therefore a reliable correction factor could not be
determined. Annual input of moss litter was considered to be equal
to ‘the mass of one year's production of moss. Since moss has an
average lifespan of three yearsiin these forests (pers. observ.),
moss 1itter input was estimqted as 33% of total 1ive moss biomass
determined from forty 0.0625 m® sampies of the forest floor
(Chapter 3). The nutrient content of yellow portions from 5 of the
40 samples was used to estimate input of C, N, and P in moss 1itter:
Overstory (tree gnd shrub) Titter was collected in fifteen
0.25 m® littertraps placed randomly in one 20 x 30 m plot at each
site and weighed after drying at BO;C. During the fir§t year of
the study (August 1984 - July 1985), litterfall was collected month-
ly except during snowcover .(December - May) and separated into com-

ponents (needles, leaves, male cones, female cone bracts, buds,
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seeds, other) before weighing. During the second and third year,
litterfall was collected monthly and bimohth]y, respectively, and
wéighed unseparated. At the Clearcut site, litter input collections
were initiated in August 1985. The C, N, and P content of second
year litterfall from 5 of the 15 traps at each site was used to
estimate the mass of nutrients in annual overstory litter input.

Input of woody litter was estimated from annual harvesting
of all bark, intact female cones, twigs (<1 cm diameter) and
branches (1 - 4 cm diameter) on ten 3 x 3 m plots at each site.
These plots had been cleared of all litter in August 1984 +in order
to measure litter accumulation, as will be described later. A1l new
woody Titter on each plot was collected in August 1985 through 1987,
separated into components, dried to constant weight at 80°C‘and
weighed. The C, N, and P content of woody litter on 5 of the 10
plots at each site from thé second year's harvest was used to esti-
mate nutrient input via woody litterfall.

Input of tregs was estimated from 3 annual harvests of ai]
newly fallen trees on three 20 x 30 m plots at each site. A1l
fallen trees on the plot§ were marked with paint in August 1984 to
aid in identification of new trees. Newly fallen trees were identi-
fied in August 1985 through'1987; the entire bole plus all attached
branches of each tree were weighed in the field. Two disks were
removed approximateiy 50 cm from each end of each bole, weighed,
dried at 80°C and reweighed to determine the moisture content of
each tree. The weight of moistu;e in each tree was subtracted from

its field weight to determine its dry mass. Masses of <individual
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trees were summed for each of the three 20 x 30 m b]ots at each
site, and the average annual dinput in grams per m® calculated
for each site.

The bole samples from each newly fallen tree used for mois-
ture content determination were also used to estimate concentrations
of C, N and P 1in each tree for the first annual harvest in August
1985. In subsequent years, the species and decay class of each
newly fallen treé were recorded and the average concentrations of C,
N and P in boles of each species-decay class combination from the
"firét treefall harvest or from representative samples were used.
The number of samp]es of each species-decay class combination varied
from 1 to 8, depending on their availability at the site. Decay
classes were based on visual properties of the boles, ranging from
wholly ‘intact (class 1) boles through loss of bark and twigs
(class 2), loss of branches and softening of wood (class 3) and
fragmentation and incorporation into the forest floor (c]assés 4 and
5). Concentration of C, N and P in trees of each combination were
multiplied by the mass of newly fallen trees of that combination and
.summed for each plot to determine the total mass of each nutrient in

annual tree input in grams per m°.

4,2.2 Litter Accumulation

The mass of the forest floor organic mat (LFH layers) was
determined from forty 0.25 m® samples from each site. Four
samples were taken from each of ten 3 x 3 m plots in August 1984 at

Pine, Spruce and Fir sites and in August 1985 at the Clearcut site.
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A1l green plants on the samples were clipped at ground surface and
removed. The Tlitter (L) Ttayer of Sne quarter of each sample
(0.0625 m?) was separated into components (herbaceoﬁs material,
reproductive structure, moss, needles). Moss was separated into
live (green) and dead (yellow or brown) portions of each plant and
the mass of each component was determined. Separation of litter
layer material from underlying fermentation and humus (FH) layer
material was based on the visual appearance of each Jitter type.
Needles and herbaceous material were considered to be in the L layer
if they were mostly unstained and firm. Litter layer moss was that
portion of each plant which was yellow or brown but not stained or
fragmented. As discolouration and softening of litter did not occur
to a great extent until it entered the more compacted fermentation
layer below, these visual characteristics related well to the degree
of incorporation of the Tlitter into the forest floor. “Buried\wood
and large roots (> T mm diameter)‘wgre removed from the entire
0.25 m* sample and roots were separated into live and dead cate-
gories. Samples of all components were dried at 80°C and weighed
separately. The compoéition of the forest floor was determined from
the mass of each component separated from the 0.0625 m® samples;
the total mass of the forest floor (g m 2) was determined from
the mass of the entire 0.25 mz’samp1es. Concentrations of C, N
and P in 5 subsamples of each of 5 randomly picked forest floor
samples from each site.we}e used to determine the average nutrient

content of the forest floor at each site.
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The mass of woody litter accumulated at each site was esti-
mated by harvegting all such material on ten 3 x 3 m plots in August
1984 (August 1985 at the Clearcut site). Collections from each plot
were separated into componénts (intact female cones, bark, twigs and
branches), dried at 80°C and weighed. At the Clearcut site, where
all standing trees had been felled in 1972 and left on the surface,
there was sufficient mass of fallen trees (<4 cm diameter) to
estimate the mass of this component on the 3 x 3 m plots. A1l such
material was cleared from the ten p]ots; weighed in the field and
subsampled for moisture content to determine total dry mass of
fallen trees in grams per m>.

At the Pine, Spruce and Fir sites, there was not a suffi-
cient mass of fallen trees on the 3 x 3 m plots to obtain an accu-
rate estimate of fallen tree mass. Consequently, the mass of such
material on one of the 20 x 30 m plots was determined. Since har--
vesting all downed trees would have involved considerable distur-
bance of the plots, analysis of volume and density of fél]en trees
was performed instead. The species, decay class, length within
plot, and upper and lower diameters 6f each fallen tree on the plots
were first determined. Then samples of each species and decay class
combination were harvgsted from areas outside the plots, as
described earlier. One half of each sample was dried at 80°C,
weighed, dipped in paraffin wax and analyzed for density (g cm °)
as mass when immersed in water (American Society for Testing of
Materials 1978). The volume of each fallen tree was calculated from

length and diameter measurements using the formula for a truncated
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cone and multiplied by the average density for that species-decay
class combination to estimate the dry mass of each fallen tree. The
other half of each species-decay class sample was used toldetermine
thg average C, N and P concentrations of fallen trees of each com-
bination. The mass of each tree was multiplied by the average con-
centration of each nutrient for that combination to estimate the
mass of each nutrient in each fallen tree. The total mass of fallen
trees and nutrients therein on each plot was determined from tﬁe sum
of the ﬁasses of individual trees and divided by the total area
sampled (1800 m®* at Pine and Spruce, 1650 m* at Fir) to estimate
fhe mass in g m > at each site. The number of years'for which dry
matter, organic matter, N and P reside in the forest floor was
estimated using the formula: T = H/L, where T is the residence time
in years, H is the mass of the forest floor, and L is the mass of
annual Titter input (Vogt et al. 1986).
The calculation of residence times of litter assumes that

“the 1itter be in steady state with respect to inputs and losses.
This means that each type of litter must have been entering the
system at a constant'raie for at least the period of time required‘
for one year's input to be completely decomposed. Therefore, we can
assume steady state conditions for a given litter type if samples of
that type are found in all stages. of decomposition, i.e. until no
longer recognizable in the humus layer. This ratioha]e, along with
knowledge of the history of the sites, was used to determine which
types of litter could be meaningfully analyzed for residence time

in the forest floor at each site. 1In situations where a given
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litter type is not in sfeady state in the entire fofést floor, it
may be possjble.to examine its residence time in the litter (L)
tayer alone, provided that 1hputs of 1jtter have been coming in at a
reasonably consistent rate for the shorter period of time required
for one year's litter to pass completely through the L 1ayér. This
analysis of the validity of the steady state assumption for each
V]itter type and forest floor layer allowed the determination of
which litter type and layer could be used to compare residence times
of litter among the sites.

| At the Clearcut site, much of the fermentation and humus
layers were probably remaining from the previous stand and thus
could not be included in residence time calculations. The surface
wood was composed mostly of small trees or standing dead trees which
were cut and 1eftron‘the site in 1972, and so could not be considered
to berin steady state. Herbaceous 1itter, however, was found
throughout the L and F 1ayers; thus it was possible to determine the
residence time %or non-woody litter in the L layer at this site.
This was also possible at the other three sites, where herbaceous
Titter was observed in all forest floor layers. Small woody litter
(twigs, branches, bark and cones) was also observed throughout the
forest floor at the Pine, Spruce and Fir sites; therefore the resi-
dence tjme of these materijals in the L layer could be determined.
Bole wood was also found throughout the organic layer at these
sites, but at the Pine and Spruce sites it was usually charred and
thus considered to be from a previous stand. Since bole wood could

not be considered to be in steady state in these stands, it was
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e%c]uded from estimates of forest floor mass. By also excluding
values for the rate of input of bole wood, it was possible to deter-
mine the residence time for all non-bole 1itter at the Pine, Spruce
and Fir sites. At the Fir site, large boles were found in all
stages of decay with no evidence of charring, tﬁus a residence time
for all litter including boles was calculated for this site, in
addition to the estimate derived by excluding bole wood.

A portion of all samples to be analyzed for nutrient con-
tent was ground through a 20 um sieve in a Wiley mill and dried at
80°C overnight. One 250 mg subsample of each sample of woody mate-
rial, and 150 mg of each non-woody sample were digested at 360°C in -
sulphuric acid and hydrogen peroxide, filtered through Whatman #1
paper and analyzed for total N and P as NHa and POs on a Technicon
-II autoanalyzer. Values were converted to NHs-N and POa-P and
finally %N and %P. Per cent carbon was determined from the average
of three 150 mg subsamples of each milled sample combusted in a Leco
carbon analyzer. The ash content of the forest floor samples was
determined by combustion of approximately 3 g of each milled sample
at 400°C for 24 hours in a muffle furnace. |

The significance of differences between sites was tested
for using one-way analysis of variance followed by Scheffé's test.
Data sets with non-homogeneous variances were analyzed using the
Kruska]]—Wa11is test. A1l statistical analyses were carried out

using SPSS* (SPSS Inc. 1986).
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4.3 RESULTS

4.3.1 Litter Input

The mass and composition of annual Titter input at each
site is shown in Figure 1. The Pine site had the greatest total
1itter input masé, followed by Spruce, Fir and Clearcut sites.
Litterfall at the Clearcut site was mostly ground vegetation as well
as small amounts of foliage from shrubs and small trees. At the
three forested sites, overstory litter made up the greatest propor-
tion of annual litter input, followed by treefall and ground vegeta-
tion. 'Non—woody overstory litterfall was composed of 90 - 95%
needles, 1 - 3 % deciduous leaves, and 3 - 6% reproductive struc-
tures (seeds, male cones). Twigs were the predominant form of woody
Titter at the Fir and Spruce sites; female cones were also important
at the Pine and Spruce sites where the heavier lodgepole pine cones
were common. BarK and branches contributed relatively small amounts
of litterfall.

The amount qf annual variation in the rate of input of each
type of Titter is shown in Table 12. The mass of most Titter types
was fairly consistent over the three years examined; annual variabi-
lity between years was usually smaller than spatial (between sample)
variability. Exceptions to_this trend are attributable to a very
high rate of conefall (hence woody 1itter) at the Spruce sité in
Year 2, and an extremely high rate of treefall at the Fir site in
Year 3.

’Seasona1 distribution of overstory litterfall demonstrated

a prominent peak in autumn (Figure 2). This coincided with the
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each column followed by the same letter are not significantly different at

Values for each site in

p < 0.05) based on one-way analysis of variance and Scheffé's test.

+ Average of two years (August 1985 - August 1987).

Table 12. Total mass of annual Titter inputs in g m™2 yr~* in four
Rocky Mountain coniferous forests.
Ground
Vegetation Overstory Woody Tree
Site Year (n =10) (n=15) (n=10) {n=3)
Clearcut 1 70.44 + 25.01  11.4149.484 0 0
. d a a
Pine 1 55.61 + 8.17 172.10 + 18.93  48.91 + 15.89  25.43 + 11.78
2 . - 188.12 + 31.76% 48.25 + 24.763 67.91 + 64.772
3 — 182.30 + 71.53% 39.11 + 11.062 .49.35 + 18.84°2
X (n=3) - 180.83 + 8.11 45.42 + 5.48 47.56 + 21.30
a b ‘ a
Spruce 1 25.88 + 11.12  184.86 + 32.20 45.39 + 17.49  9.69 + 10.94
_— 143.27 + 40.76° 96.46 + 42.48% 10.04 + 17.39°
3 — 135.10 + 40.28° 58.81 + 24.32° 5.03 + 5.782
X (n=3) - “154.41 + 26.69 66.89 + 26.48  8.25 + 2.80
a a b
Fir 1 4.96 + 4.62 139.42 + 44.12 47.70 + 24.16  1.90 £ 1.83
2 — 128.47 + 30.78%° 54.59 + 29.972  3.98 + 3.44P
3 - 104.65 + 28.28° 40.03 + 16.00% '81.00+ 64.812
X (n=3) - 124.18 + 17.78  47.44 + 7.28  28.96 + 45.08
NOTE: Each value is the mean * standard deviation.
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Composition of aboveground Titter input in four Rocky
Mountain coniferous forests.
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distribution of needlefall, which peaked in autumn for all species.
A1l species of conifers also displayed .a peak in release of male

cones in late spring.

4.3.2 Litter Accumulation

- The total mass of accumulated litter was greatest at the
Fir site, followed by the Spruce, Clearcut and Pine sites
(Figure 3). 7The mass of the organic layer decreased in the order
Fir > Spruce > Pine > Clearcut. The majority of the 1itter mass
was incorporated in the organic (LfH) layers of the forest floor
rather than on the surface at all sites (FiguretB). Only 1 - 3% of
the total Tlitter mass was inwthe L layer. Understoéy vegetation
made up most of the mass of the L layer at the Clearcut site, while
Pine needles were the most abundant Titter type at the Pine site.
Needles were also abundant in the L layers at the Spruce and Fir
sites where dead moss made up an appreciable portion of'the Titter
layer. Dead roots greater than 1 mm in diameter made up less than
1% and woody litter less than 10% of the forest floor mass at each
site. The Clearcut and Pine sites both had a substantial mass of
fallen trees on the surface, but very little buried wood. Buried
wood was much more abundant at the Spruce and Fir sites, where its
mass was greater than that of fallen trees on the surface of the
forest floor.

The nutrient content of 1litter and forest floor material is

presented in Table 13. Nitrogen and phosphorus content was highest
in ground veéetation lTitter, followed by fqrest floor accumulation,

overstory litter, woody litter, and tree Titter. Nitrogen content



Figure 2.
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Rates of monthly Titterfall in four Rocky Mountain
coniferous forests. Each value is the mean and
standard error of 15 samples. Values are for total
tree and shrub litterfall and are corrected to equal
30 day sampling intervals. The width of the bar is
proportional to the sampling interval.
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Figure 3. Composition of the forest floor of four Rocky Mounta1n
. coniferous forests.
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of all litter types was greatest at the Fir site and lowest at the
Pine and Clearcut sites; C:N followed the reverse trend. Phospﬁorus
content was low at the Fir and Pine sites and highest at the Spruce
site; C:P followed the reverse trend. N:P was highest at the Fir

site and lowest at the Spruce site.

4.3.3 Litter Residence Times

The residence times of selected litter types in ihe forest
floor Titter (L) layer are shown in Table 14. Residence time of
non-woody litter in the L layer was greatest at the Clearcut site.
Since the samples used to determine the composition of the forest
floor were harvested in August, just prior to peak 1itter input of
non-woody litter, the proportion of annual litter input of each
non-woody litter type remaining in the 1itter layer at this time
should be reflective of the proportion of - the annual input which has
moved through the L layef in one year. Overall, 30% of the annual
non-woody 1itter input had moved through the L }ayer in one year at
the Pine, Spruce and Fir sites, while almost 2 years worth of litter
was accumulated in the L layer at the Clearcut site. Needles and
reproductive structures began Jleaving the L layer within one year,
while surface vegetation and moss remained in the L layer for more
than one year.

Woody 1litter remained in the L Tlayer for 3 - 8 years
(Table 14). The relative residence times of the various woody
litter types was: branches > iwigs > bark > cones, except at the

Pine site where serotinous cones remained proportionately longer.



" Table 13. Carbon, nitrogen, and phosphorus content of 1itter input and
accumulation in four Rocky Mountain coniferous forests.

Site % C. - % N. % P. C:N C:P N:P

Litter Input

Ground Vegetation (n=10)

Clearcut 46.12 = 0.93% 1.00 £ 0.25° 0.17 £ 0.03° 46.1 271.3 6.0
Pine 44.82 + 0.89° 1.14 % 0.11° 0.19 £ 0.02° 39.3 243.5 .1
Spruce  44.15 + 0.62°¢ 1.22 + 0.25% 0.26 + 0.05% 36.2 169.8 4.7
Fir 43.68 + 0.40° 1.49 + 0.10° 0.17 + 0.02° 29.3 397.1 13.5

Overstory
Pine 51.27 + 0.03% 0.58 + 0.02° 0.05 + 0.00° 88.9 1025.4 11.5
Spruce  49.14 + 0.04% 0.58 « 0.03° 0.08 + 0.01% 85.3 585.0 6.9
Fir 50.57 + 0.06% 0.82 + 0.07% 0.06 + 0.01® 1.7 919.5 14.9

Woody ‘

Pine 50.98 + 0.41° 0.26 + 0.03° 0.02 + 0.00° 199.9 2216.5 11.1
Spruce  51.67 + 0.14> 0.55 + 0.02° 0.05 + 0.01% 94.8 1099.4 11.6

Fir 52.82 + 0.43% 0.66 + 0.062 0.05 + 0.01% 79.8 978.1 12.3
L Treet

Pine 47.75 0.03 0.003 1447.0 15916.6 11.0
Spruce 48.61 0.01 - 0.014 481.3 3472.1 1.2
Fir 49.90 0.02 0.012 326.1 4158.3 12.8

Litter4Accumu1ation
LFH Clearcut 30.44 % 2.75% 1.05 + 0.13° 0.09 + 0.01 29.0 334.5 11.6
 Pine 36.47 + 5.15%° 0.97 + 0.2>  0.07 £ 0.022® 37.6 s12.8 13.6
spruce  31.82 + 3.90° 1.23 £ 0.1%® 0.10 £ 0.01® 26.0 331.51 12.8
Fir 41.37 + 5.6 1.30 + 0.1%  0.07 £ 0.01° 31.7 547.6 18.1

NOTE: Each value is the mean % standard deviation. Values in the same column
for each vegetation type followed by the same letter are not significantly
d1fferent at the 0.05 level (one-way ANOVA and Scheffé's test).

Nutrient ratios are determined from the average values for each nutrient 1in
each typé of litter.

+ Averade C, N and P concentrations of newly fallen trees determined for each
species-decay class combination, multiplied by the mass of trees of that
combination, summed for all trees on 3 .plots at each site, and divided byy

the total mass of annual treefall on the plots to estimate the average
concentrat1on of each nutrient in total annual treefall at each site.
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Table 14. Residence time of various types of litter in the Titter
(L) layer of four Rocky Mountain coniferous forests.

Accumulation

Residence Time

Annual Input
Site Litter Type (g m™2 yr1) (g m™?) t (yr)*
Clearcut moss 3.27 17.54 5.4
grass 39.06 72.68 1.9
other vegetation 31.38 48.52 1.6
~ pine needle 4.99 10.00 2.0
reproductive 0.79 0.41 0.5
Total non-woody 79.49 149.15 1.9
Pine moss 5.00 9.48 1.9
grass 15.82 21.91 1.4
other vegetation 39.78 23.11 0.6
pine needle 162.40 111.77 0.7
reproductive 5.33 2.39 0.5
Total non-woody 228.33 168.66 0.7
cone 21.3 73.0 3.4
bark 6.1 7.9 1.3
twig 16.4 77.8 4.7
branch 2.6 229.4 88.2
Total woody 46.4 338.1 8.4
Spruce MoSS 21.49 56.15 2.6
grass 3.08 10.92 - 3.6
~ other vegetation 22.80 23.55 1.0
- pine needle 35.69 23.51 0.7
spruce needle 120.95 39.65 0.3
reproductive 8.20 1.07 0.1
Total non-woody 212.21 154.85 0.7
cone 23.5 5.4 0.2
bark 4.2 5.1 1.2
twig 34.4 103.5 3.0
branch 5.8 83.8 14.4
Total woody 67.9 197.8 2.9
Fir moss 15.58 56.42 3.6
grass 0.93 0.82 0.9
other vegetation 4.03 2.45 0.6
spruce needle 83.84 20.72 0.3

" continued...
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Table 14. (Concluded.)

Annual Input Accumuiation Residence Iime

Site Litter Type (g m™2 yr1) (g m™2) 7 t (yr)
Fir  fir needle . 48.31 20.92 0.4
reproductive 2.92 0.04 0.01
. Total non-woody 155.61 1071.37 - 0.7
cone 7.8 2.4 0.3
bark 3.3 10.7 3.2
twig 33.6 189.4 5.6
branch ’ 3.4 163.7 48.2
Total woody 48.1 366.2 7.6
boles only . . 28.96 1689.00 58.3

*  residence time (t) = accumulation + annual input
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The residence time of cones at the Spruce and Fir sites may be
underestimated as the input of cones was substantially larger during
the two years after forest floor sampling than the year before. The
large accumulation of branches at the Pine site is probably a conse-
quence of the density of this stand and the resulting shedding of
branches and thinning of trees and attached branches. As this
process is probably decelerating now that the stand is 90 years dld,
present rates of branch input are probably lower than past rates;
thus the residence time of branches at this site may be overesti-
mated. '

The residence time of all litter types combined (except
bole wood) in the entire forest floor (LFH) was 14 years at the Pine
site, 207years at the Spruce site and 28 vears at the Fir site
(Table 15). 1Inclusion of bole wood at the Fir site which had a
residence time of 149 years brings this estimate to 43 years. Resi-
dence times for organic matter were approximately 20% lower than
" .those for dry mass. Residence times for carbon, nitrogen and phos-
phorus in the forest floor were also shortest at the Pine site,
followed by the Spruce and Fir sites (Table 15). Nitrogen had the
longest residence tihe at each site, and was retained for approxi-
mately twice as long as carbon, dry matter, and organic matter.
Phosphorus also had a Tonger residence time than carbon and organic

matter, especially at the Fir site.
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Table 15. Residence times of mass, carbon, nitrogen and phosphorus in
the forest floor at the Pine, Spruce and Fir sites.

Ash-Free )
Dry Mass Dry Mass Carbon Nitrogen Phosphorus
Litter Input
(g m™2 yr71)
Pine 274.7 266.5 141.57 1.8 0.2
Spruce  280.1 271.7 121.9 1.5 0.2
Fir 203.7 197.6 90.2 1.4 . 0.1
Fir® 232.7 225.7 - - -
Litter Accumulation
(g m™2)
Pine 3923.2 2953.0 1904.9 46.0 3.4
Spruce  5602.1 4376.9 2460.9 91.5 7.2
Fir 5692.7 4538.1 3911.4 118.6 6.5
Residence Time (t)
Pine 14.3 11.1 13.5 25.6 14.6
Spruce 20.0 16.1 20.2 59.4 - 31.1
Fir 28.0 23.0 43.4 84.7 65.2
Fir® 43.1 35.4 - - -

NOTE: Trees (>4 cm diameter) are excluded from calculations except
where otherwise signified with an asterisk.
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4.4 DISCUSSION

2

Litterfall masses in these forests (286 - 321 gm > yr ') are

2 yr'' for evergreen trees in

lower than the average of 370 g.m
the northern hemisphere (Bray and Gorham 1964) and the average of

314 g m 2 yr ' for cold temperate needle leaf evergreen forests (Vogt
et al. 1986). Values are, however, very similar to average values
for coniferous forests at this latitude (51°N) (Bray and Gorham

1. 1983, Vogt et al. 1986).

1964, Van Cleve et
( The mass and composition of overstory ]itter input in these
forests is compared with that in other sftes in the Rocky Mountains
or boreal forests of North America in Table 16. Differences in
litterfall mass among the forests were not re]afed to stand basal
area, suggesting that the stands are closed canopy and thus in
steady state with respect to overstory litter input. Thus differen-
ces in Titterfall mass should reflect differences in productivity
among the forests (Bray anq Gorham 1964). The Pine site in this
study is among the most productive of the {odgepo]e and jack pine
forests examined; productivity of the Spruce site is similar to
white spruce forests 1in northern Alberta, and the Fir site is
similar in productivity to white spruce sites in interior Alaska.
The composition of overstory litterfall at the Pine, Spruce and Fir
siteé is similar to that of other forests of the same 6f similar
species. Understory litter input at the Pine site (40 g m ?) is

2

similar to the 33 g m ° reported by Foster (1974), but much less



Table 16. Mass of overstory litter input in Rocky Mountain and boreal forests of North America.

Stand Stand
Predominant Age Density Basal Area Foliaqge Male Cone Wood?@ Total Location Reference
Species - | (yr) (stems ha"*) (m? ha~1) gnm2 X gm2%X gm2 X g m~™2 kg m™2 BA
Pinus contorta 85 1716 30.5 164.9 75.4 5.1 2.3 46.7 21.3  218.5 T71.6 south-west Alberta This study (Pine site)
/ ‘
105 1800 40.0 1.1 70.2 1.4 1.1 3.2 28.7 129.8 32.4 south-east Wyoming Fahey (1983) (Dry Park 1)
105 1850 64.0 106.4 67.0 2.1 1.3 50.3 31.7 158.8 24.8 south-east Wyoming (Nash Fork)
n-11 - - 260.0 70.6 6.0 2.0 110.0> 27.8 376.0 - Colorado Hoir (1972) (; of 1.1.,
h 2.2, 4.1., 4.3)
Pinus banksiana 85 " 1140 34.2 133.0 82.0 13.6 8.4 13.1 8.1 162.1 47.4 northern Alberta Fyles et al. (1986) (HSL3)
85 732 " 28.0. 180.0 76.6 6.1 2.6 42.4 18.0 235.9 84.3 northern Alberta (HSL12)
15 1604 20.1 83.0 83.7 2.9 2.9 9.8 9.9 99.2 49.4 northern Alberta (A0S10)
15 1184 18.4 62.1 173.5 1.5 1.8 19.9 23.6 84.5 45.9 northern Alberta . (AOS4N)
51 2440 24.8 150.0 76.1 0 0 40.0 21.1 197.0 79.4  New Brunswick Maclean & Wein (1978)
49 3480 17.8  140.0 92.1 0 0 15.0 9.7 152.0 87.1 New Brunswick MacLean & Wein (1978)
P. contorta x 40 3962 21.0 102.5 95.0 2.9 2.7 2.5 2.3 107.9 51.4 west-central Alberta Prescott & Parkinson (1985)
P. banksiana (Site 3)
Picea qlauca x 120 750 39.1 1711.4 75.3 7.2 3.2 42.4 18.6 227.5 58.2 south-west Alberta = This study (Spruce site)
Picea engelmannii 350 177 40.0 135.4 73.1 0.8 0.5 44.6 24.1  185.3 46.3 south-west Alberta This study (Fir site)
Picea glauca 140 1217 38.5 136.0 61.0 7.7 3.4 53.7 24.1 222.9 57.9 northern Alberta Fyles et al. (1986) (HSL4)
80 2976 39.8 215.4 96.6 4.0 1.8 37.5 16.8  259.0 65.1 northern Alberta Fyles et al. (1986) (HSL14) o

e}

a twigs, bark, female cones °

includes branches
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than the 118 - 146 ¢ m > reported by MacLean and Wein (1978) for
jack pine forests in eastern Canada. Even inclusion of annual pro- -
duction of shrubs at the Pine site brings the estimate of understory

2

Titter input up to 76 g m > or just over half that reported by
MacLean and Wein (1978).

Seasonal trends in overstory litter input are also simi]ar
to those reported in other pine forests, with a strong peak .in
needlefall in autumn (Fahey 1983; Fyles et al. 1986; but see Moir

1972) and high male cone drop in spring (Fyles et al. 1986). Spruce
and fir trees in this study also demonstrated an autumnal peak 1in
needlefall, which is not always found in trees of these genera (Bray

1. 1986). Variation in annual input of

and Gorham 1964; Fyles et
needle Titter seems to be relatively small in coniferous forests
(Fahey 1983; but see Moir 1972), while large fluctuations in annual
input of woody 1ittér (especially trees) seem to be the norm
(Christensen 1975; Boddy and Swift 1983;'Harmon et al. 1986). Rates
of treefall in these forests,demonstrate-the tendency for this pro-
cess to "wax and wane" through the 1life of the stand (Lang 1985).
Treefall rates are consistently high in a young stand undergoing
thinning (Pine site), consistently low in a post-thinning stand
(Spruce site), and-high and variable in an old stand experiencing
natural mortality of canopy trees (Fir sfte). " The mass of coarse
woody debris on the forest floor at these sites also changes through
time as in other forests (Tritton 1980 in Harmon et al. 1986), being
highest in very young and very old stands (Clearcut and Fir sites);

and low in intermediate aged stands (Pine and Spruce sites).
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Residence times of organic matter in the forest floor at
these sites is compared with those reported in similar forests in
Table 17. Residence time at the Pine site was intermediate to those
reported in lodgepole pine stands in Colorado and Wyoming. Resi-
dence time at the Spruce and Fir sites was in the low range of
values found in white spruce stands in Ontario. Residence time of
dry matter, N and P at the Spruce site in Ontario are substantially
Tower than those found in white spruce stands (Nos. 12 and 26) of
similar age and density in interior Alaska (K. Van‘C1eve, University
of Alaska). Many of the difficulties dinvolved din comparing
residence times of different forests migﬁt be alleviated tﬁrough
separation of litterfall and forest floor components based on their
prox{mity to steady-state conditions. Removal of those components
not in steady-state from samples of both 1itter input and accumula-
tion would allow for meaningful ;omparison of residence times of
other components. For example, while bole wood is not included in
most estimates of 1itter input, it is not usually mentioned whether
or not such material was included in estimates of forest floor
mass. Thus it cannot be ascertained whether or nof estimates of
residence time are at least valid for non-bole litter.

It hasAbeen suggested (Lang 1985) that estimates of turn-
over rates of bole wood are invalid. The temporal variability of
input of trees both annually and throughout the 11fespankof the
stand means that reliable estimates of input rates take several
years to obtain, and then are only reflective of rates occurring in

that stand at its present stage. Calculation of turnover rates for



Table 17.

Residence time of organic matter in Rocky Mountain and boreal forests of North America.

Organic Matter

Residence Time

Predominant Age  Accumulation™ (t)
Species (yrs) t/ha (yrs) Location Reference
Pinus contorta 85 29.5 11 south-west Alberta This study (Pine site)
105 23.9 18.8 south-east Wyoming Fahey (1983) (Dry Park I)
105 30.7 19.6 south—-east Wyoming Fahey (1983) (Nash Fork)
11 39.6 7.4 Colorado Moir and Grier (1969) (4.1)
72 36.2 1.1 Colorado Moir (1972), (LH2)
12 31.6 7.5 Colorado Moir and Grier (1969) (1.1)
n 29.5 8.7 Colorado Moir and Grier (1969) (2.2)
1 28.5 7.7 Colorado Moir and Grier (1969) (4.3)
Pinus banksiana 75 7.0 8.6 northern Alberta Visser (unpublished)
(site AOS4N in Fyles et al. (1986)
65 40.7 10.2 eastern Ontario Weber (1988) (stand No. 1)
57 74 1 38.0 New Brunswick Maclean and Wein (1978)
49 129.6 43.2 New Brunswick MaclLean and Wein (1978)
P. contorta x 30 20.0 5.0 northern Ontario Foster and Morrison (1976)
P. banksiana 40 10.4 9.3 west-central Alberta Prescott and Parkinson (1985) (Site 3)
Picea glauca x 125 43.8 16.1 south-west Alberta  This study (Spruce site)
Picea engelmannii 359 45.4 23.0 south-west Alberta This study (Fir site)
350 79.9 35.4 south-west Alberta  This study (Fir site-boles included)
Picea glauca 105 68.5 19.0 northern Ontario Gordon (1983) (Mixed wood, fresh til1l)
100 110.7 33.0 northern Ontario

Gordon (1983) (Mixed wood, silt-sand)

* average ash-free mass of the organic (LFH) layer of the forest floor.

¥4



72

boles also requires one to ascertain that all wood in the forest
floor is from the present stand. 1In young stands, much or all of
the buried wood may be from previous stands, and thus cannot be
included in estimates of forest floor mass used in calculating resi-
dence times. 1In fire-disturbed forests such as those in the present
study, previous-stand wood is usually charred and thus easy to
separate from present-stand (uncharred) wood. in other systems,
carbon daiing of 1incorporated wood could be applied (Harvey et al.
1981) providing that the year of the last major disturbance is
known. Given the effort and risks of error involved in sorting
iﬁcorporated wood, and the tendency for the mass of wood litter to
vary through time, it would seem preferable to exclude bole wood
from estimates of input and accumulation. However, <ignoring input
of bole litter could {ead to overestimation of rates of forest floor
residence times in old forests where much of the wood from the
present stand is decayed to the point of incorporation into humus
and thus cannot be separéted from other forest floor matefia]. In
such'a situation, the error imposed by ignoring bole inputs without
subtracting their mass from the forest floor ﬁay be larger than
errors resulting from the variable nature of this l1itter input.

Like bole wood, some or all of the forest floor mat may be
left from a previous stand; inclusion of the entire forest floor in
such situations could lead to considerable overeétimation of forest
floor residence times. This is probably not critical in older
stands such-as the spruce and fir stands compared in Table 16, where

enough time has lapsed for such material to completely decompose.
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However, it could be of considerable significance in younger stands,
such as the lodgepole pine forests compared in Table 16. Forest
floor material remaining from previous stands is probably respon-
sible for much of the great mass of forest floor and resultant
extensive residence times in the jack pine stands of New Brunswick,
as discu;sed by the authors (MaclLean and Wein 1978). Thus the
origin of the forest floor should also be examined when calculating
residence times.

It must also be decided whetherrroots are to be included in
estimates of forest floor residence times. Inclusion of rates of
input of dead roots can dramatically change estimates of forest
- floor residence times (Vogt et al. 1983), but involves considerable
effort and methodological problems.. Alternatively, roots could be
excluded from estimates of forest floor mass, such that calculated
residence times would be“at least valid for all non-root litter. 1In
the present study, the mass of Targe (> 1 mm diameter) qeadtroots
was not included in estimates of total forest floor mass. However,
the mass of small roots was brobab1y sufficient to cause forest
floor residence times to be overestimated.

When residence times of specific nutrients are t§ be calcu~
lated, rates of input of nutrient in throughfall and stemfliow should
be included. As this was not done in the present study, the esti-
mates of residence times of these nutrients in these forests may be
slightly overestimated. As considerable enhancement of nutrient
content of precipitation may well occur as it passes through the

more nutrient-rich and less-cuticularized understory vegetation,
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means of estimating input via leaching from this layer would also
enhance the validity of estimates of nutrient residence timés.

The residence times of different litter types in the L
layer provides a relative measure of rates of decomposition of dif-
.ferent 1itter types in the initial stages of decay.‘ Because it does
not involve enclosure of the litter, the rates of decomposition
measured with this technique should more accurately reflect éctua]
patterns of decaQ than those obtained via the litterbag technique.
For instance, grass litter was found to decompose more slowly rela-
tive to other litter types when measured via input and accumulation
measurement thaﬁ by the 1litterbag method (Prescott, unpublished
data). This reflects the tendency for grass to remain standing'for
one year before entering the L layer per se, which is not accounted
for with the litterbag technique. Relative decay rates of other
substrates (needles, moss, twigs and cones) were similar when deter-
mined by litterbAg.or turnover methods. The subjectivity involved
in separating L layer materi§1, however, Timits the utility of this
méthod to comparisons undertaken by a single researcher. The timing
of the forest floor harvest will also affect the calculated resid-
ence time of 1itter, and should be staﬁdardized within a study.

The longer residence times for litter in the L layer at the
Clearcut site as compared with the other sites is difficult to
reconcile with reports of higher rates of decomposition in recently
clearcut areas (Vitousek 1981) or the faster rates of decay of
several Titter types at the Clearcut site as compared with the other

sites (Prescott, unpub]ished data). One possibility is that the
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openness of the Clearcut intensifies moisture stress in these
forests, thereby reducing the rate of decomposition qf 1itter on the
surface (Oconnell 1987). The lack of substantial needle 1litter
input and moss to shelter litter and keep it moist may add to thfs
effect. This stress may have been reduced in the litterbags, thch
will retain moisture (Witkamp and Olson 1963) and which were placed
below the standing dead material, where conditions are moister. It
may also be that the smaller amounts of most litter types in the
Titter layer at this site were insufficient for use in determination
of residence time of individual litter types.

Differences 1in microclimate are probably responsible for
the differences in:residence times of Tlitter among the three
forested sites (Pine, Spruce and Fir). Effects o% microclimate
could be manifested directly and also indirectly through its
influence on understory vegetation. Cooler temperatures and shorter
snow-f}ee seasons at the high-elevation Fir site could result in the
longer residence times for litter found at this site. The Spruce
site is at a lower elevation than the Fir site, but it is more
‘sheltered than the Pine site, and has intermediate litter residence
times. The Pine site is more open than the Spruce and consequently
warmer and snow-covered less frequently, which may explain the
shorter residence times for litter in this forest. The mass of
understory vegetation was greatest at the Pine site, followed by the
Spruce and Fir sites, respectively (Chapter 3). As understory vege-
tation litter 1is richer in nutrients and decoﬁposes more rapidly

than overstory vegetation in these forests -(Prescott, unpublished
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data) it may reduce forest ﬁnderstory residence times either by
making up a larger proportion of the litter or by stimu]&ting decom-
position of other types of Tlitter. A similar relationship between
turnover rate§ of Titter and mass of understory vegetation has been
reported in other forests (Tappeiner and Alm 1975; Fahey 1983),
suggesting that thé abundance of understory vegetation may be an
important determinant of, or ét least a useful indicator of turnover
rates of litter in forests.

The mass of N (1.4 - 1.8 gm 2 yr *) and P (0.1 -
0.2 gm 2 yr ') in litterfall in these forests are less than the
average of 2.6 and 0.3 gm 2 yr t respectively for cold

temperature needle leaf evergreen forests (Vogt et al. 1986). Since

the total mass of Titterfall at these sites is also less than the
average value, the rates of litter input, rather than the N and P
coqcentrations of litter content are probably responsible for the
low mass of N and P in annual litterfall in these forests. Concen-
trations of nitrogen and phosphorus in litterfall at the Piné and
Spruce sites are similar to estimates from other lodgepole pine
(Fahey 1983) or white spruce (Van C]eve’gg al. 1983) forests.
Concentrations of N and P in the forest floor at the Pine and Spruce
sites were also similar to those reported from other lodgepole pine
and white spruce forests (Kimmins 1974; Fahey 1983; Van C]eye et al.
1983). At the Fir site levels of N and P in the forest floor were
higher and 1ower"respective1y, than those found in a spruce-fir

forest 1in British Columbia (Kimmins 1974). The N:P ratios of

1itterfall and forest floor material at the Fir site were also



11

broader than the average values for cold temperate needle leaf ever-
green forests (Vogt et al. 1986,) while those at the other sites
were similar to the average values. The mass of N and P in the
forest floor at the Pine site is less than average values of 56.4
and 4.5 gm ? (Vogt et al. 1986), aé is the mass of organic
matter. However, the Spruce and Fir sites have masses of organic
matter similar to the average value (4457 g m 2), and masses
of N and P greater than the average values. Since the rate of
litter input in these forests is similar to the average, this sug-
gests that decomposition rates are also similar, while immobiliza-
tion of N and P is greater in the forest floor at the Spruce and Fir
sites as compared with most coniferous forests. The forest at the
Pine site may simply be younger than many of the forests used to
calculate the average‘va1ues, and thus have had a shorter periodrof
time during which to accumulate litter.

| The mean residence times for organic matter (18 yr),
N (33 yr), and P (22 yr) 1in cold temperate needle leaf evergreen
forests (Vogt et al. 1986) fall.within the ranges encountered in
these fofests, being longer than those at the Pine site and shorter
~than those at the Spruce and Fir sites. The pattern of relative
mobility of these elements (C > P > N) 1in the forest floor of thése
forests 1is also suggestive of immobilization of N and P 1in the
forest floor. However, this could also be %n part a consequence of
not including inputs of these nutrients via precipitation. Rates of .

decomposition and nutrient immobilization in these forests are

currently being examined in an i

situ decomposition experiment.
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Differences in N and P content of litter and forest floor
material among the forests in the present investigation parallel
trends in nutrient use efficiency of vegetation in these forests
(Chapter 3): Litter at the Pine site had broad C:N and C:P ratios
which corre1§fe with the high nutrient use efficiency of both
nutrients by vegetation at this site. The Spruce site had low C:N
and C:P ratios in the litter and the lowest nutrient use efficiency
for both nutrients. Fir site litter had a Tow C:N but high N:p’
ratios; this corresponds with thé low efficiency of N use and high
efficiency of P use by vegetation at this site (Chapter 3).

Analysis of the nutrient.content of green needles from
trees of the same species at different sites (Chapter 3) led to the
conclusion that fhe observed differences in nutrient use efficiency
among the forests were related to both differences in species compo-
sition (prevalence of nutrient efficient pines) and differénces in
nutrient availability (low P avéilabi]ity at the Fir site). The
occurrenée of similar trends in litterfall and forest floor material
demonstrate the ability of organisms to alter their environment
(Reingrs 1986) ; in this case vegetation appears to influence the

availability of nutrients in the forest floor.
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CHAPTER 5

5. EFFECTS OF ADDITION OF NITROGEN AND PHOSPHORUS ON VEGETA-

TION AND FOREST FLOOR MICROORGANISMS

5.1 INTRODUCTION

A number of indices may be used to estimate the ava{1abi—
lity of nutrients 1in forests, including deficiency symptoms, bio-
assays, soil and foliage analyses (Morrison 1974a; Mead 1984;
Ballard and Carter 1986), nutrient use efficiency of vegetation
(Vitousek 1982), and mineralization rates in the forest floor
(Powers 1980). However, noﬁe of these indices will necessarily
provide an indication of nutrient limitation, that is, the évai]abi—
lity of nutrients relative to the potential rates of uptake or
demand éf plants and microorganisms in the ecosytem (Chapin et al.
1986). The most direct method of addressing this matter is by
adding nutrients to forest'plots. Comparison of the rates of
productivity of plants and microorganisms in fertilized plots with
that in control plots provides & measure pf,the response of orga-
nisms to improved nutrient conditions, thus the degree to which
nutrients 1imit the productivity of these organisms.

The response of a forested ecosystem to nutrient additidn
depends on a variety of factors including soil nutrient and pH
gtatus, stand composition, density and age, and the timing, rate and
form of nutrient addition (Ba]]érd 1984). Nevertheless, some trends

are apparent in the extensive 1iterature on the effects of
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fertilization on temperate and coniferous forests. Improved growth
of vegetation has consistently followed the addition of nitrogen to
the forest floor of coniferous forests. Increased rates of biomass
production of.trees have been reported following the addition of
nitrogen to forests of Scots pine (Aronsson and Elowson 1980),
Corsican pine (Miller and Miller 1976a), loblolly pine (Baker et al.
1974), monterey pine (Neilson et al. 1984), jack pine (Weetman and
Fournier 1984), ponderosa pine (Cochran et al. 1979), western white
pine (Scanlin and Loewenstein 1979), lodgepole pine (Bella 1978:
Cochran et al. 1979; McIntosh 1982; Yang 1985a,b), sitka spruce
(Harris and Farr 1979), black spruce (Weetman 1968), Norway spruce
(Tamm 1968), white spruce (Ballard 1984), grand fir (Scanlin and
Loewenstein 1979) and Douglas fir (Turner 1977).

Addition of elements other than nitrogen has had Tless

consistent effects on tree growth. Although Neilson et al. (1984)

reported increased growth rates of Pinus radiata seed11ngs‘w1th

application of phosphorus in addition to nitrogen, the application
of phosphorus or potassium in addition to nitrogen to established
stands did not affect the growth of jack pine (Morrow and Timmer
1981; Weetman and Fournier 1984), western white pine or grand fir
(Scanlin and Loewenstein 1979). Possible beneficial effects of
sulphur, especially 1in additibn to nitrogen, have been reported oﬁ
Vsome soi]s for lodgepole pine (Cochrane et al. 1979; Yang 1985a,b),
ponderosa pine, monterey pine (Will and Youngberg 1978), white
spruce and Engelmann spruce (Ballard 1984). Addition of phosphorus

and/or sulphur in addition to nitrogen may help to prevent secondary
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deficiencies of these nutrients which may occur after fertilization
with nitrogen (Tamm 1968; Turner et al. 1980; Mohren et al. 1986).
Increased growth of understory vegetation may also follow fertiliza-
tion of forests, depending on the age of the stand and the species
present (Baker et al.1974; Cochran et al. 1979; Turner 1979;
Aronsson and Elowson 1980; Ballard 1984).

Fertilization of forests may also lead to qua]itative:
differences in vegetation. Fertilization usually increases the
foliar concentration of the added nutrient(s) (usually N), and
decreases that of‘other elements due to growth dilution (Baker
et al. 1974; Miller and Miller 1976a; Turner 1977; Morrow and Timmer
1981; McIntosh 1982). The higher nutrient content of foliage may
persist through senescence, resulting in 1{tterfa11 of higher
nutrient content 1in fertilized forests, as reported for nitrogen
content following nitrogen fertilization of forests of Scots pine
(Miller and Miller 1976b) and Douglas fir (Turner 1977). These
studies also reported 1owgr masses of 1itterfall in fertilized
forests, caused by greater retention of needles.

Effeéts of fertilization on forest floor microbial activity
(respiration, biomass production, decomposition and mineralization)
have been more variable than effects on vegetation. Increased rates
of biomass production, respiration and decomposition have been
reported following the addition of urea to the forest floor (Turner
1977; Kelly and Henderson 1978; Mahendrappa 1978). However, this
has been shown to be the result of the higher pH and greater

availability of carbon resulting from the hydrolysis of urea, rather
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than a direct effect of greater nitrogen availability (Fessenden
et al. 1971; Foster et al. 1980). Application of ammonium salts to
forest humus has consistently led to reduced rates of microbial

respiration (Fessenden et al. 1971; Salonius 1972; Foster et al.

1980a; Séderstkﬁm et al. 1983). Despite this apparently detrimental
effect of nitrogen fertilization on microbial activity, fincreased
rates of mineralization of nitrogeﬁ have frequently been observed
following the addition of ammonia or nitrate to humus (Keeney 1980).
In Tight of the variety of possis1e responses of forest

' floor microbes to ingreased nutrient availability and their enshing
implications for forest productivity, the present study was designed
to allow us to concurrently examine the effects of nutrient addition
on both microbial and vegetative components of forésts. The availa-
bility of potentially 1imiting nutrients was improved through the
addition of nitrogen, phosphorus and sulphur to the forest floor of
four Rocky Mountain coniferous forests. The relative magnitude of
the resulting differences in productivity of microbial and vegeta-
tive compartments between fertilized and unfertilized plots was used
as an indicator of the degree of nutrient limitation existing for
each of these compartments in each forest and thus the extent to
which the productivity of these organisms might be enhanced through

the addition of nutrients.
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5.2 METHODS

Six 10 x 10 m plots for the fertilization experiment were
established in the vicinity of three main study plots (each 20 x 30 m)
at each site (Chapters 3 and 4) in October 1985. These six plots
were arranged in pairs, with one member -of each pair serving as the
“fertilized" plot and the other serving as the “control" plot. Each
plot contained at least one healthy canopy tree of each dominant
species (pine at the Pine site, pine and spruce at the Spruce site,
and spruce and fir at the Fir site). Plots were separated by a
buffer zone of at least 2 m, and all plots at each site were within
100 m of one another. At the Clearcut site, insufficient space was
available adjacent to the main study plots, necessitating the use of
anothér small C]eéfcut area nearby for the fertilization experi-

ment. Only four 10 x 10 m plots fit into this area,‘thus only two
| pairs of plots were used at the site. At each site, one additional
10 x 10 m plot was established and instrumented with littertraps;
data from these plots were compared with data from 11ttértraps on
control plots (Chapter 4).

Ten kg of granular ammonium phosphate sulphate was app]iedl
to each "ferfi]ized“ plot at each site using a hand-held spreader. |
This added the equivalent of 160 kg N'ha™*, 86 kg P ha * and
140 kg S ha ', which is within the guidelines suggested by Ballard
(1984) for established plantations, and similar to levels found to
achieve a growth response in lodgepole pine {n Alberta (Yang 1985,
a,b). '

Fertilization took place soon after snowmelt, on 20 May

1986 at the Clearcut, Pine and Spruce sites, and on 3 June 1986 at
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the Fir site. Rainfall during the night following fertilization
ensured rapid dissolution of the fertilizer granules. |

In order to ascertain the ensuing degree and duration of
enhancement of nutf%ent 1evels,‘concentrations of NHa, NOs, and POa
in the forest floor on control and fertilized plots at each site
were measured one month after fertilization (Juiy 1986), at the
start of the second growing season (May 1987), and during the'second
summer after fertilization (July 1987). 1In July 1986, 3 samples of
the forest floor (F and H layers) were removed from each control
plot and each fertilized plot. In May 1987, a total of § samples of
the forest floor were removed from fertilized and control plots, as
well as the upper 10 cm of mineral soil beneath each forest floor
sample. 1In July 1987, 2 samples of the forest floor were removed
from each'control aﬁd each fertilized plot. After sieving and
handmixing to homogenize each sample, 10 g (wet weight) subsamples
of each sample were shaken in 100 ml 1IN KC1 for 1 hour, filtered
through glass fibre filter paper, and analyzed for NHa-N and
NOs-N on a Technicon II autoanalyzer (Technicon Instruments 1977,
1978; Page et al. 1982). An additional 10 g of each sample was
shaken for 5 minutes in 50 mL modified medium Bray's solution,
filtered through glass fibre filter paper, and analyzed for PQ4-P
concentration on a Technicon 1I autoanalyzer (Technicon Instruments
1976; McKeague 1978). Another 15 g of each sample wa§'weighed‘
before and after drying to constant weight at 80°C to determine

moisture content of each sample. An additional 3 g of each forest

floor sample and 12 g of each mineral soil sample weré weighed
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before and after combustion at 400°C for 24 hours to determine the
organic matter content of each sample. These data were used to
express the mass of each nutrient in éach sample in g g_1 dry matter
or organic matter. The pH of each soil sample was determined using
a glass electrode after soaking 5 g of soil in 40 mL dejonized water
for one hour.

The rates at which nitrogen and phosphorus were becoming
available 1in tﬁe forest floor wés compared among fertilized and
control plots by measuring rates of mineralization of NHa and POa,
and rates of nitrification (production of NOa) in samples of FH
material buried in the forest floor in control and fertilized p}ots
at each site (Eno 1960). One 100 g subsample of each sieveq sample
used for determining the availability of each nutrient in July 1986
and July 1987 were placed in polyethylene bags and incubated <in the
forest floor in the plot from which the soil was removed. After one
month, the buried bags were retrieved and analyzed for moisture con-
tent, organic matter content, andrconcentrations of NHa, NOs and POa,
as described earlier. Differences jﬁ concentrations of each element
in each sample prior to and following the one month incubation were
used as estimates of rates of net mineralization and nitrification
(if positive) or nef immobilization (if negative) in each forest
floor. Average rates of each process were determined for control
and fertilized plots at each site during July 1986 and July 1987.

. Three parameters were used to measure productivity of
microorganisms in the forest floor: the rate of respiration, total

microbial biomass, and the net rate of biomass production over a
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one-month period. Respiration rates of unamendgd organic soil
samples at field moisture content were‘measured using infra-red gas
analysis and used as indicators of microbial activity on control and
fertilized plots. Microbial biomass of each soil sample wa§ deter-
mined using the substrate induced respiration technique (Anderson
and Domsch 1978). 0.32 g of powdered glucose was added to plastic
bags containing 10 g (dry weight) of FH material at field moisture
content and rates of CO2 production in each sample were measured
by infra-red gas analysis and converted to mg biomass C using the
relationship provided by Anderson and Domsch (1978). Differences in
biomass € in soil samples before and after the one month in situ
incubation were used to estimate the net change in microbial biomass
on control and fertilized plots during that time, which was used to
estimate microbial biomass production. Microbial biomass was also
determined for mineral soil and FH material collected from control
and fertilized plots in May 1987. For FH material, glucose
amendation was as described abgve; for mineral soil, 0.024 g of
glucose was added to 30 g dry weight of soil.

The response.of ground vegetation to nutrient addition was
estimated by comparing the mass and nutrient content of grasses,
forbs, and small shrubs (<1 m high) on control and fertilized
plots. Aboveground portions of all ground Vegetation on three
0.25 m* quadrats on each control and each fertilized plot at
_each site were harvested in 1at§ August 1986. This has been found
to be the time of maximum aboveground biomass for all species of

ground vegetation combined (Chapter 2). The vegetation from each
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quadrat was separated into grasses, forbs and shrubs, the latter of
which was further separated into new (current year's) growth and o]d'
(previous years') growth. A1l samples were then dried to constant
weight at 80°C and weighed, and the mass of current year's produc-
tion and total biomass of ground vegetation was determined for each
treatment at each site. Vegetation from the three quadrats from
each plot were combined for each vegetation type and ground to

<2 mm in a hammer mill and to <20 wm in a Wiley mill. 150 mg of
each sample was digested in 5 mL sulphuric acid and hydrogen
peroxide at 360°C, diluted to 75 mL with deionized water, filtered
through Whatman #1 paper, and analyzed for NHa and POs content on a
Technicon II autoanalyzer (Technicon Instruments 1976, 1977; Lowther
1980). Three 150 mg portions of each sample were analyzed for %
carbon by combustion at 1500°C in a Leco furnace. The average
nutrient content of each vegetation type was:multip1ied by 1its mass
on each plot to estimate the mass of carbon, nitrogen and phosphorus
in gréund vegetation on control and fertilized plots.

Differences in annual net primary production of trees due
to nutrient addition were estimated by comparing the mass of
needles, twigs and stemwood produced annually by trees on control
and fertilized plots prior to and for the first two years following
fertilization. One healthy canopy tree of each dominant species
(pine at the Pine site,'pine and spruce at the Spruce site, spruce
and fir at the Fir site) on each control and each fertilized plot
was selected prior to fertilization and sampled each year. Branches

were harvested using clippers on extension poles in February or
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March of each year when needles were dormant. Branches containing
new growth were selected from the upper mid-canopy of each tree in
order to approximate an average value for the entire crown (Ballard
and Carter 1985).

After harvesting, branches were!kept at -15°C until ana-
lyzed. Needles and twigs. from each branch were separated into age.
classes (1983 through 1987 production), dried at 80°C to constant
weight and weighed. One hundred needles of each age class from each
tree were also weighed to determine the average need]enweight.
Weight of néed]es and twigs for each year after fertilization (1986
and 1987 growth) was divided by the average needle weight for that
tree during 5 years prior to fertilization, thus standardizing
growth response for each tree. A core of stem wood was also taken
from each tree approximately 30 cm above the base in March 1988.
The width éf the rings for 1986 and 1987 was divided by the average
ring width for that tree for 9 years prior to fertilization. For
tﬁe small pine trees at the Clearcut site, cores were not taken, and
needle and twig weighfs were divided by the value for the year prior
to fertilization (1985) only.

The effect of férti]ization on the nutrient quality of tree
foliage was examined by comparing the concentrations of nitrogen and
phosphorus in foliage of trees from ferti]%zed and control plots.
The assumption that trees on all plots at each site were of similar
nutrient quality prior to fertilization was tested by determining
the nitrogen and pﬁosphorus content of current year's needles from

one branch of each sample tree harvested in February 1986 (prior to
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fertilization). 1In February 1987, a second branch was Harvested
from each tree, and the nitrogen and phosphorus content of ﬁew
needles produced during the first year after fertilization was
determined. Samples of all needles produced between 1983 and 1987
from branches collected from each sample tree in March 1988 were
analyzed for nitrogen and phosphorus content, in order to determine
the effect of fertilization on both new and old needles.

The effects of fertilization-induced changes in mass or
nutrient conteht of vegetation on rates and quality of litter input
were examined by comparing the mass and nutrient content of senes-
cent ground vegetation and tree needles produced annually on control
and fertilized p]ots.’ Aboveground portions of all grass and forbs
'were harvested fromxkhree 0.25 m®* quadrats on each control and
fertilized plot 1in October 1986, separated, dried at 80°cC,
weighed, and analyzed for carbon, nitrogen and phosphorus content as
described earlier. Overstory litterfall was collected in six
0.25 m®* traps lined with 1 mm mesh fibreglass screens oﬁ one
10 x 10 m fertilized plot at each site. The mass of litterfall
: cd]]ected annually in these traps was compared with that collected
[in 15 traps on one 20 x 30 m unfertilized plot at each site
(Chapter 3). Additionally, the average weight and carbon, nitrogen
and phosphorus content of needles of each species which fell during
September 1986 and 1987 were compared between the 6 traps on the
fertilized plots and 6 randomly selected traps on the unfertilized

plot.
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Changes in rates of decomposition resulting from fertiliza-
tion of the forests were investigated by measuring the rate of
decomposition of litter collected from fertilized and control plots
placed on both fertilized and control pots. Senescent leaves of

Epilobium anqustifolium were collected from the inst}umented ferti-

Tized plot and the surrounding unfertilized area at the Pine site in
October 1986. Leaves wére air-dried, and 0.5 g of one type (from
fertilized or control plots) was placed into each.of ten 10 x 10 cm
Titterbags made of 1 mm fibreglass screening. One bag of each type
was pinned on the ground surface adjacent to one bag of the opposing
type. Three pairs of bags were placed on each control and each fer-
tilized plot at the Pine site in October 1986. A1l bags were har-
vested in October 1987, the contents were weighed, and the amount of
weight 1osf over the one year incubation was determined for each bag.
Most of the data consisted of replicate samples from each
plot and therefore the significance of differences between control
and fertilized plots was tested for by a Model I two-way analysis of
variance. This allowed detefmination of the significance of
between-plot differences and treatment-piot interactions as well as
treatment effects. Data which were derived from a single sample
from each plot (trees and Titterfall) were tested using one-way
anélysis of variance. The accepted level of significance was 5%,
however, beéause of substantial variability in some of the measure-
ments, differences with probabilities between 5 and 10% wére also
noted. Al11 statistical analyses were carried out using SPSSx (SPSS

Inc. 1986).
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5.3 RESULTS

Concentrations of available NHa-N and P04-P in the forest
floor at each site one month after fertilization (July 1986), and
the following spring (May 1987) and summer (July 1987), are shown in
Figure 4. Concentrations of both nutrients were significantly
higher in fertilized plots at all sites one month after fertiliza-
£1on. The following yeag, NHa 1eve1s were significantly higher in
fertilized plots at the Clearcut and Fir site only, while POa
remained significantly more abundant in fertilized plots at the
Clearcut, Pipe and Fir sites. The Spruce site had higher levels of
PO4 1in control plots than did the other sites, thus differences
between these and fertilized plots were significant only at the 10%
Tevel. Similar trends. in nitrogen and phosphorus availability occurred
in mineral soil samples one year after fertilization (Table 18).

Concentrations of NHa'in control plots were similar among
sites and among sample times while concentrations of P04 were usually
1owest.at the Fir site and highest at the Spruce site (Figure 4). By
the start of the second growing season after fertilization (May 1987),
differences in concentrations of NHa on fertilized plots were very
much diminished, while POs levels in fertilized plots were at their
highest levels.

Nitrate was available in very small amounts (<10 pg g *
organic mafter) in the forest floor at all sites, and was signifi-
caﬁf]y more abundant in fertilized plots only on one pccasion (July
1987 at the Fir site [unpublished data]). The pH of soil on control
and fertilized plots were simi]aé at all sites during the first

summer and the following spring after fertilization (Table 19).
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Levels of available N and P in the forest floor in
control and fertilized plots in four Rocky Mountain
coniferous forests. Fertilization occurred in May
1986. Each histogram represents the mean t standard
error of 9 (July 1986) or 5 (May and July 1987)
samples. Histograms for fertilized plots with an
asterisk beneath are significantly different from
control plots based on two-way analysis of variance
(*p < 0.05, + p < 0.10). ,
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Table 18. Levels of extractable nutrients in mineral soil from control

(c) and fertilized (f) plots one year after fertilization
(July 1987).

ug g~ dry weight of soil

NHa : NOs-N POa

Clearcut c 1.4 £ 1.7 0.0 £ 0.0 70.7 + 22.0
- f 2.7 % 2.1 0.0 £ 0.0 161.9 + 16.3%

Ping c 0.2 +0.3 .0.0 + 0.0 ©15.0 £ 5.5
f 1.6 + 1.8 0.0 + 0.0 148.4 + 56.3

Spruce c 3.7 1.2 0.0+£0.0 199.3 + 69.6
32.5 £ 62.0 28.7 + 64.1 338.1 + 157.2

Fir c 4.8 + 1.6 0.3 £ 0.3 13.0 £ 2.6
40.9 + 36.8% 0.4 + 0.4 148.8 + 45.4%

Note: Values represent the mean * standard deviation of 5 samples.
Values for fertilized followed by an asterisk are significantly
different from values for control plots based on two-way
analysis of variance (p < 0.05).
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Rates of mineralization of NHa and POa during the first
summer after fertilization (1986) were significantly higher on fer-
tilized plots at all sites (Figure 5). During the second summer
after fertilization ‘(1987), differences in mineralization rates
between contro]yand fertilized plots were much diminished, although
significantly higher rates of Po;wmineralization were still found
on fertilized plots at ;11 sites. Rates of NHa mineralization
were still significantly greater on fertilized plots only at the
Pine site during the second summer after fertilization. Nitrifica-
tion was detected during the first summer only at the Clearcut site,
where its rate was highly variable and therefore not significantly
different on fertilized plots. Nitrification rates were higher on
fertilized plots at all sites during the second summer, although the
considerable variability masked this trend at the Clearcut and Fir
sites.

Rates of mineralization of NHa and POs on control plots
was usually lower at the Pine site than at the other sites (signifi-
cant in 1986 for NHa and in 1987 for POsa). Rates 6f nitrifica-
.tion in control plots were higher at the Clearcut site than at the
other sites (this was significant in 1986 only).

Microbial activity and biomass in the forest‘floor F and H
layers was not significantly different in control and fertilized

rp1ots at any site two months after fertilization (Figure 6). The
net change in microbial biomass over the one month in situ incuba-
tion was also similar on control and fertilized plots atra11 sites

(Figure 6). Measurements of microbia]rrespiration and biomass taken
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Table 19. pH of forest floor (FH layers) and mineral soil in control
(c) and fertilized plots (f) 1in four Rocky Mountain
coniferous forests.

- Forest Floor Mineral Soil

Site Treatment n August 1986 n May 1987 n May 1987
Clearcut c 6 5.9 +0.2 5 5.8 £ 0.3 5 6.0 £ 0.2
£ 5.5 + 0.2 5§ 5.8+ 0.3 5 5.9 0.2
Pine c 9 5.2 £+ 0.0 5 5.6 £+ 0.4 5 5.8 + 0.2
f 4.9 + 0.3 5 5 + 0.4 5 5 + 0.3
Spruce o 9 5.5+0.2 5 5.6 0.3 5 6.1 0.2
£ 9 5.4 %0.2 5 5.7 +0.3 5 6.0+ 0.2
Fir c 9 4.8 + 0.2 5 5.5 + 0.2 5 5.9 + 0.1
f + 0.3 5 5.3 £ 0.1 5 5 + 0.2

Note: Fertilizer was applied in May 1986. Values represent the mean %
standard deviation. There were no significant differences between
control and fertilized plots based on two-way analysis of variance
(p < 0.05).



Figure 5.
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Rates of N and P mineralization and nitrification in
the forest floor on control and fertilized plots at
each site during the first (1986) and second (1987)
growing seasons after fertilization. Each histogram
represents the mean * standard error of 9 (1986) or
6 (1987) samples. Histograms from fertilized plots

‘with an asterisk beneath are significantly different

from control plots based on two-way analysis of

~variance (*p < 0.05, + p < 0.10).
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one year after fertilization (May 1987) also showed no differences
between control and fertilized plots (Precott, unpublished data).
Fertilization of the forest floor resulted in higher levels
of nitrogen and phosphorus in ground vegetation, as evidenced in the
C:N and C:R ratios- of fissues produced in the first growing season
after fertilization (Table 20). C:N ratios were reduced by about
30% on ferti]ized plots at all sites as compared with control
plots. C:P ratios were also reduced by about 30% on fertilized
plots at the Clearcut and Pine sites. At the Spruce site, where
phosphorus levels in control plots were the highest of the four 7
'sites, the C:P ratio was reduced by only 10%4. Vegetation at the Fir
site, which had the Towest phosphorus levels in control plots among
the sites showed a 60% reduction in C:P ratios iﬁ fertilized plots.
The mass of current year's production- of ground vegetation was
significantly increased on fertilized plots at the Clearcut, Pine
and Spruce sites, as was the mass of nitrogen and phosphorus 1mmob1—
lized 1in annual production. The increases occurred primaf11y in
grasses at the Clearcut and Pine sites and in forbs at the Spruce
site. The small améunt of ground vegetation at the Fir site was not
significantly increased by fertilization, but the mass of phos-
phorus immobilized was greater in fertilized plots. Similar
increases in the mass of ground vegetation were obéehved during the
second growing season after fertilization (personal observation).
The same responses to fertilization were evident after the
ground vegetation had senesced (October 1986 harvest). The mass of

senescent ground vegetation was significantly greater on fertilized
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Table 20. Mass and nutrient content of ground vegetation on control (c)
and fertilized (f) plots at each site during the first growing
season after fertilization.

g m‘27 g Nm=2 g Pm2 C:N C:P N:P

Green Tissue

Clearcut ¢ 200.1 % 59.5 2.34 + 0.62 0.30 + 0.07 40 313 8
f 433.4 + 77.3% 7.96 + 1.43% 1.21 £ 0.24% 25 162 1

" Pine c 73.2 £ 20.9 1.32 £ 0.42 0.17 + 0.05 25 193 8
f 100.6 £ 21.6% 2.62 + 0.58% 0.33 + 0.07* 17 131 8

Spruce ¢ 42.7 £ 17.4 0.82 + 0.33 0.18 £ 0.07 22 102 5
f 87.9 + 39.4% 2.41 £ 1.10% 0.43 + 0.20% 16 88 1

Fir c 7.2 £ 5.1 0.15 + 0.11 0.01 + 0.01 21 352 15
f 10.8 + 7.4 0.34 + 0f31 0.04 + 0.03% 14 128 9

Senescent Tissue

Clearcut ¢ 80.1 + 37.6 0.49 + 0.22 0.07 £+ 0.04 72 480 7
f 233.0 + 73.6% 3.04 + 0.98% 0.31 + 0.10% 35 339 10

Pine c 32.2 £ 9.7 0.37 £ 0.13 0.05 + 0.01 36 295 )
f 53.9 + 16.1% 0.90 + 0.28% 0.13 + 0.04%* 26 188 T

Spruce c 16.2 + 8.7 0.21 £ 0.1 0.04 £ 0.02 32 177 5
f. 46.8 + 18.5% 0.88 + 0.38% 0.14 + 0.05% 22 139 6

Fir c 6.3 +6.2 0.08 £ 0.10  0.01 + 0.01 31 3713 8
f 9.9 + 6.9 0.21 £+ 0.16*% 0.02 + 0.02* 18 166 10

Note: Values represent the mean + standard deviation of 9 samples (6
samples at the Clearcut site) of current year's production.
Values for fertilized plots followed by an asterisk are signifi-
cantly different from values for control plots based on two-way
analysis of variance (p < 0.05). }
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Figure 6. Biomass and rates of respiration and biomass produc-—
tion of forest floor microorganisms on- control and
fertilized plots at each site two months after ferti-
lization. Each histogram represents the mean *
standard error of 9 samples (6 at Clearcut site).
Values for fertilized plots were not significantly
different from control plots on any occasion based on
two-way analysis of variance (p < 0.05).
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plots at all sites except the Fir site, while the mass of nitrogen
and phosphorus 1in such tissue was significantly greater in ferti-
lized plots at all sites (Table 20). C:N and C:P ratios in senes-
cent tﬁssues were narrower on fertilized plots than on control
plots, and were broader than those found in green tissue.

The response of overstory trees to fertilization wa% less
apparent than that of ground vegetation. The average diameter
increment of stemwood, and average weights of needles arnd twigs for
each of the two years preceeding fertilization, expressed as a func-
tion of the average value for each tree prior to fertilization, are
shown in Table 21. A% the Clearcut site, the young lodgepole pine
trees on the fertilized plots had significantly larger needlies than
trees on control plots. The absénce of any difference 1in twig
weight suggests that the difference in total needle weight was
caused by trees producing larger needles, rather than by increasing
the number of needles produced, which would haveknecessitated a
greater mass of twigs. There is evidence of a growth response in
lodgepole pine trees at the Pine site, although differences in some
parameters were not significant. No significant differences between .
trees on control and fertilized plots were found in_any of the para-
meters of tree growth at the Spruce site. At the Fir site, fir
trees had significantly wider growth rings both years after fertili-
" zation than found prior to fertilization, and weights of needles and
twigs were considerably larger in the second vyear after fertiliza-
tion than in preceding years. No significant differences Qeré

detected in spruce trees at the Fir site.



Table 21. Indices of biomass production by trees on control (c) and fertilized (f 1 i
ots d
vears following fertilization. : (e uring the 2

Site Treat- Annual Wood Increment Weight of 100 Needles Total Weight of Needles Total Weight of Twigs
(Species) ment Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2
Clearcut [ — - 1.19 = 0.29 0.99 + 0.3 1.7 £ 0.48 2.08 £ 0.61 0.74 £ 0.17 0.75 + 0.28
(pine) f - - 2.28 £ 0.50% 1.79 % 0.48% 2.94 £ 0.66* 4.77 £1.69* 0.61 £ 0.13 0.98 + 0.14
Pine c 0.88 + 0.27 1.17 £ 0.38 1.01 £ 0.21 0.95 £ 0.10 1.08 + 0.26% 1.08 £ 0.29 0.70 £ 0.12 1.17 £ 0.24
(pine) f 0.80 £ 0.20 1.4%1 £ 0.55 1.33 + 0.19 1.46 + 0.37+ 1.80 £ 0.10 1.68 £ 0.50 0.86 + 0.11 2.19 + 0.43*%
Spruce c 0.46 + 0.36 0.52 £ 0.43 0.89 + 0.13 1.03 £ 0.18 1.01 £ 0.26 1.10 £ 0.39 0.72 + 0.04 0.98 £ 0.1
(pine) f 0.67 + 0.1 0.89 + 0.19 0.91 £ 0.09 1.29 + 0.07+ 0.85 & 0.44 1.22 £ 0.39 0.72 + 0.17 1.16 + 0.12
Spruce c 0.94 = 0.22 0.75 £ 0.17 0.94 + 0.04 0.96 + 0.08 1.00 £ 0.1 2.05 £ 0.55 0.90 + 0.06 1.38 £ 0.29
(spruce) f 0.99 + 0.24 1.21 % 0.63 0.89 £ 0.0 0.94 + 0.01 0.79 £ 0.04 1.99 £ 0.59 0.79 + 0.08 1.53 % 0.40
Fir c 0.87 £ 0.06 0.97 + 0.23 0.81 + 0.07 0.91 + 0.06 1.03 £ 0.27 1.71 £ 0.38 0.98 £ 0.20 1.39 + 0.09
(spruce) f 0.84 * 0.06 0.94 + 0.49 0.86 + 0.03 1.21 £ 0.02% 0.75 £ 0.28 2.50 £ 1.12 0.94 + 0.36 2.44 £ 1.00
Fir c 0.73 £ 0.00 0.81 % 0.15 0.86 + 0.12 0.79 £ 0.14 1.15 £ 0.09 0.86 £ 0.02 0.80 £ 0.06 0.55 + 0.11
(fir) f 1.32 £ 0.32% 1.51 £ 0.12% 1.16 % 0.69 1.06 £ 0.05+ 0.91 + 0.52 1.41 £1.34 0.69 £ 0.38 1.30 £ 0.75

Note Each value represents the increment or mass of that year's growth divided by the average value for that tree prior to fertilization.
Each value is the mean of 3 trees (4 at the Clearcut site) % standard deviation. Values for fertilized plots followed by an asterisk
are significantly different from control values at p < 0.05 based on a one-way analysis of variance; values followed by + are
significantly different at p < 0.10.

v0l1
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The nitrogen and phosphorus content of needles of all
species examined were similar on contrq] and fertilized plots prior
to fertilization (Table 22). Needles produced during the first
growing season after fertilization (1986) had significantly higher
levels of nitrogen in fertilized plots than in control plots
(Tab]e’22). The only exception to this trend was in subalpine fir
needles which had lower nitrogen contents in fertilized p]ots;
Levels of phosphorus in needles from trees in fertilized plots were
significantly higher than those in control plots only at the Fir
site. Needles produced during the second growing season after
fertilization (1987) were significantly higher in nitrogen or phos-
phorus content in fertilized trees only in two instances (nitrogen
in pine needles at the Spruce site [Figure 7], and phosphorus in fir
need]gs at the Fir sites [Figure 8]). Needles from these branches
which were produced during the first season after fertilization
(1986) were significantly different in ferti]iéed trees only 1in one
instance (nitrogen in spruce needles at the Spruce site [Figure 71).
Where significant differences %n nitrogen or phosphorus content ofr
needles occﬁrred in needles produced after fertilization, the same
trend was also apparent in needles pfoduced prior to fertilization
(Figures 7 and 8). There was a general trend of slightly higher
nitrégen and/or phosphorus levels in trees from fertilized plots in
all needles, including those produced prior to fertilization (except
for N in spruce trees at the Fir site which were lower in fertilized
trees [Figure 7]). This increase was mosf noticeable for‘nitrogen
at the Clearcut, Pine and Spruce sites and for phosphorus at the Fir

site.
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from 3 trees per treatment (2 trees at the Clearcut site).
Values for the fertilized plots followed by an asterisk are
significantly different from those for control plots based on a

one-way analysis of variance (p < 0.05).

Table 22. Concentrations of N and P in current year's foliage of
‘ trees prior to and following fertilization (1985 and 1986
production, respectively).
Site mg N g-t mg P g1
Species 1985 1986 1985 1986
Clearcut
pine c - 14.22 £ 1.217 - 1.53 £ 0.08
f - 16.73 £ 1.71% - 1.59 £ 0.14
Pine
pine ¢ 9.34 + 0.36 9.99 + 0.67 .22 + 0.16 1.27 £ 0.10
: f 9.32 £ 0.45 14.42 + 0.73% .30 £ 0.30 1.68 £ 0.12
Spruce
pine c 9.34 +1.20 10.01 + 0.80 .19 £ 0.14 1.36 £ 0.22
f 9.37 + 0.44 11.35 + 0.10% .25 £ 0.11 1.34 + 0.50
spruce ¢ 9.20 t 0.06 10.56 £ 1.10 .54 £ 0.01 1.97 £ 0.24
f 9.45 + 0.24 11.69 £ 0.30% .81 £ 0.19 1.77 + 0.57
Fir
spruce ¢ 9.83 £ 0.11 10.28 + 0.66 .33 + 0.04 1.30 + 0.18
‘ f 8.95 + 0.24% 12.82 + 1.05% 1 + 0021 1.94 + 0.12%
fir c 12.73 £1.06 15.01 £ 1.09 .40 £ 0.20 1.69 £ 0.17
f 11.65 + 2.28 9.90 + 0.88* .34 + 0.14 2.05 + 0.08*%
Note: Each value is the mean * standard deviation of average values
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Nitrogen content of needles produced during the 3

years prior to (1983-1985), and 2 years following

(1986-1987) fertilization upon harvest in 1988.

Histograms represent the mean + standard deviation

of needles from 3 trees per treatment. Histograms for

fertilized plots with an asterisk beneath are

significantly different from control plots based on

one-way ana]ys1s of variance (*p < 0.05, +

p < 0.10).

A: lodgepole p1ne needles from Clearcut site

B: Tlodgepole pine needles from Pine site

C: Tlodgepole pine needes from Spruce site

D: white x Engelmann spruce needles from Spruce
site

E: white x Engelmann spruce needles from Fir site

F: subalpine fir needles from Fir site

Arrow signifies time of fertilizer
application
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Figure 8.
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Phosphorus content of needles produced during the 3
years prior to (1983-1986), and 2 years following
(1986-1987) fertilization upon harvest in 1988.
Histograms represent the mean % standard deviation
of needles from 3 trees per treatment. Histograms for
fertilized -plots with an asterisk beneath are
significantly different from control plots based on
one-way analysis of variance (*p < 0.05, +

p < 0.10).%

A: Tlodgepole pine needles from Clearcut site

B: Tlodgepole pine needles from Pine site

C: Tlodgepole pine needes from Spruce site

D: white x Engelmann spruce needles from Spruce
site :

E: white x Engelmann spruce needles from Fir site

F: subalpine fir needles from Fir site

Arrow signifies time of fertilizer
application



-mg P g—1 dry weight needle

1.0 <

0.5

0.0

1.0 4

0.3 <

0.0

0.3 4

0.0

2.0 4

0.5 o

0.0

2.0 4

1.3 4

1.0 4

0.3 4

0.0

2.0 4

<
4
1.3 4

0.3 4

0.0

A

3 control =
Bl fertilized

4

‘_L FL'

T}
}
N B &
}
N ¥
}_.4

. b
I - - -

|
|
|

|

*

1 ]

1983 1984 1985 1986 1987

Needle Year Class

110



1

The implication that needles produced prior to fertiliza-
tion were gaining nitrogen and/or"phosphorus fn trees from ferti-
Tized plots was pursued by comparing the nitrogen and phosphorus
. content of needles produced in 1985 upon harvest in February 1986
and March 1988 (i.e. at one and three years of age) for each sample
treé‘on control and fertilized plots. The average change in nitro-
gen and phosphorus contents of needles during the three years is
shown in Table 23. Needles from trees on control plots tended to
decrease their nitrogen and phosphords contents during aging, as is
typical fqr these species (Prescott, unpublished data). Needles
from trees on fertilized plots, on the contrary, tended to have
higher nitrogen contents after three years of age than during their
first year, especially at the Pine and Spruce sites. Differences in
phosphorus contents of one and thfee—year—olq needles from trees on
fertilized plots were similar to those on control plots at the Pine
and Spruce sites, but were significantly greater than those of
control trees at the Fir site.

The mass of overstory 1itterfé]1 during the first year
following fertilization (1 August 1986 - 31 July 1987) was similar
in control and fertilized plots at the Spruce and Fir sites, but was
significantly lower 1ﬁ the fertilized plot at the Pine site. How-
ever, the mass of litterfall collected in fertilized plots at the
Pine site prior to or very shortly after fertilization (1 Septembgr
1965 - 31 Ju1y71986) was also about 50% lower than that in control
plots. Thus this difference cannot be attributed to the fertiliza-

tion treatment. Nitrogen and phosphorus contents of needles of the
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Table 23. Differences in the N and P contents of tree foliage produced
in 1985 at one and three years of age.

Site
Species  Treatment Change in N (mg g ') Change in P (mg g %)
Pine
pine o -1.22 £ 0.82 -0.42 £ 0.15
f 0.35 £ 0.90 -0.50 £ 0.20
(0.09) (0.42)
Spruce
pine c 0.01 + 1.59 -0.30 £ 0.07
f 2.22 £ 1.85 -0.23 £ 0.12
(0.19) (0.41)
spruce o -0.08 £ 0.81 0.05 + 0.28.
f 2.80 £ 0.71 -0.28 £ 0.12
(0.02) (0.15)
Fir
spruce c 2.49 + 3.06 -0.23 + 0.33
: f 5.32 £ 2.56 0.29 + 0.08
(0.29) (0.05)
fir c -0.23 + 1.34 -0.46 = 0.14
f 1.17 + 1.28 0.06 + 0.24
(0.26) (0.03)

Note: Fertilization occurred in May 1986; harvests took place in
February -1986. and March 1988. Values represent the mean %
standard deviation of the net change in N and P concentrations
in needles from 3 trees per plot between the two harvests. The
level of significance of these changes based on one—way analysis
of variance are provided in brackets.
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dominant tree species collected in litterfall traps during the month
of peak litter input (October 1986) were similar among control and
fertilized plots (Table 24), with the exception of higher phosphorus
Tevels in pine needles at the Pine site after fertilization. Any
other differences, suéh as the Tower N and P concentrations in .
spruce trees at the Spruce site and fir treeq-at the Fir site, were
also evident in pre-fertilization litterfall (October 1985) and thus
cannot be attributed to the fertilization treatment.

Senescent E. anqustifolium leaves collected from the ferti-

Tized plot at the Pine site had average nitrogen and phosphorus con-
centrations of 19.5 and 3.2 mg g °, while those collected from
tﬁe surrounding unfertilized area had nitrogen and phosphorus con-
centrations of 7.5 and 1.3 mg g *. Leaves grown in, or decom-
posed on fertilized plots (or both) lost a significantly greater

amount of mass during one year of decomposition, as compared with

leaves from unfertilized areas incubated on control plots (Table 25).

§.4 DISCUSSION

Results of this in situ fertilization experiment suggest
that while the productivity 6f 5011 mjcroorganisms is not affected
by greater availability of nitrogen and phosphorus in these forests,
the rate at which they release nutrients through decomposition,
mineralization and nitrification is much increased. Under normal
(control) conditions, very little nitrogen or phosphorus is released
from the microbial pool and thus 1little is available to plant

robts. When nitrogen and phosphorus are added, microbial activity-



Table 24.

after fertilization.

Nutrient content of annual overstory 1litterfall on control (c) and
fertilized (f) plots .at each site during the first year prior to and

mg N g2 mg P g2
Site Species Treatment Before After Before After
Pine pine .09 + 0.27 © 4.61 + 0.32 0.24 + 0.00 0.26 £ 0.05
4.23 £ 0.39 5.10 £ 0.51 0.24 % 0.03 0.42 = 0.07%
Spruce spruce 4,28 £ 0.35 5.15 £ 1.04 .61 £ 0.08 .61 + 0.09
4.09 £ 0.17 4.39 £ 0.25 .56 + 0.03 .50 = 0.05%
Fir spruce 4.17 £ 0.44 5.37 £ 0.45 .24 £ 0.07 .36 £ 0.01
3.76 £ 0.17 5.76 + 0.88 .24 £ 0.00 .36 £ 0.10
Fir fir c 7.48 = 1.18 9.24 + 0.78 0.47 £ 0.07 .54 £ 0.07
f .07 £ 0.43* 7.72 + 0.85% 0.38 + 0.05% .35 & 0.00%
Note: Each value represents the mean + standard deviation of 6 samplies. Values for
fertilized plots followed by an asterisk are significantly (p < 0.05)

different from values for

control plots based on one-way analysis

of variance.

711
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Table 25. Per cent of original dry mass of Epilobium anqustifolium
leaves remaining after one year incubation on control and
fertilized plots at the Pine site.

Treatment Plot % Remaining

Control Control 41.93 + 5,93a
Control Fertilized 35.31 + 2.44b
Fertilized Control ~ 35.31 + 2.69b
Fertilized Fertilized 34.25 + 1.90b

Note: Values represent means £ standard deviations of 9 samples.
Values followed by different 1letters are significantly
(p < 0.05) different based on a one-way analysis of variance
and Scheffé test.
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does not change, but more nutrient 1is released during this
activity. This "priming effect" has frequently been observed
following addition of nitrogen to forest soils (Broadbent 1965;
Overrein 1967; Westerman and Kurtz 1973). Although Westerman‘and
Tucker (1977) attributed it to increased microbial activity, there
was no evi@encé of this in the present study. It may have been
caused by initijal adsorption of much of the added nitrogen and
phosphorus onto organic matter such that normal rates of decom-
position by microbes released these additional nutrients, 1e$ding to
higher apparent rates of mineralization. Handling of the soil
(sieving and shaking) may have added to this effect by aerating the
. soil and breaking up aggregates (Powers 1984), thus enhancing
apparent differences in mineralization rates between control and
fertilized soil.

The lack of response of soil microorganisms to addition of
nitrogen as ammonium phosphate sulphate supports the contention that
the significant responses observed after application of nitrogen as
urea are due to higher pH and increased carbohydrate availability
(Foster et al. 1980b). The similar biomass and activity levels of
soil microbes on control and fertilized plots indicate that these
organisms are limited by factors other than nutrient availability,
such as available carbon, moisture or temperature. Changes in
microbial biomass despite constant moisture conditions within the
buried bags suggest that factors other than moisture influence
microbial biomass production in these soils. The observed increase
in microbial activity following addition of glucose to FH material

from all sites indicates that readily available carbon Tlimits
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microbial activity. A similar fesponse of microbial activity to
carbon but not N or P was found in taiga forest floors (Flanagan and
Van Cleve 1983).

Differences in the duration of enhanced nitrogen and phos-
phorus availability are consistent with those reported in other
ferfi]ization experiments (Ba11ard‘1984), and reflect differences in
retention mechanism§ of the ﬁﬂo elements (Miller 1984). Nitrogen is
more mobile in soil and 1is more rapid1y incorporated into microbial
or vegetation biomass. Phosphorus, by contrast, is more tightly
adsorbed onto organic particles of soil, and remains in the soil for
a longer time after fertilization. Thi§ difference in soil reten-
tion capacity is also evident in the difference in the seasonal
patterns of availability of the two elements. Phosphorus availabi-
ity 1s.highest in the spring at both control and fertilized plots,
suggesting that much of the requirement of plants for this nutrient
may be met by soil reserves which ;re supplemented during the winter
months .- when plant and microbial immobilization rates are Tlow.
Levels of available nitrogen, conversely, were uniformly low at all
sample times, suggesting that much of the requirement of the veQeté—
tion for nitrogen during the growing'season is met through internal
(within plant) redistribution of N.

.The detection of nitrification under control conditions at
the Clearcut site only is consistent with nitrification occurring at
very low rates in temperate coniferous forests,:except following
disturbances (Keeney 1980). The immediate increase in the rate of
nitrification in fertilized plots at the Clearcut site can be

attributed to an increase in the level of ammonium available to an
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‘a1ready established population of nitrifying organisms. The small
but significant increases in nitrification rates in fertilized plots
at the Pine and Spruce sites during the second summer after fertili-
zation suggest that higher levels of ammonium over a longer period
of time were necessary to activate the small population of nitri-.
fiers- at these sites. The small increases at these sites may be
indicative of N—]imifation to nitrifiers, as N availability was
increased to a lesser extent than P availability relative to annual
| nutrient uptake and total nutrient content of the forest floor by

fertiliazation. Tﬁe dramatic increase in nitrification activity at
| the Fir site during the second summer may indicate a relative short-
age of phosphorus and relative abundance of ammonium at this site.
The Tlarge addition of phosphate may have alleviated P limitations
for nitrifiers (Purchase 1974), allowing nitrifiers to use rela-
tively high levels of ammonium at the Fir site. Again, the-absence
of ény significant mineralization at the Fir site during the first
summer suggests that a priming period of higher nutrient levels is
required to activate nitrifiers in this forest. A lag périod prior
to the onset of higher rates-of mineralization following the onset
of more favourable conditions for nitrifiers has been observed in
other studies (Otchere-Boateng and Ballard 1978; Vitousek et al.
1979).

The higher rates of decomposition of E. anqustifolium

leaves in the presence of additional nitrogen and phosphorus suggest
that while these nutrients méy not be 1limiting to soil micro-

organisms (other than nitrifiers) in the FH layers of the forest
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floor, a reduction in the C:N and C:P ratios of fresh (L layer)
litter may increase the activity of L layer organisms. A1l types of
Titter in these forests had C:N ratios greater than 30 (Chapter 4)
which usually leads to net immobilization (Stevenson 1986), while
the FH layers at all sites had C:N. less than 30 (Chapter 6). C:P
ratios did not ﬁec]ine in a similar manner, and therefore it appears
that microbial response to fertilization was re]ated primarily to
availability of N in their immediate environment.

The dramatic growth response of ground vegetation to ferti-
lization indicates that some or all of the added nutrients are
Timiting productivity of this type of vegetation in these forests.
This is especially noticeable at the Clearcut, Pine and Spruce sites
where ground vegetation is most abundant. The greater response of
ground vegetation relative to that of soil microorganisms to
increased nutrient levels in soil is probably a consequence of the
more limited accessibility of p]ant roots to soil nutrients (Haynes
1986). It may also reflect the ability of plants to .fix Earbon,
such that energy is not more limiting as may occur with microbes.
It is also appareht from the reductions in C:N and C:P ratios of
ground vegetation that these plants could incorporate considerably
more nitrogen and phosphorus than occurs under natural conditions.
This supports the conclusion of McLaughlin and @o—workers (1985)
that ground vegetation may be an fimportant means by which added
nutrients are kept in the écosystem to be recycled later rather than

being lost via leaching from the soil.
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The relative magnitude ef the changes in C:N and C:P ratios
at each site suggest thet the ground vegetation at the Clearcut site
has the greatest demand for additional nitrogen and phosphorus while
that at the Spruce site has the lowest demand. Ground vegetation at
the Pine site responded moderate]y to both nutrients, while that at
the Fir site responded markedly to phosphorus. These éindings agree
with other information (in Chapter 3) suggesting that concentrations
of nitrogen and phosphorus under natural conditions are most
adequate at the Spruce site, less so at the Clearcut and Pine siees,
and inadequate for phosphorus at the Fir site.k Addition of nitrogen
and phosphorus ameliorated these differences by allowing vegetation
to absorb proportionately more of the nutrient'which was the least
plentiful atreach site.

Reductions in C:N and C:P ratios continued through senes-
cence of ground vegetation, such that this type of litter was more
nutrient-rich 1in fertilized plots. Results of the decomposition
experiment suggests that such litter would decompose more rapidly,
perhaps leading to higher rates of microbial activity in the forest
floor as found by Van C1everand Moore (1978) when ground vegetation
of greater mass and nutrient content entered the forestif1oor in
fertilized forests. This in turn could increase the rate at which
nutfients are released to the soil in fertilized forests, thereby
prolonging the fertilization effect.

The Timited response of overstory trees to fertilization
may be due in part to the limited sample size, since much tree—to;

tree variation in response is to be expected. The data do however
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demonstrate that young trees such as the 1odgepq1e pines at the
Clearcut site are most responsive to fertilization. This is consis-
tent with Mﬁ11er‘s (1981) contentioh that tree growth in young
(Stage 1) forests is very dependent on soil nutrient reserves (hence
responsive to fertilization) while trees in older, closed-canopy
(Stage 2) forests obtain most of their lower nutrient requirement
from internal redistribution or foliar absorption.

The differences in nutrient content of first year needles
shed some 1ight on which nutrient is most limiting to tree growth at
each site. Nitrogen was taken up by trees in considerab]y greater

quantities when it was made more available at the Clearcut, Pine and

'. Spruce sites, whereas phosphorus was taken up proportionately more

by trees at the Fir site. This indicates lower levels of available
phosphorus at the Fir site than at the other sites which agrees with
the Tlower Tlevels of phosphorus found in vegefation, 1itter and
forest floor material at this site (Chapters 3 and 4).
The substantial differences in nutrient content of needles

from ferti]ized and control plots during the year qimmediately

following fertilization did not show up in needles of fhat year
class one year later. This observation, as well as the slight but
consistent increases in nutrient levels in needles produced prior to
fertilization are suggestive of internal recycling ofrﬁhesextra
nutrients acquired immediately after fertilization. This in turn
suggests that much of the additional nitrogen and or phosphorus
taken up was not immobilized immediately into biomass but rather

stored in mobile compounds. Greatly increased levels of mobile
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forms of nitrogen have been detected in néed]es following fertiliza-
tion of forests (van den Driessche and Webber 1977); as has exten-
sive remobilization of excess nitrogen into new tissues (Mead and
Pritchett 1975; McIntosh 1982; Nambiar and Bowen 1986). This re-
mobilization of excess nutrients has been used to explain enhanced
growth of trees in the years following cessation of fertilizer
application (Miller 1984); thus we might expect small increases in
growth of trees in fertilized plots in these forests to continue.
The only evidence for growth dilution of foliar nutrient
levels 1in this study is the sigﬁificant1y lower levels of nitrogen
in subalpine fir trees én fertilized plots at the Fir site. This
observation, as well as the fact that these trees have substantially
higher foliar nitrogen levels than other species under control con-
ditions, suggest that there is a relative abundance of nitrogen
available to these trees. When both nitrogen and phosphorus were
made more available, these trees took up substantially more phos-
phorus and produced a greafer mass of foliage which had a lower
nitrogen content. Spruce trees at this site also took up more phos-
phorus when it became more available, but also took up more nitrogen.
Since they also had lower nitrogen levels in foliage than did fir
trees under control conditions, spruce trees may have a greater
capacity to use nitrogen or to take up phoéphorus than do fir trees.
These data demonstrate that both species at this site take up
additional phosphorus when it is made more available. At the other
three sites, there wa§ no difference in phosphorus levels in foliage

on control and fertilized plots, 1indicating that neither Tuxury
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consumption nor growth dilution occurred as a result of fertiliza-
tion. Although this stasis in phosphorus concentration might be
interpreted as evidence that phosphorus 1; the Timiting nutrient for
trees in these forests (Morrison 1974a), it is more likely a reflec-
tion of differences in the physiological capacity of trees to store
excess amounts of these two nutrients. While nitrogen may be
transformed into a variety of compounds thus allowing continued
uptake, pﬁosphorus is stored almost exclusively as phosphate (Mengel
and Kirkby 1982). Thus phosphorus 1eve]s will not increase as
dramatically as nitrogen levels when availability increases. Thus
differences in ;torage capacity of trees for different elements
should also be considered when foliar nutrient levels are being used
to estimate nutrient availability in forests.

The equilibration of nitrogen and phosphorus levels in
foliage throughout several age classes indicates that changes in the
nutritional quality of litterfall needles will be smaller than would
be expected if internal redistribution did not occur, and may occur
prior to senescence of the needles produceq after fertilizer appli-
cation. Given this and the fact that levels of available nitrogen
in soil had returned to pre-fertilization levels by the end of the
second growing season after fert11igation, it is unlikely that any
additional nitrogen will rema%n in tree foliage after senescence.
Therefore, an enhancement of nitrogen levels in needle litter in
fertilized plots is ndt expected. Phosphorus levels in foliage were
different in fertilized trees only at the Fir site, where they too

had equilibrated after one year. Thus, it is unlikely that
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phosphorus levels in litterfall will be enhanced in fertilized plots
at any site. The major differences in Titter mass or quality will
Tikely result from the more substantial changes in production and
nutrient content of ground vegetation. The magnitude and timing of
these potential changes in Titter input and their effect on rates of
decomposition and mineralization of nitrogen and phosphorus in‘the
forest floor will be monitored to determine long-term effects of

nitrogen and phosphorus addition in these forests.
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CHAPTER 6

6. AVATLABILITY OF NITROGEN AND PHOSPHORUS

6.1 INTRODUCTLON

In the preceding chapters, several aspects of nitrogen and
phosphorus cycling in four Rocky Mountain forests have been h
degcribed. In this chaptef, some of these findings along with addij
tional information will be examined to address questions regarding
availability of N and P in these forests. Several parameters which
are indicative of various aspects of nutrient availability will be
examined at each site under natural conditions and following
_nutrient addition to determine the relative supply, demand, availa-
bility (supply relative to.demand) of N and P and the degree to
which these nutrients 1imit productivity of organisms in each of
these forests. The parameters to be examined are:

1. leaching losses of N and P from the forest floor

2. mass and coﬁcentrétion of N and P in the forest floor

3. levels of extractable N and P in the forest floor

4. rates of net mineralization of N and P from FH 1ayers'

of the‘forest floor
5. rates of immobilization and mineralization of N and P
in fresh Titter
6. biomass and activity of forest floor microorganisms
7. biomass and productivity of vegetation

8. resorption and uptake of N and P by vegetation
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9. N and P content of vegetation

10. N and P content of 1itterfall.

6.2 METHODS AND RESULTS

6.2.1. Leaching Losses of N and P from the Forest Floor

The amount of a nutrient transported from the forest floor
in the soil solution is indicative of the availability of the
nutrient, 1.e. its supply relative to demand by plant roots and
microorganisms. Leaching losses also vary according to the amount
of precipitation, the compositioﬁ of the forest floor, the soil
type, and the form in which the nutrient occﬁrs (e.g. NHa or NOs),
~which Timits the comparabi]ity of this parameter between ecosystems.
The forests in the present study are of similar type (coniferous)
and in close proximity to one another and therefore of similar
climate. As a result, differences in leaching losses of N and P
among sites should reflect differences 1in availability of these
nutrients.

Leaching Tlosses of N and P in the four forests in the
present study were measured using zero tension lysimeters. At each
site, four lysimeters were instal]ed‘at each of two depths: = imme-
diately beneath fhe forest floor, and 10 cm into the mineral soil.
Lysimeters were constructed from one 8 x 30 cm tray of polyvinyl-
chloride tubing cove}ed by a layer of glass wool and filled with
‘acid-washed sand. A section of the forest floor or forest floor
plus mineral soil was removed intact, trays were placed on the

exposed surface at a slight angle to ensure drainage, and the soil
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was replaced over the lysimeter. A 1 L bottle containing a small
amount of phenyl mercuric acetate was attéched via tubing to the
tray to collect the leachate. Lysimeters were installed in
September 1984 at all sites except the Clearcut which was in§trumen—
ted in September 1985. An additional 6 lysimeters (3 at each.depth)
were installed in one 10 x 10 m “"fertilized" plot at each site in
September 1985. Bottles were collected whenever most contained
sufficient 1iquid for analysis, beginning . in the spring of 1986.
After each collection, the volume and NHa-N, NOs-N and POa-N
content of each leachate sample was determined with a Technicon II
autoanalyzer (Technicon Instruments 1976, 1977, 1978). The total
mass of each nutrient in each sample was divided by the surface area
of the lysimeter (240 cm®) to convert values to mg m“z.

The amount of NHa-N, NOs-N and POa-P collected beneath the
forest floor during the first year after fertilization and over the
following winter are shown in Figure 9.- Amounts of N and P leaching
- from the forest floor were usually greatest at the Clearcut site and
Towest at the Spruce and Fir sites. Leaching losses on fertilized
plots were greater than those on control plots, especially at the
Clearcut and Spruce sites. 1In mineral soil (Figqre 10), there was a
similar pattern for leaching of NHa—Nzand P0a-P (Clearcut > Pine >
Spruce > Fir) in the overwinéer period, although no differences
among sites were recorded during the first year. hDifferences in
1each1hg from the mineral soil between control and fertilized plots
were also not as consistent as recorded beneath the forest floor,

and were most apparent at the Clearcut site. At the Spruce site,
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Figure 9. Leaching losses of N and P beneath the forest floor
during the first year after fertilization (A) and the
following winter (B). Each histogram represents the
mean + standard error of 4 samples from each control
plot and 3 samples from each fertilized plot. Histo-
grams for fertilized plots with an asterisk below are
significantly different from control plots based on
one-way analysis of variance and Scheffé tests
(*p < 0.05, + 0.05<p<0.10). Histograms for
control plots at different sites containing the same letter
are not significantly different (p > 0.05) based on
one-way analysis of variance and Scheffé tests.
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Leaching losses of N and P 10 cm beneath the forest
floor during the first year after fertilization (A)
and the following winter (B). Each histogram
represents the mean + standard error of 4 samples
from control plots and 3 samples from fertilized plots
at each site. Histograms for fertilized plots with
asterisk beneath are significantly different from
control plots based on one-way analysis of variance
and Scheffé tests (*p < 0.05, + 0.05 < p < 0.10).
Histograms for control plots at different sites
containing the same Tetter are not significantly
different based on one-way analysis of variance and
Scheffé tests (p > 0.05).
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the considerable leaching losses of N and P from the forest floor in
fertilized plots was not observed in lysimeters in the mineral soil,
suggesting that much of the excéss nutrients leaving the organic
layer were immobilized in the upper layer of mineral soil or in
plant roots therein.

The major conclusion to be drawn from these observations is
that the amount of N and P leaching from upper soil layers, and the
extent to which this is enhanced by nﬁtrieqt addition, is greater at
the Clearcut site than at the other sites. The precision of this
technique is seriously compromised by the inherent spatial and tem-
poral variability of 1eachin§ rates. A minimum of ten lysimeters
per treatment would allow more precise:determination of differenﬁes
among sites and between treatments. Examination of amounts of N and
P occurring in small organic compounds in leachate would also ensure

more accurate estimation of total leaching losses of these nutrients.

6.2.2. N and P Content of the Forest Floor

The total mass of a nutrient in the forest floor is indi-
cative of the potential supply, as most of it must undergo minerali-
zation before becominé available to plants or microorganisms. The
concentration of nutrients in the forest floor provides én inte-
grated measure of the concentrations of nutrients in all types' of
~ litter at all stages of decay.

Methods used to determine the mass and nutrient céntent’of

the forest floor at each site were described in Chapter 4. Data on
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Table 26. Total mass and concentrations of C, N and P in the forest
floor (LFH) of four Rocky Mountain coniferous forests.

Site Nutrient Mass (g m™2) Nutrient
Content ’

: C N P C:N c:p N:P
Clearcut 3283.6 50.8 4.3 29 335 ' 12
Pine 1904.9 46.0 3.4 38 513 . 14
Spruce 2460.9 91.5 7.2 26 332 13

Fir 3911.4 118.6 6.5 32 548 18

the mass and nutrient content of the entire forest floor (LFH
layers) are presented 1n‘Tab1e 26. The total mass of N and P in the
forest floor is greatest at the Spruce and Fir sites (N at Fir, P at
Spruce). The Tow mass of N and P despite a large amount of C at the
Clearcut site reflects the large amount of fallen wood on the forest
f]éor at this site. The forest floor at the Pine and #ir sites had
the highest C:N and C:P ratios; the Fir site had a particularly high
N:P ratio.

The nutrient conteﬁt of the FH layer may be more,ﬁndicative
of nutrient supply as this is the site of net mineralization of N
and P. The C,N and P content of FH material from fertilized and
control plots at each site in July 1986 is shown in Table 27. N
content of the FH layers was high at the Clearcut site, while P
content was low at the Fir site. Fertilization increased the total

P content of FH material but did not significantly alter N content.
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The only consistent finding among these data is the Tow P
content of the forest floor at the Fir site relative to the other
sites. Comparison of total N and P contents of the forest floor on
fertilized and control site suggests that this measurement may be
useful for detecting differences in POa content but not NHa or
NOs, probably because of the overwhelming amount of organic N in
the forest floor. Therefore, while total N and P content is indica-
. tive of potential aVai1ability, it is not useful for estimating

-actual availability, especially of N.

6.2.3. Concentrations of Extractable N and P in the Forest Floor

The amount of nutrients present in the soil solution or on
exchange sites on forest floor material provides a good ‘index of
availability to plants and microorganisms as these nutrients are in
a form and location in which they may be taken up by these organisms.
Concentrﬁtions are determined by extraction with solutions which
exchange 1ions for those in question, such that the extractant
contains the nutrients already in solution or readily exchanged.
Extractants used in this study were KC1 for NHa and NOs and NHaF1
for P04, as described in Chapter 5.

N and P were extracted from FH material at each site on 3
occasions following fertilization (Tab]e 28). NHa-N concentrations
tended to be highest at the Pine and Fir sites; NOa-N was highesf at
the Clearcut and Fir sites; and POs-P was highest at the Spruce'site

and lowest at the Fir site. Changes in nutrient availability
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Table 27. Carbon, nitrogen and phosphorus content of the forest
floor (FH) on control (c) and fertilized (f) plots in
four Rocky Mountain coniferous forests.

% Carbon % Nitrogen % Phosphorus C:N C:P N:P

Clearcut )

¢ 40.49 £3.70 1.94£0.17 0.1 £0.01 21 368 18

f 40.83 + 2.17 1.85 £ 0.16 0.14 + 0.01% 22 292 13
Pine

c 42.07 £ 2.03 1.61 £ 0.12 0.11 £ 0.01 26 382 15

f 44.07 + 2.98* 1.66 + 0.10 0.14 £ 0.01* 27 314 12
Spruce ]

c 29.87 £ 6.07 7 1.07 £ 0.13 0.09 £+ 0.0 28 331 12

f 32.24 + 6.23 1.23 £ 0.24 0.12 £ 0.02 26 269 10
Fir .

C 43.55 £ 8.27 1.61 £ 0.24 0.08 + 0.01 21 544 20

f 42.19 £ 5.23 1.73 £ 0.23 0.13 £ 0.02% 25 325 13

NOTE: Values represent the mean + standard deviation of 9 samples

from each site (6 at Clearcut, taken 2 months after fertilizer
application. Values for fertilized plots followed by an . asterisk
are significantly (p > 0.05) different from control plots based

on one-way analysis of variance and Scheffé tests.
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Table 28. Availability (mg m™2 y~1) of N and P in the
forest floor of four Rocky Mountain coniferous forests.

August/1986 October/1986 May/1987

(n =9) (n = 5) (n = 5) (n : 3)
NHa~N |
Clearcut 72.1 + 8.01° 39.2 +13.7° 43.2 +12.0°  51.5 + 18.0
Pine 411.0 + 212.9%  123.4 + 17.0%  93.2 + 27.8%% 200.5 + 175.9
spruce  103.6 + 43.9°  95.4 + 40.3%% 77.3 £ 25.43% 921 + 13.5
Fir 243.8 + 200.42° 110.3 + 49.4% 133.1 + 76.6% 162.4 + 71.4
NOs-N
Clearcut 16.4 + 762 0.6 +0.4° - 3.6+3.92 6.9 + 8.4
_ Pine 6.7 £+ 2.5° 0.5 + 0.6° 0.2+0.3%% 254+ 3.7
spruce 7+ 3.3 0.0+0.0° 0.0+00® 26+ 4.4
Fir 19.2 + 5.0° 1.7+01%  0.2+0.4> 7.0+ 106
POa-P ‘
Clearcut 24.9 + 8.6°  24.7 +19.6°  45.3 + 15.5  31.6 + 11.8
Pine 119.7 + 62.6°  49.3 +18.7° 101.8 £ 21.7°  90.3 + 36.6
Spruce  283.7 + 211.1%  149.1 + 60.4% 164.4 + 35.47  199.1 + 73.7
Fir 35.9+ 8.6° 19.5+ 2.4° 16.2+ 5.8 23.9+ 10.6

G

NOTE: Values represent the mean + standard deviation values for
different sites at each sample time followed by the same
letter are not s1gn1f1cant1y different (p > 0.05) based on
one-way analysis of variance and Scheffé tests.
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following fertilization were presented in Figure 4 (p. 93). Concen-
trations of NHa-N on fertilized plots Qere most increased at the Fir
site, while PO4a-P concentrations were significantly higher on ferti-
Tized plots at all sites except the Spruce site which already had
relatively high PO4—P concentrations.

| These data suggest that N 1is relatively available while P
is not at the Fir site; while the opposite is true at the Spruce
site. The Pine and Clearcut site showed intermediate aQai]abi]ity
of both nutrients. Measurement of concentrations of extractable
nutrients in soil also suffers from considerable spatial and tempo-
ral heterogeneity (Mahendrappa et al. 1986), and provides informa-
tion only on conditions at the exact time of sampling, and therefore
requires a large number df replicates and sample times. However,
because nutrient concentrations are determined by demand for
nutrients as well as nutrient supply, it provides a:good index of

availability, i.e. supply relative to demand.

6.2.4. Rates of Net Mineralization of N and P in the Forest Floor

The rate at which nutrients become available for uptake by
plants and microorganisms provides an estimate of the supply of
nutrients. The rate of net mineralization of nutrients from FH
layers of the forest floor can be determined from chanées in
nutrient concentrations in samples ‘incubated jg!§i§g in buried
bags. This method was used as described in Chapter 5 to estimate

rates of \net mineralization of N and P at each site over a one year

period (Table 29). Annual N mineralization was highest at the
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Table 29. Rates of net mineralization of N and P (g m~2 y~t) 1in the
forest floor of four Rocky Mountain coniferous forests.

3 August/86 29 Sept/86 17 June/87 Annual
~10 Sept/86 -25 May/87  -26 July/87  Totall
NHa-N
Clearcut 359.4 + 320.1% 1642.1 + 1295.5% 138.5 + 177.3%  2140.0
Pine -308.7 + 224.9° 179.5 + 123.5° -16.4 + 23. ~141.2
Spruce 39.3 + 45.3%° 330+ g2, 4.7 £ 39. 5.1
Fir 257.5 + 632.9%  612.3 + 404.0%P 360.8 + 656.42  1230.6
NOs-N
Clearcut  349.7 + 312.4% 1544.0 + 1364.0° 125.8 + 183.8%  2019.5
Pine 4.1+ 4.6 0.2+ 0.9 -0.2% o. 4.5
Spruce 2.7+ 3.3° 10+ 252 00+ o0 6.6
Fir 7.7+ 7.6 0.7+ 1.5° 316+ 71. 23.2
PO4s-P
Clearcut 3.7 + 10.9%  34.5 + 26.3%° 10,0 + 11.22  28.2
Pine -42.1 ¢ 55,22 14.0+  20.3%° —66.4 + 16.6°  -9ais
Spruce 35.1 + 24.6% 459+ 3563 0.3+ 23.7% 81.3
Fir 27.8 +124.1% 5.3+ 2.0° 3+ 5.0° 14.2

NOTE: Values represent the mean t standard deviation. Values for
different sites at each sample time followed by the same
letter are not significantly different (p > 0.05) based on
one-way analysis of variance and Scheffé tests. :

1Y (3 Aug. 1986 - 26 July 1987 x 1.08)
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Clearcut and Fir sites; at the Clearcut site most of the NHa
mineralized was subsequently converted to NOs. Very little nitrifi-
cation occurred at the other s%tes. Net immobilization of P04 was
recorded over one period at the Pine site; this may have been in
part due to disturbance of the soil during sieving and homogénizing,
as discussed in Chapter 5. Among the other sites, P0Oas mineralization
was highest at the Spruce site and lowest ai the Fir site. Fertili-
zation increased rates of N and P mineralization and nitrification
at all sites (Figure 5; p. 97).
| Rates of mineralization of N and P at the four sites indi-
cate that N supply is greatest at the Clearcut and Fir sites, and P
-supply 1is low at the Pine and Fir sites. Disturbance of‘goil
samples during processing is the major complication in this method,
as it may lead to inflated estimates of mineralization (the “"priming
effect" or "added nutrient interactions" [Jenkinson et al 1985]).
This problem may be overcome by using intact cores, however this
necessitates the use of paired samples and the associated assumption
that nutrient levels in adjacent samples are similar. Considerable
spatial and temporal heterogeneity in rates of mineralization neces-
sitates frequent intense sampling (Powers 1984). Finé]]y, estimates
are indicative of the rate at which nutrients are made available to

plants only, as microbial uptake continues in the bags.
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6.2.5. N and P Concentrations in Decomposing Litter -

Nutrients which occur in litter in small quantities rela-
tive to the requirement of decomposer microorganisms tend to be
retained within the microbial biomass while other more available
nutrients and mass are lost from litter. Therefore, comparison of
tﬁe changes in concentrations of nutrients during decomposition
provides evidence of selective immobilization and the relative
availability of different nutrients to microorgénisms.

Changes 1in concentrations of N and P 1in three different
types of litter were determined over a 2 year period at each of the
four sites. Senescent lodgepole pine needles were collected from
one tree at the Pine site in September 1984; senescent grass (Elymus

innovatus) and forb (Epilobium anqustifolium) leaves were collected

in September 1984 at the Pine, Spruce and Fir sites and in September
1985 at the Clearcut site. Litter was dried at 35°C to constant
weight and 1.0 g needles, 0.5 g grass or 0.5 g of forb leaves from
each site were placed in each of 20 10 x 10 cm bagé of 1mm
fibreglass mesh. 20 bags of each litter type were placed on the
forest floor at each site in October 1984 (1985 at the Clearcut
site). 10 bags of each type were harvested from each site 1in
October 1985 and 1986 (1986 and 1987 at the Clearcut site), dried at (
35°C and weighed. 5 samples of each type were randomly selected
and analyzed along with 3 samples of the original (undecompo§ed)
material for total N and P content as described in Chapter 4.

Changes in N and P concentrations in each type of litter at

each site are shown in Figure 11 A - C. N concentrations increased
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Concentrations of N and P (mg g~*) 1in three types
of litter during the first two years of decomposition
in four Rocky Mountain coniferous forests.

(A) pine (Pinus contorta) needles

(B) grass (Elymus finnovatus)

(C) forb (Epilobium anqustifolium) leaves

(Values represent the mean of 5 samples at each
harvest (n=3 at Time 0).
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during the 2 years in all types of litter at all sites. Changes in
P concentrations were less consistent; although concentrations after
2 years were fairly similar to initial concentrations, cﬁanges
during the first year varied from net gain to net loss, depending on
the initial P concentration of the litter (litter with ré]ative1y
high P levels tended to lose P during the first year while litter
with relatively low P levels gained P. As litter collected from the
F%r site- (grass and forb leaves) had a low initial P content, it
gained P over the 2 year period. No consistent differences among
sites could be discerned for N immobilization patterns.

The effects of greater availability of N-and P on rates of
nutrient immobilization during decomposition were determined from

changes in the N and P content of Epilobium anqustifolium leaves

from fertilized and control plots before and after decomposing for
one year on control and fertilized plots at the Pine site. Methods
used in determining rates of mass loss and nutrient concentrations
_in the leaves were described in Chapter 5. 1Initial concentrations

of N in leaves from control and fertilized plots were 7.5 and 19.5 mg gt

respectively, while concentrations of P were 1.3 and 3.2 mg g *
respectively. After one year, concentrations of N and P in leaves
from fertilized plots were still higher than those from contro]
plots (Table 30). Leaves from control plots which were decomposed
on fertilized plots did not differ in N or P content from Teaves
incubated on control plots after one year. Leaves from control

plots increased in N content by an average of 350% while leaves from

fertilized plots doubled their N content during one year of
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Table 30. Concentrations of N and P in Epilobium auqustifolium
leaves after one year incubation on control and
~fertilized plots at the Pine site.

Treatment Plot mg N g~ . mg P gt

Control Contro] 25.44 + 3.96° 2.34 + 0.48%P
Control Fertilized 26.21 + 4.20° 2.02 + 0.34°
Fertilized  Control 41.00 + 3.49° 2.74 + 0.372
Fertilized  Fertilized 35.45 + 3.310 2.66 + 0.28°

NOTE: Values represent the mean * standard deviation of 9 samples.
Values in the same column followed by different letters are
significantly different (p > 0.05) based on one-way analysis
of variance and Scheffé's tests.
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decomposition. The actual gain in N over the one year was similar
in leaves from control and fertilized plots (18.3 and 18.8 mg g h.
P content of leaves from control plots increased during decomposi-
tion regardiess of site or placement, while P content of leaves from
fertilized plots decreased regardless of site of piacement,

Patterns of selective imﬁobi]izaiion of N and P in decompo-
sing litter indicate N to bé of limited évai]abi]ity to micro-
organisms at all four sites. Increasing the N content of senescent
Titter by a factor of 250% did not alter the rate at which this
nutrient is immobilized during the initial stages 6f decomposition,
suggesting that N levels in fresh litter are very much less than
those required by decomposer microorganisms. P levels in fresh
1itter appear to be adequate for microorganisms. 6eterm1nation of
net changes 1in the amount of N or P present or in C:N and C:P
contents would eliminate some of the variability caused by different

rates of decomposition among litter types and sites.

6.2.6. Biomass and Activity of Forest Floor Microorganisms

The biomass and activity rates of forest floor microbes,
thé agents of decomposition and nutrient mineralization, should be
indicative of rates of gross mineralization of .nutrients in the
forest f]oof. Since much of the nutrients mineralized will be
retained in microbial biomass, it is a better index of potential
supply than net mineralization rate. Furthermore, changes in
microbial biomass and activity in response to nutrient addition will
provide an findication of the degree to which nutrients Tlimit

productivity of microorganisms.
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Microbial biomass and activity in the F and H layers of the
forest floor at each site were measured as described in Chapter 5 on
3 occasions (Table 31). Microbial biomass in the forest floor was
roughly related to forest flioor mass as it generally declined in the
order Fir > Spruce > Pine > Clearcut. No consistent differences 1in
microbial activity among the sites was apparent. Neither microbial
activity or biomasé were significantly different on fertilized plots
at any site (Figqure 6, p. 101). This similarity among sites is
probably a consequence of the relatively similar climatic conditions
and litter composition in these forests.

The similar biomass-and activity of forest floor microbes
at all sites, as well as the lack of response of microbial produc-
tivity to greater availability of N and P suggest that factors other
than N and_P availability, such as climate and availability of
carbon, are more limiting to microbial growth. Therefdre, this
parameter is not a reliable indicator of nutrient availability in

these forests.

6.2.7. Biomass and Productivity of Vegetation

The amount of nutrients immobilized in vegetation biomass
;can be used to make inferences regarding nutrient supp1y as these
nutrients have been removed from the available pool. The rate of
production of new biomass is reflective of nutrient demand, although
the -proportion of demand met from internal recycling should befaken
fnto account. Low rates of biomass production in a forest relative

-to similar forests elsewhere may be indicative of nutrient
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Table 31. Activity and biomass of microorganisms in the forest
floor (FH) of four Rocky Mountain coniferous forests.

August 1986 September 1986 May 1987
(n =9)t {(n = 5) (n = 5)

Microbial Activity (mL COz m™2 h™1)

Clearcut 289.0 + 183.8%°  186.6 + 24.9°  146.

2 £ 112.72
Pine _474.3 + 160.82 516.4 + 160.8%  223.1 + 27.42
Spruce 243.4 + 49.2° 594.9 + 207.6%  269.5 + 75.3°
Fir _ 350.2 + 184.6%°  460.5 + 97.1%° 275.6 + 92.7°
Microbial Biomass (g b{omass C m2)
Clearcut 25.0 + 3.9° 31.2 + 3.8° 24.7 + 14.62
Pine 31.4 + 3.52 42.0 + 5.12°  40.4 £ 15.2°
Spruce 33.4 + 7.12 39.3 + 8.6° 46.7 + 11.92
Fir 37.3 ¢

17.92 59.0 + 13.5% 40.4 + 13.4°

NOTE: Values represent the mean + standard deviation. Values for
different sites at each sample time followed by the same
letter are not significantly different (p > 0.05) based on
one-way analysis of variance and Scheffé tests.

1 'n = 6 at Clearcut
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Timitation. to productivity, although other potentially 1imiting
factors such as c]iméte must be excluded before this conclusion can
be drawn. The best way to determine 1if nutrients are <indeed
limiting productivity of a forest 1is to measure changes in
préductivity in response to addition of nutrients.

Methods used in the present $£udy to determine the biomass
and productivity of aboveground vegetation were described in Chapter
3. As shown in Table 4 (p. 27), the mass of N and P in aboveground
vegetation declined in the order Spruce > Fir > Pine > Clearcut
while the amount <immobilized in annual production was of the order
Pine > Spruce > Fir > Clearcut. As shown in Table 20 (p. 100),
ground vegetation responded to ferti]ization’throughrincreased bio-
mass production at all sites. Produétivity responses of trees were
greatest at the Clearcut site; higher growth rates for some para-
meters also occuéred at the Pine and First sites, while little
change in productivity of trees was recorded on fertilized plots at
the Spruce site .(Table 21, p. 104). The response at the Clearcut
site can be attributed to the younger age of these trees, rather
than lower nutrient availability at this site. The lower response
of trees at the Spruce site compared with trees of similar age and
species at other sites, may however indicate that N and P arerless
1imiting to productivity of trees at the Spruce siﬂe than at other
sites.

Responses of vegetation to addition of N and P suggest that
one or both of these nutrients limits productivity of ground vegeta-

tion at all sites, and limits producfivity of trees most at the
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Clearcut site and least at the Spruce site. A greater number of
branches per tree and many more trees per site would be necessary to
accurately measure the productiv{ty response to fertilization. How-
ever, comparison of needles from the same branch following and prior
to fertilization excludes some of the variability among trees, and
aliows determination of changes 1in productivity. Also, as discussed
in Chapter 6, differences in storage capacity for different nutri-
ents makes it difficult to determine the nutrient which is most
1imiting for vegetation; factorial expéri&ents measuring producti-
vity after addition of different nutrients and combinations are

necessary for this purpose.

6.2.8. Resorption and Uptake of N and P by Vegetation

The mass of a nutrient resorbed by a plant during senes-
cence of tissues (usually foliage) has been found to vary according
to the availability of the nutrient, énd could be used as an indi-
cator of availability of nutrients in the soil. Determination of
the amount resorbed and internally recycled also allows for the
calculation of the amount of nutrients taken up from the soil
annually by vegetation to produce new bioméss.

Methods used to determine resorption and‘uptake of N and P
in these forests were described in Chapter 3. From Table 8 (p. 32),
it appears that the mass of N and P resorbed by vegetation in the
forests depended primarily on the mass of tissue present from which
nutrients could be resorbed. The proportion of nutrients in tissue

which were resorbed was mostly a function of species. It will not
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be possible to determine the effects of fertilization on nutrient
resorption by trees until fb]iage of enhanced nutrient content
senesces. Resorption of N and P from ground vegetation is propably
not a good indicator as these plants are probably much more prone:to
Teaching losses during senescence and estimates are probably more so
a function of species composition rather than nutrient availability.
:Annual uptake of N by vegetation was quite similar at all
sites, while P uptake was highest at the Spruce site and low at the
Clearcut and Fir sites (Table 9, p. 34). Estimates of rates of pro-
duction of trees after fertilization are not sufficiently precise to
determine changes in nutrient uptake after fertilization. However
indications are that both biomass production and N and P content of
foliage tended to be higher in fertilized trees, suggesting that

more N and P were taken up when they were made more available.

6.2.9. N and P Content of Vegetation

The nutrient content of vegetation, especially fo1%age, is
indicative of nufriént availability in the soil, aé a result of the -
ability of ﬁ]ants to store nutrients when supply is high and to con-
tinuerproducing carbohydrates and other compounds not containing the
nutrient when éupp]y is Tow.

The N and P content of ground vegetation and tree foliage
at each site was determinéd as described in Chapter 3. As shown in
Tables 5 and 6 (p. 29, 30), vegetation at the Fir site had consis-~
tently high N and low P content, while vegetation at the Spruce site

had high levels of both N and P. On fert11ized plots, ground
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vegetation had higher N levels, especially at the Clearcut and Pine
sites, and higher P levels, especially at the Fir site (Tab]e 20, p.
100). |

Nutrient content of vegetation at each of the sites suggest
that N availability is relatively low at the Clearcut, Pine and
Spruce sites, while P availability is low at the Fir site. These
data also demonstrated nutrient content of foliage to be charac-
teristic of a épecies such that comparisons among different sites is
Timited to within-species comparisons. The difference in abilities
of plants to store different nutrients complicates determination of
the nutrient most Timiting to production, as discussed in Chapter
5. Further advantages and disadvantages of fofiage analysis have
been discussed elsewhere (van den Driessche 1974, Powers 1984,

Timmer and Morrow 1984)).

6.2.10 N and P Content of Litter

The nutrient content of senescent vegetation, particularly
foliage, brovides“an estimate of annual requirement of vegetation,
assum%ng that the amount lost in litter one year is equal to the
amount which must be regained from the soil to produce new biomass
in the following year. In addition, becau;e it integrates both
nutrient content of green tissue and the amount resorbed during
senescence, it should also provide an indication of the availability
of nutrients to vegetation.

Methods used to determine the N and P content of various

types of Tlitter in these forests were described in Chapter 4. As
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shown in Table 13 (p. 62), the N content of ground vegetation
declined in the order Fir > Spruce > Pine > Clearcut, while P con-
tent was in the order Spruce > Pine > Clearcut > Fir. N:P content
of ground vegetation was highest at the Fir site and lowest at the
Spruce site. Fertilization increased the N and P content of senes-
cent ground vegetation at all sites, 1argé1y as a function of the N
and P content of green tissue (Table 20, pl 100). Overstory litter-
fall had highest C:N and C:P ratios at the Pine site; while the Fi?
site had high C:P and N:P and the Spruce site had relatively low
ratios of each nutrient (Table 13, p. 62). There was no change fn N
and P content of Tlitterfall in fertilized plots during the first
_year after fertilization (Table 24, p. 114).
Nutrient contents of litterfall at the four sites suggest

Tow availability of P relative to N at the Fir site and high availa-
bility of both N and P at the Spruce site. However, as nutrient
content of green tissue and the proportion resorbed were both found
to be primarily a function of spec%es, regardless of site in these
foregts, the amount of N and P lost in litterfall may also reflect

species composition more than nutrient availability in each forest.

6.3 DISCUSSION

From this examination of several iﬁdicators of nutrient
availability, it is apparent that the most appropriate indicator to
use depends on precisely which aspect of nutrient availability is to

be measured.
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Nutrient supply is besﬁ measured as rates of net minerali-

zation in in situ buried bags. The total mass of nutrients in the
forest floor is a measure of potential supply but rates of minerali-
zation must be known for this to be-of use. Levels of extractable
nutrients in soil is a function of rates of uptake as well as supply
and so is a better indicator of nutrient availability than supply
per se.

Nutrient demand by vegetation can bg measured as'the amount
of nutrients taken up annually, either by subtracting the amount
internally recycled (resorbed) from the amount in new biomass, or by
assuming annual uptake to be equal to the amount Tost in litterfall
annually. Nutrient demand by microbes requires estimation of
nutrient content and rates of turnover of the biomass, both of which
are exceeding]y difficult to measure.

Nutrient availability (supply relative to demand) to vege-
tation can be inferred from the concentration of nutrients in the
soil solution or on soil exchangé sites (via extraction) or from the
amount leached from the soil (via lysimetry). Avai]abi]jty of
nutrients to microbes can be ‘inferred from the degree of selective
immobilization of nutrients in fresh 1%tter.

Nutrient limitation (i.e. the extent to which productivity
is Timited by availability of nutrients) can only be determined from
changes in productivity of plants and microbes following addition of
nutrients.

Concurrent measurement of several indicators of nutrient

availability 1is the most preferable means :of gaining an
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understanding of patterns of nutrient cycling, availability and
lTimitation in ecosystems. Information on the ten indicator parame-
“ters measured 1in four Rocky Mountain coniferous forests in the
present study allows patterns of N and P cycling to be compared
among the sites in order to assess ‘the relative availability of
these nutrients in each forest.

Availability of N and P in the young pine-spruce stand at
the Clearcut site appears to be greater thén that in the older pine
forest at the Pine site but less than that in the older spruce-pine
stand at the Spruce site. This 1is evident in the higher rates of
mineralization and leaching of N and P in the forest floor at the
Clearcut site. The relatively low levels of exchangeable NHas in
the forest floor at the Clearcut site are the consequence of higher
rates of nitrification at this site, such that much of the NHa
mineralized is converted to NOs.

Higher rates of nitrification at the Clearcut site cannot
be attributed to climate or pH Tevels as conditions were similar to
those at the Pine site. It is more likely attributable to greater
availability of NHs4 after clearcutting due to reduced plant uptake
and the decomposition of residue and root systems. Higher
availability of NHa wou]d‘a11ow greater populations of nitrifying
organisms and higher rates of nitrification in the clearcut area.
Although these residues are now largely decomposed and root uptake
of N and P is approaching rates measured in the,o}der forests, 1arg§
populations of nitrifiers may still remain in the forest floor, such

that higher rates of nitrification are still found at this site.
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Competitibn between nitrifiers '(1n addition to the regular
microflora) and plant roots for available N and P may explain the
dramatic growth of vegetation in respoﬁse to N aﬁd'P addition.
Continued proliferation of tree'roots and deve]opment.of internal
cy;]ing as trees mature should allow trees to compete more éhccess~
fully with nitrifiers for NHa, which may eventua])y reduce popula-
tions of nitrifiers to low levels found in the older forests.

At the Pine site, availability of N and P are relatively
Tow, as indicated by low rates of mineralization and leaching of N
and P, and 1ow‘1eve1s of extractable N and P in the forest floor.
Nitrification was detected only during the second year after ferti-
Tization, suggesting that in the unfertilized forest this process is
limited by low availability of NHsa in the forest floor. Producti-
vity and nutrient uptake rates of vegetation are high and foliar
nutrient levels are low in the unfertilized forest at the Pine site
and enhanced on plots receiving additional nutrients. Lodgepole
pine trees are efficient users of nutrients and are bapab]e 6f rapid
growth and hence have high nutrient demand, particularly when
young. Therefore, the species composifion and age of the stand may
be sufficient to explain the tight cycling of N and P at this sité.

The Spruce site appears to have the greatest availability
of nutrients, especially P, of the four forests. This is evident in
the relatively high N and P content of vegetation, litter and forest
floor material and the high levels of extractable POs and P
minera]izafion. This forest had the greatest amount of N énd P tied

up in vegetation biomass, the highest rates of uptake and lowest
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rates of resorption of N and P. Prodﬁctivity of ground vegetation
but not of trees was enhanced by nutrient addition. Nitrogen was
not available 1in sufficient quantities to encourage leaching or
nitrification losses, however, and nitrification was detected only
after nutrient addition. The large amount of N and P at this siter
compared to the Pine site may be the result of a less severe stand-
initiating fire at the Spruce site, such that a greater mass of
forest floor nutrients remained from the previous stand.

The Fir site is characterized by relatively high availabi-
ity of N and low availability of P relative to the other sites.
High N availability is indicated in the high rates of N mineraliza-
tion, high levels of e*tractab]e NHa, and the low C:N ratio of
litter and forest floor material. Low P availability is indicated
in Tow rates of P mineralization, low levels of extractable POa,
and high C:P and N:P ratios of litter and forest floor material.
Ground vegetation and tree foliage had high N content and low P
content relative to that at other sites and spruce trees at the Fir
site had Tower levels of foliar P than at the Spruce site. Ferti]i;
zation did not change the N content of vegetation but did increase
fhe P content, suggesting that vegetatioq in this forest already had
access to sufficient N, but not sufficient P to meet its demands.

The apparent deficiency of P at this site, in contrast to
the other sites, may be thé résu]t of eithgr low availability of P
or'high availability of N such that P becomes most limiting. Low P
availability 1in soil might occur if P 1is eijther weathered out or

. tightly bound in mineral complexes. Phosphorus may also be
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immobi]ized'in the 1large masses of forest floor organic matter,
microbes, and moss at the Fir site, as found in black spruce forests
in the Alaskan taiga (Flanagan 1986, Chapin et al. 1987). Lower
activity of mycorrhizal fungi in this forest due to differences in
species composition or climate might also lead to lower P uptake by
vegetation and thus low levels in litter and forest floor. Higher N
availability may be the result of the older age of the forest at the
Fir site as it has had a much longer period of time to accumulate N
than have the younger forests. High rates of N fixation have been
measured in other Rocky Mountain subalpine fir forests, particu1$r1y
in wood in advanced stages of decay (Jurgensen et al. 1987). The
.large amount of deﬁaying wood buried in the forest floor at the Fir
site may further enhance availability of N at this site. Analysis
of P characteristics of the mineral soil, mycorrhizal and N-fixation
activity, and rates of P mineralization under similar c]imatic
conditions at each site is necessary to deterﬁine the cause of the
apparent P deficiency at the Fir site.

Comparison of the characteristics of N and P cycling among
the three mature forests (Pine, Spruce and Fir sites) provides some
insight into the factors controlling nutrient use and availability
in these forests. As diécussed‘in Chapter 3, nutrient use efficiency
(NUE) of trees in these forests .is primaki]y related to the spécies
composition, which is mostly related to climatic and disturbance
factors. At _the Pine and Spruée sites, NUE of trees is a funcfion
of the prevalence of nutrient efficient pines, and patterns of NUE

are similar to those in other lodgepole pine and white spruce
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forests. At the Fir site, however, N use is less efficient and P
use more efficient than in other spruce-fir forests, suggesting that
factors other thén spécies composition are influencing NUE of trees
at this site. Therefore, it appears that NUE of trees and shrubs in
these forest is mostly a function of species composition, but may be
altered (without changes in species composition) by low availability
of one or more nutrients.

Possible consequences of these patterns of nutrient use by
trees and shrubs in these forests are presented along with suppor-
ting data in Table 32. As discussed in Chapter 4, NUE of vegetation
will determine the nutrient content of litterfall and the forest
floor. As a result, the N and P contents of overstory litterfall
and forest floor material are low at the Pine site, high at ‘the
Spruce site, and low for P but high for N at the Fir site. This
should in turn influence the balance bétween mineralization and
immobilization of N gnd P by forest floor microorganisms and hence
the rate of net mineralization and N and P.‘ As shown 1in Table 32,
net immobilizgtioh of both N and P was recorded over a one-year
period at the Pine site, where net mineralization occurred only
during the winter (Table 29, p. 140). Annual net mineralization of
N and P was greater at the Spruce site, while annual N mineré]iza—
tion was very high and P mineralization very low at thg Fir site.

Rates of N and P mineralization in the forest floor should
in turn affect vegetation, especially ground vegetatioﬁ which root
predominantly in or immediately below the organic mat. As shown in

Table 32, NUE of ground vegetatfon reflected rates of net
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Table 32. Consequences of N and P use by vegetation in three mature
coniferous Rocky Mountain forests:

Tree Overstory Forest Net Ground
Shrgb Litterfall Floor Mineralization Vegetation
Site  NUE C:N C:P  C:N C:P mgm2y-t NUE™
Pine 357 89 38 -141 ‘ 86
N Spruce 288 85 26 5 ‘ 82
Fir 281 62 32 1231 17
Pine 3646 1025 513 -95 517
P Spruce 1756 585 332 81 " 398
Fir 2639 920 548 14 750

Nutrient Use Efficiency = annual biomass production/annual
nutrient uptake.
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mineralization of N and P in the forest f]dor; being more efficient
for N and P at the Pine site than at the Spruce site, an& efficient
for P but not N at the Fir site. Rates of N and P minera1iza£ion in
the forest floor would also be expected to influence NUE of trees
and shrubs, thereby creating a feedback loop in the nutrient cycle
depicted in Tab]é 32. 1In the forests at the Pine and Spruce ;ites,
this probably on1§ reinforces patterns of NUE by trees set by
species composition. At thé Fir site, this feedback loop may be .
allowing the low rates of P mineralization in the forest floor to

alter normal patterns of N and P use by these species.

6.4 CONCLUSIONS
From the information presented in Chapters 3 through 6,
the following conclusions can be made regarding cycling of N and P
in the four Rocky Mountain coniferous forests in the present study:
1. Aboveground biomass and productivity of vegetation -and
rates of Titter return are very c]osé to tﬁose
predicted for coniferous forests at this latitude and
attitude.
2. Vegetation and litter-are of Tow nutrient content; as
a result N and P are selectively immobilized during
decomposition._ ‘
3. Net mineralization occurs only in the F and H layers

of the forest f]oor,'and rates are normally Tow.
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. Nitrification occurs only éfter disturbance such as

clearcutting or fertilization when availability of

NHa 1is ‘increased.

. Leaching losses of N and P from the fofest are usually

Tow.

. Vegetation in all forests is Timited to some extent by

availability of N or P, while forest floor microbes

are limited by other factors, such as available carbon.

. Nutrient use efficiency of vegetation in these forests

is primarily a function of species composition of
trees, with forests dominated by pine using N and P
more efficiently than forests dominated by spruce or

fir.

. Nutrient use by vegetation determines nutrient quality

of litter thereby influencing rates of net mineraliza-

tion and availability of N and P in the forest floor.

. Nitrogen is least available and used most efficient]y

by vegetation in fhe pine and spruce-pine forests;
phosphorus is less available and used more efficiently
in the older spruce-fir forest. |
Site factors causing P to be immobilized in the forest

fioor 1in the spruce—fir:forest have necessitated .

efficient use of P, thereby altering nutrient use

efficiency of vegetation in this forest.
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