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Widespread erosion of the Yellow River bess plateau
has led to serious soil and water conservation problems for
north central China. In the DingXi District of Gansu
Province, with less than 400 mm annual precipitation,

terraced plantations for timber, fuel, or fodder form part
of a large scale afforestation project to meet local needs
as well as conservation goals.

To determine changes in the calcareous (pH 8.5-9.5)

bess soil due to plantations, 14 and 24 year old stands of
Pinus tabulaeformis Carr. were compared to an adjacent 26

year old stand of the shrubby legume Caraana microphylla
(Pall.) Lam. and to unterraced pasture and new unplanted
terraces.

The 24 year old pine plot had significantly less soil
nitrogen and organic carbon than the pasture or legume

plots, but had higher pH than the legume plot. The
nitrogen-fixing legume maintained soil nitrogen and organic
carbon levels equivalent to the pasture, and had lower pH
and bulk density in the upper horizons. Other nutrients
showed no significant differences due to plantations.
Nutrient depletion under pure

.

tabulaeformis

plantations may limit future growth under these conditions.

The shrubby legume can improve soil fertility while
providing fuel and fodder in pure or mixed stands.

Results from this case study suggest that the site
loses significant amounts of nitrogen from terraced
plantations. Hypotheses are developed linking the alkaline
and calcareous properties of the soil to loss of nitrogen
made available by enhanced decomposition and mineralization
of native organic matter. Weeding and cultivation (to
conserve soil moisture) and gleaning for fuel and fodder
which removes ground vegetation and litter from the site may
also affect the nitrogen cycle by lowering uptake,
retention, and inputs.
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SOIL CHANGES AFTER AFFORESTATION IN YELLOW RIVER LOESS:

A CASE STUDY IN GANSU PROVINCE, PEOPLE'S REPUBLIC OF CHINA

INTRODUCTION

Rehabilitation of the Yellow River watershed is one of
China's most pressing environmental problems. Soil and water
conservation projects along the upper and middle reaches
must stabilize massive erosion and runoff which create
catastrophic floods, aggrade riverbeds and damage irrigation
and hydroelectric projects downstream.

Large-scale afforestation projects have been initiated
since the founding of the People's Republic of China to

begin restoration of over half of 430000 km2 of seriously

eroded land in the bess plateau (Gong and Xiong 1980,
Pereira 1981). Such projects will entail ecological changes
on many levels.

The Yellow River bess plateau is the principal sediment
source for the Yellow River (Gong and Xiong 1980). Annual
soil transport in this area ranges from 2000 to 20000
Mg/kin2

(Gong Shi-yang and Jiang De-qi 1979). The

calcareous bess is extremely vulnerable to erosion by
flowing water. Misuse or overuse of hill lands has
drastically reduced protective vegetative cover, exposing
the soil to summer monsoonal storms. Sheet erosion quickly
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develops into severe gullying. Degraded ecosystems lose
water resources and fertile topsoil. Recovery of vegetation
is needed to conserve soil and water and to restore soil

fertility, yet the very scarcity of vegetation increases the
thoroughness with which fuel and fodder is gleaned from
hillsides. Success of soil and water conservation projects
requires breaking the cycle of over-use and underproduction.

Efforts to improve and accelerate vegetative recovery have
involved seeding and planting grasses, herbs, shrubs, and

trees. Where feasible, terraced plantations are used to
stabilize soil and retain water most effectively. Whatever
method or species is used, the projects in the Yellow River
watershed must serve three goals: 1) to moderate the threat
of floods and sedimentation downstream; 2) to supply local

needs for fuel, fodder, and raw materials for construction
or production; and 3) to increase productivity on degraded
lands to prevent erosion and further environmental damage
over the long term.

The DingXi District's Caikou Forest Experiment Station
in Gansu Province (Figure 1) provided the opportunity to
study their plantations. The Experiment Station is located
in a semi-arid grassland zone with less than 400 mm average
annual preciptation. It was established in 1956 to develop
afforestation techniques and to screen tree and shrub
species adaptable to the extreme environmental conditions
there. The foresters and engineers have had notable
achievements in developing backslope terracing as well as
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nursery and planting methods. I studied plantations of Pinus
tabulaeforinis Carr. and the leguminous fuel shrub Caragana
inicrophylla (Pall.) Lam. that were originally part of

screening trials. These species have proven successful at
Caikou and are broadly recommended for af forestation in the

bess plateau region.

Figure 1. Map of the People's Republic of China, showing
study site--Caikou Forest Experiment Station, DingXi
District, Gansu Province.
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This study focused on changes in the calcareous bess
soil due to afforestation. Soil changes I measured were the
integrated effects of terracing itself, silvicultural

treatments, and the vegetation. I compared different ages of
pine plantations to simulate development under a single
stand over time. I also compared adjacent pine and legume
plots to assess differences in soil due to species. Time
constraints restricted sampling to a single set of plots.

Because this is only a limited case study, inferences based
on the results must be made cautiously. More research is
needed to test how widely results of the case study apply.

However, soil properties across the semi-arid zone of the

bess plateau are notably uniform (Xu 1983, Liu and Ding
1983, Pereira 1981, Gao and Wang 1979). It seems likely that
the study site shows conditions typical of much of the area
now part of the Chinese government's Three Norths Protection
Forest Department's af forestation plan.

The objective of this study was to evaluate effects of
plantations on soil as a medium for plant growth. Many
properties promoting fertility (organic matter and nutrient
contents, structure, moisture holding characteristics,

cation exchange capacity) also affect infiltration rates and
erodability. Certainly capture and retention of scarce water
are critical to plantation success at Caikou. Physical
effects of terraces in preventing runoff and erosion
confound or even overwhelm vegetation effects on these
processes during the early phases of stand development. This
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study was not intended to examine agricultural engineering
effects of terraced plantations. I chose to concentrate on
properties involved in nutrient cycling, the dynamic
interaction between the soil and the vegetation growing upon
it.

Terraced plantations at semi-arid Caikou present an
unusual combination of silviculture and dryland agriculture.

Plantations of woody perennials and fields under crop/fallow
rotation are generally quite different in site preparation
and tending practices, harvest schedule, and vegetation
type. Environmental conditions under a developing stand of
shrubs or trees are also quite different than under a field
crop. Environmental factors such as temperature, moisture,

and light affect chemical and biological activity, while
vegetation determines patterns of nutrient demand as well as
the quantity and quality of organic matter in the system.
Terracing, cultivating, and planting at Caikou create

many effects which parallel those observed from breaking
virgin North American prairie. Agricultural studies of such
cultivated semi-arid grasslands show decreased levels of

native organic matter and associated nutrients, particularly
nitrogen (Bracken and Greaves 1941, Campbell et al. 1975,
Campbell and Souster 1982, McGill et al. 1981). Cultivation
of virgin prairie stimulates decomposition and
mineralization of organic matter and nutrient capital.
Increased mineralization creates a potential for significant
losses in addition to nutrients removed by harvest. Even
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without accelerated erosion, nutrient loss under crop/fallow
rotations is associated with changing the vegetation type
and altering critical environmental variables such as
temperature and soil moisture. Fertility of a significant
portion of cropped prairie has been maintained only by
adding artificial fertilizers or by emphasizing
nitrogen-fixing legumes in rotations (McGill et al. 1981,

Campbell and Souster 1982). However, plantations of woody
crops and silvicultural treatments may produce soil changes
that differ from those studied on cultivated prairies.

Afforestation of severely disturbed sites and
reforestation of cut-over forestland also show that new
plantations are associated with changes in soil organic
matter and nutrients (wright 1956, Switzer and Nelson 1972,
Miller et al. 1979, Covington 1981, Gholz and Fisher 1982,
Gholz et al. 1985). On sites such as mudflows, mine spoils,
or sand dunes without well developed soil profiles, an
organic matter and nutrient base which can supply the needs
of the new vegetation must be established during
afforestation (Gadgil 1971, Silvester et al. 1979).

Reforestation, on the other hand, involves re-establishment
of a similar type and stand structure as before harvest, on
an inherited forest floor, slash, and native soil organic

matter (Covington 1981). In the case of reforestation, a
transitional community quickly returns and retains and
cycles mobile nutrients on site (Boring et al. 1981, Gholz
et a].. 1985). Af forestation of disturbed land requires
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fertilizers to establish an artificial plant succession to
build soil organic matter and enhance nutrient retention and
cycling

Soil changes under Caikou's plantations related to
vegetation type and stand structure, then, could be similar
to those under other af forestation or reforestation

plantations (Ovington and Madgwick 1957). However, Caikou is
not a severely disturbed site without a developed soil

profile. The grassland has a reserve of native organic
matter and associated nutrients. On the other hand, the
stock of organic matter and nutrients is much less than that
stored in the forest floor and large woody debris left after
timber harvest. In contrast to agricultural study sites from
North American prairies where pre-existing conditions may
have been similar, crop type, micro-environmental
conditions, treatments, and harvest schedule are quite
different.

The course of soil changes at Caikou has been controlled

by conditions particular to the Yellow River bess plateau:
extreme alkalinity (pH 8.5-9.5), high CaCO3 content
(11-18%), and low but concentrated summer precipitation
(Gansu Sheng Dingxi Diqu Linye Kexue Yanjiusuo 1976, Gao and

Wang 1979). Chemical and biological activity under such
conditions should contrast with that on more moderate sites
with more neutral or acid forest or agricultural soils.
Nutrient cycles are sensitive to temperature, moisture and
pH. Only under extremely alkaline conditions, for example,
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would ammonia volatilization play a major role in the
nitrogen cycle (Floate 1981). The Caikou plots allow
studying interactions between plantation and soil under
conditions rare to forest ecologists. The broad extent of
these conditions in north central China may make further
research on this system interesting to modellers of global
nutrient budgets.

I hypothesized that vegetation induced differences would
affect properties associated with organic matter and alter
decomposition, mineralization, and nutrient retention. The
soil variables I evaluated included organic and inorganic
carbon, nitrogen, phosphorus, potassium, calcium, magnesium,

pH, and bulk density, as well as light and heavy soil
density fractions. I expected the soil under the legume and
pine plantations would differ primarily because of nitrogen
fixation under the legume, but also because of differences
in habit, stand structure, and nutrient cycling
characteristics.
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SITE DESCRIPTION

Regional setting

Deep and extensive Quaternary bess deposits dominate
the geography of North China. These aeolian deposits are
the products of cold arid periods in the continental

climate, associated with the deflation of the great

deserts of central Asia. This process continues. The bess
was transported in dust storms or as sediment in streams
and rivers, and is now distributed over one-fifth of

China. In the Yellow River watershed, the bess covers
about 530,000 km2 in depths averaging 50-100 m (Liu and
Ding 1983, Pereira 1981).

Literature on the history and characteristics of the
deposits highlights the uniformity in chemical and
physical properties inherited from the parent material
(Liu and Ding 1983, Xu 1983). Loess layers overlying a

Tertiary red clay have been divided into early-, mid-, and
late-Pleistocene types using lithological and

paleontological criteria. Recurrence of paleosols within
the deposits is evidence of environmental cycles between
cold-dry and warm-humid climates represented by
alternating periods of steppe and forest vegetation (Liu
and Ding 1983). The colder and more arid environment since
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the late Tertiary is related to the rise of the Himalayas
and the subsequent swelling of the Tibet-Qinghai Plateau.

Prolonged periods of dry cold conditions have limited

weathering in the calcareous bess. Xu (1983) divides the
bess into only two mineralogical types, each uniform
throughout its whole profile. Soil properties related to
texture and composition are also fairly similar across the

extensive range of the bess (Pereira 1981).
This underlying homogeneity emphasizes the effect of
the marked precipitation gradient on the landforms and

vegetation of the region. The bess-derived soils are
fertile in zones with sufficient rainfall or irrigation.

However, annual rainfall decreases from 500 mm in former
forestland in the southeast of the Yellow River drainage,
through the grassland zone of the study site with 400 mm,
to the deserts of the north-northwest with 200 mm or less.

While vertical exposures of bess soil are very stable, it
is extremely vulnerable to flowing water. Where vegetation

cover is sparse, surface erosion advances into nil and
gully stages, and soil and water loss become very serious.

The bess's properties, combined with monsoonal storm
patterns, have led to the massive erosion problems of the
Yellow River area.

The pattern of erosion in the bess means that the
slopes are gentlest near ridges and steepen toward gully
bottoms, preventing capture and retention of eroded soil.
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In the main source area of the Yellow River, the sediment
delivery ratio (amount of soil eroded from hilislope to
amount of soil transported in river) is close to 1 (Gong
and Xiong 1980). This means that preventing loss of 1 kg
of soil will prevent delivery of almost 1 kg of sediment
to the Yellow River.

Study Site

The study site is at the Caikou Forest Experiment
Station in the DingXi District of central Gansu Province.
It lies at 104°29'E, 35°45'N in the Zuli River

watershed of the middle reaches of the Yellow River. The
elevation ranges from 1815 to 2168 m. The station had 1250

ha of plantations in 1983 on the hills above the valley
where the headquarters is located. Weather records from
the station at 1858 in are summarized in Table 1 and Figure
2:
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Table 1. Weather summary
Caikou Forest Experiment Station 1958-1983
(Gansu Sheng Dingxi Diqu Linye Kexue Yaniiusuo 1976;
unpublished data from 1976-1983 from station staff)
Annual precipitation 382 mm
high 602 mm 1967
low 228 mm 1971
annual precipitation <300 mm in 6 of 25 years of record
Annual evaporation 1696 mm
Average relative humidity 64%
Annual average air temperature 6.7°C
January average -8.2''
July average
19.2°
daily range
14-19°
540
annual range
(-24.4° to 35.6°)
Frost free 151 days
first frost late September
last frost late April

Ground frozen 123 days to 77-134 cm mid-November-mid-March
Growing season (lO°C) 121 days
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Figure 2. Average monthly precipitation
Caikou Forest Experiment Station 1958-1983
(Gansu Sheng Dingxi Diqu Linye Kexue Yanhiusuo 1976;
unpublished data from 1976-1983 from station staff)

With precipitation averaging less than 400 mm, Caikou
is part of the dry grassland climate zone (Gao and Wang

1979). The district is in the bess rolling gullied
topographical zone (Gong and Xiong 1980), classed as a
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major source of sediment to the Yellow River. Vegetation
cover averages 20-45%, causing accelerated erosion due to
poor growing conditions and local pressures for fuel and
fodder. Material loss from the Caikou area is estimated at
5000-9000 Mg/kin2/yr (Gao and Wang 1979).

river

terrace

I
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steep

steepgu11yt

.

slope

id
,

ullY;ul1Ysteep

opes1opebottoxnslopeis1ope

Figure 3. Topographic elements of the landscape at Caikou
(adapted from Gao and Wang 1979)
The physical properties of the parent material

determine the region's steeply sloping landforms which
prevent retention of soil loss from hilislopes with low
vegetation cover (Gao and Wang 1979). The high CaCO3

content of the bess also directly affects topography
because of its solubility. The terrain is marked by
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surface erosion scars, gullying, slides, sinkholes, chain

sinkholes, bess pillars and natural bridges.
Figure 3 shows the topography of the area as described

by Gao and Wang

(1979): this area of the bess rolling

gullied topographic zone has a mainly ridge-form terrain

100-200

with

3-15°

in relief. The long narrow ridge tops have

convex slopes with

100-300

in slope length. Top-

and mid-slopes have 15_250 slopes. Lower slopes have

gradients of 35_450 Surface erosion is dominant where

slope faces are convex, while nh and gully erosion are
found on concave slope faces. During active gully

development, lateral erosion causes retreat of banks at
the base of steep slopes. Gully banks are also steep

(35_450) with marked fine gullies and surface erosion.
In gully bottoms, an impermeable layer of Tertiary red
clay causes salinization of the soil due to seepage of
water containing sulfates and chlorides.
Streamwater and groundwater have high salt contents,
averaging

5-6 g total salts/liter (Gansu Sheng Dingxi Diqu

Linye Kexue Yanjiusuo

1976, 1984). No

irrigation water is

available within 600 in from the surface. Drinking water is
supplied by capturing rainwater in cisterns. Except for
nursery irrigation, forestry needs must be met by
precipitation.

Soil moisture is generally low. Yearly average soil
mosture content in the top meter is about 10%. The summer
rainy season raises this to 15-18%; the dry season lowers
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it to 3-5% (Gansu Sheng Dingxi Diau Linye Kexue Yanjiusuo
1976). Slope aspect is the most important factor

controlling soil mosture, followed by slope position. On
drier aspects (southeast, south, southwest, west) moisture
is 1-4% lower, averaging 3.9% lower over all months, than

on shadier aspects, with the least differences in the
10-20 cm zone (Gao and Wang 1979). This amount of soil
moisture is significant for plants in this arid region.
Erosion has removed the original upper soil horizons,

and the current surface soil is weakly differentiated
loessial parent material (Gao and Wang 1979). From soil
moisture and temperature data from the station's records,
the soil can be classified as a trstochreptic Calciorthid

in the Us soil taxonomic system (Soil Conservation Service
1977). The Chinese soil classification identifies Caikou's
soil as a sierozem. It is a light yellowish brown silt or
silty loam with a homogeneous texture (Gansu Sheng Dingxi
Diqu Linye Kexue Yanjiusuo 1976, Gao and Wang 1979).
Particles of 0.05-0.01 mm diameter make up about 60% of
the profile. Fine clay-sized particles (<0.001 mm)
comprise 10% or less of the total. Horizonation is not
pronounced. Soil color pales with depth, but color
distinctions between horizons are slight. The B horizon
shows a very slight enrichment in clays, indicating
minimal weathering of the surface horizons.

Bulk density averages 1.1 g/cm3, particle density
2.7 g/cin3, and prorosity 59-62% (Gao and Wang 1979). The
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organic horizon is thin, 10-30 cm deep, with very low soil
organic matter content, usually
is

1%.

Total nitrogen (N)

0.1%, total phosphorus (P) is about 0.05%.

CaCO3

content is high, ranging from 11-18%. Strongly alkaline pH
values average 8.5. Lime threads, veins, spots, and
concretions are common. The exchange sites are saturated
with calcium. Although inicronutrient analyses of the local

soil have not been published, Liu et al. (1983) suggest
that in general, the loessial soils in the Yellow River
area are deficient in plant-available boron, molybdenum,
zinc, and perhaps manganese.

Three local variants are distinguished according to
organic matter (ON) content of the surface layer: dark--OM
2.5%, typical--OM 1.5-2.5%, and pale--i 1.5% (Gansu
Sheng Dingxi Diqu Linye Kexue Yanhiusuo 1976). The
station's plantations are located mainly on the pale
variant which occurs on 15_450 slopes of all aspects,

with vegetation cover of 5-30%. This variant is associated
with moderate to very strong sheet erosion.

A rather hard 30-50 cm thick layer is often found in
the profile which can restrict root growth, especially on
hot-dry aspects. The hardness is not due to any increase
in bulk density, however. The activity of rodents,
earthworms, and other invertebrates increases porosity and

promotes soil development in the upper horizons (Gansu
Sheng Dingxi Diqu Linye Kexue Yanjiusuo 1976).

Spring plant growth is limited by the dry period in
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March through May following ground thaw. The air
temperature rises quickly and

evapotranspirational

demand

is high, creating a water deficit during the early growing
season (Gao and Wang 1979).

The sparse natural vegetation includes about 190
species of arid grassland types. Most are low perennials,

mainly grasses and composites, though some small shrubs
have been noted. Genera represented in the Caikou area

include Achnatherum, Aropyron, Aster, Potentilla,
Peganum, hex, Caragana, and Lyciulu (Gansu Sheng Dingxi
Diqu Linye Kexue Yanjiusuo 1984).
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PLOT DESCRIPTIONS

Six plots were chosen on ChaPai Mountain above the
Caikou Forest Experiment Station (Table 2). Four are in
plantations on mid-slope positions on the ridge facing the
valley at 1970-2000 m, with east-northeast to
north-northeast aspects. Two non-plantation plots are on
Jian Dao Cha, a spur ridge 1.8 km to the southwest, at 2020
m, also with mid-slope position and an east-northeast
aspect.

Table 2. Plot list

plot

aspect

plantation plots
24 year old pine
14 year old pine
legume
mixed row pine

NNE
ENE
ENE
NE

control plots
pasture
new terrace

ENE
ENE

slope
13°
21.5°
22°
30°

31°
310

elevation (m)
1970
1988
1985
2000
2020
2020

Around Caikou, upper ridge slopes are generally used for
sheep pasture, though areas near dwellings may be cropped.
In the late 1950's, the Forest Experiment Station began
terracing such slopes for species trials. Originally, level
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terraces were built, but were remade into counterslope
terraces (with surfaces sloping back into the hillside)

which had proven more effective in conserving soil moisture
(Dingxi Diau Caikou LinSe Shiyanchang 1979). The plantation

plots (26 year old Caragana microphylla, 24 year old Pinus
tabulaeformis, 14 year old P. tabulaeformis, and 6 year old
mixed row p. tabulaeformjs/Prunus siberica L. and Ulmus
pumila L.) are in this area of early species trials on
restructured terraces. Some of the trials failed, and two
plots (the 14 year old pine plot and mixed row pine plot)
are on terraces once occupied by Populus cathayana Rehd.
which succumbed to drought.

The C. microphylla plot and two pure

.

tabulaeformis

plots are adjacent plantings which allow a close comparison
between legume and pine of equivalent ages (26 and 24 years)

and between pines of two ages (14 and 24 years). These three
plots, located on the slope above a large village, are on
land that may have been an abandoned field. The youngest
pines (mixed row pine plot) are about 100 in from the other

three plantation plots; the mixed row pines are in replanted
rows in a plantation of mixed deciduous trees established in
1962-1964.

Pine and legume plots

Pine plantations were weeded and hoed periodically over
their first decade to prevent soil surface crust formation
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and to increase moisture retention. Three year old stock was
transplanted in clumps of three to five seedlings which were
thinned a few years later.

Thinnings and fallen twigs and

branches are removed from the site. The live ground
vegetation is collected every year by local people, but
needles are left on the terraces.

The 24 year old pine plot is 0.45 km southwest of the
station headquarters. The

.

tabulaeformis transplanted in

1960 had an 80% survival rate. Clumps were thinned in
1964-1966. The terraces were cultivated and weeded in May or
June for about 10 years. Sixty percent of the stand was
affected by a disease in 1980 which killed the tip 2 cm of
the needles.

Terraces sloped into the hill at 22°-23°. A hard
surface crust about 2 mm thick was observed during the
fieldwork in June, with some cover by lichens and mosses.
Genera present included Agropyron, Aster, Lespedeza, Linum,

Oxvtropis, Potentilla, and Thermopsis. There were scattered
short Populus on the terraces.

The 14 year old pine plot is 0.45 km southwest of the
station headquarters, uphill from the older pine and the
legume plots, Originally a poplar trial plot, the stand was
replaced with

.

tabulaeformis in 1970, and later thinned.

The terraces had last been cultivated in 1982. The stand
showed an excellent growth year in 1981, according to
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station staff.

Measured terrace slopes ranged from 12_190. There were
shallow natural sediment steps in the terrace surface with
some cracks and a soft crust. A few small Ulmus about 1 m
tall were noted.

Treeless terraces, where dead trees had not been
replaced, showed invasion by pine roots from neighboring
terraces.

The legume plot is 0.45 km southwest of the

headquarters. All of the terraces were seeded with

.

microphylla in 1958. The fuel shrub had been cut in 1970,

and resprouted thickly. The stand is not hoed or weeded, nor
does it appear that the other vegetation is gleaned by the
local people. The sheltered litter layer ranged in depth
from <1 cm to 4 cm.

The countersloped terrace surfaces have gradually become
level or even a little higher to the inside due to rooting
and accumulation of soil. Scattered short poplars, alive and
dead, were present in the plantation. There were many rodent
holes, and fox scat was found on the site.

The stand is now used as a source of seed collected
annually for nursery stock.

The mixed row pine plot is 0.55 km southwest of the
station headquarters. The plantation of mixed deciduous
trees is located above an Arborvitae orientalis stand in an
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area with marked gullying. The five . tabulaeformis
terraces are between terraces of Prunus siberica or tJlmus
puinila. The Ulmus and Prunus appear dwarved. One typical 22
year old Prunus was about 2 m tall with a stem only 4 cm in
diameter at ground level. The pine replaced rows of poplar,
which had shown good potential early in the species trials
but proved vulnerable to drought such as a prolonged dry
period around 1971 that caused widespread mortality in most

of the station's Populus plantations. Roots of the dead
Populus were removed during site preparation for the pines.
Clumps of 3 year old pine seedlings were transplanted 1 m
apart in 1978, and had not been thinned by 1984. Experiment
Station staff speculated that poor growth of some seedlings
might be due to stock quality problems.
Measured terrace slopes ranged from l6_280. The stand
is cultivated and weeded yearly and had last been treated in
1983. Some terraces receive litter from the deciduous trees
uphill; a few of the deciduous crowns overhang pines. Genera
present included Agropyron, Arteinesia, Hedysarum, Lamiuin,

Oxalis, and Oxytropis. Rodent holes were observed in some

soil pits. Alternating loose and hard layers in the soil
were pronounced, and may reflect terrace construction,

rebuilding, site preparation, and buried soil profile.
Control plots

I chose two types of plots to serve as controls for the
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case study: pasture representing typical conditions prior to
terracing, and pre-plantation terraces which could show
effects of construction alone on soil properties.

New countersiope terraces had been built by a local
farmer in April 1984, three months before field sampling for
the study. The 0.1 ha of new terraces are located on slope,
slope position, and elevation similar to the plantation
plots and were chosen to serve as a terraced control plot
(new terrace plot) along with an adjoining section of
unterraced pasture (pasture plot). The two plots are near
the boundary of the Caikou Commune and the Jing Quan Commune
to the west.

The control plots are 2.3 km southwest of the station
headquarters. The pasture plot is used for grazing sheep,
and has sparse cover of browsed native vegetation including
Arteinesia, Aster, Hedvsarum, Oxalis, Oxytropis, Potentilla,
and Stellera.

The new terrace plot was terraced by the local farmer
for 20 fen/m2 ($0.10 1984 US dollars). He sowed the
terraces with alfalfa in May, and the terraces were to be
planted with

.

xnicroply11a in fall of 1984. (Note: the

station staff did not indicate that alfalfa had been sown on
the terraces of any of the plantation plots.) The alfalfa
sprouts were sparse to the inside of the terrace, but
thicker and with better growth toward the edge, which
contains more original topsoil. Sampled areas were all
located along the south side of the plot to minimize
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disturbance to the fariier's terraces. No other plant species

were observed in the plot, and there was no litter to be
collected.

Terrace slopes were 160. Sheep prints on terrace
surfaces were up to 2 cm deep. A sunny day after several
days of intermittent rain dried a crust on the soft soil
surface.
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METHODS

Sampi inq

I gathered samples from five representative points in
each of the six plots in June, 1984. However, on the newly

terraced plot, all sampling was near the ends of terraces to
minimize disturbance to the local farmer's investment. At
each point, ground vegetation and litter in a square meter

were collected, weighed fresh in the field, and reweighed
after oven-drying eight hours at 105°C. Because plant and
litter samples were large on the legume plot, Caragana,

ground vegetation, and litter were weighed in the field and
subsampled. Oven-dried weights of subsamples were used to
calculate total weights for the legume plot only. Soil pits
at each point were sampled at four depths: 0-5 cm, 5-15 cm,
15-30 cm, and 30-60 cm. Cores from the surface 5 cm layer

were taken with a 100 cm3 soil corer. Cores from the lower
three layers were collected with a 332 cm3 sliding-hammer
soil corer. The cores were oven-dried at 105°C for eight

hours to determine bulk density. Soil for laboratory
analysis was collected in cloth bags and labelled. Treatment
of samples taken for soil profile descriptions of the
pasture, legume, 24 year old pine, and mixed row pine plots
was similar. Material collected in June was in transit to
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the laboratory in Harbin for approximately three months.

Temperature and humidity could not be controlled during
transport and storage of the samples.

Stand descriptions for the pine plots were based on
measurements of height, crown width, and diameter at breast
height for the 24 year old and 14 year old pine stands, and

diameter at ground level for the mixed row pine plantation.
Distance to nearest trees was measured for pine stand
density estimates.

Laboratory analysis

Air-dried soil was subsampled and ground to pass 1 mm or
0.25 mm sieves,depending on the chemical analyses. No rocks
or pebbles were found. Roots larger than mesh size were
removed.

Soil reaction was measured using a pH meter Type pH S-2
from the Shanghai Analytical Instruments Factory, at a 1:2.5
soil:water ratio with 10 g of soil ground through the 1 iran

sieve. Samples were in water for less than 10 minutes, which

prevented a marked decrease in pH values from carbonic acid
formation from calcium carbonate (CaCO3).

Because of the high CaCO3 content of the Caikou soils,
total C had to be partitioned between organic C and
carbonate C pools. Total C and carbonate C were determined
on split samples of oven-dried soil by dry combustion at
1650°C with a LECO induction furnace automatic C analyzer
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(LECO Corp., St. Joseph, Mich.). For determining carbonate

C, organic matter was selectively removed by burning one of
the subsamples at 500 0C for two hours, followed by LECO C
analysis (Heath et al. 1977, Welicky et al. 1983). At
temperatures near 500°C, thermal dissociation of
carbonates such as MnCO3, MgCO3, CaMg(CO3)2,

FeCO3, or CaCO3 with Fe, Mn, or Mg within the calcite
lattice can cause carbonate C to be underestimated using the
combustion technique (Froehlich 1980, Welicky et al. 1983).
In addition, combustion of some organics may not be complete

under low temperature ashing conditions (Gibbs 1977, Heath
et al. 1977). However, I assumed that concentrations of
these compounds in the calcareous soil of the study site
would be too low to affect the results significantly. There
was no indication of the presence of charcoal in soil
profiles. Organic C was calculated as the difference between
the whole soil total C and the burned fraction C (Heath et
al. 1977, Nelson and Sommers 1982).

Organic C was also measured independently using a

Walkley-Black method at the Northeast Forestry University in
Harbin (Walkley and Black 1934, Zhonqguo Kexueyuan Nanjing
Turanci Yan-iiusuo 1978, Nelson and Sommers 1982). Two

air-dried 0.5 g subsamples were ground to pass a 0.25 mm
sieve for analysis. For conversion of results to percentage
of oven-dried weight, duplicate 5.0 g air-dried subsamples,
passed through a 1 nun sieve, were oven-dried at 105°C for

eight hours. Changing weather during a period of frequent
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interruptions in electricity supply increased variability in
the weight conversions, clearly a source of error in
computing results. Nelson and Sommers (1982) state that
recoveries of organic C by the Walkley-Black method are
highly variable across soils and require a correction factor
ranging from 1.09 to 2.27. No correction factor to account
for unreacted organic C was used. Negative C values for 7
out of 139 samples were treated as zero for statistical
analysis.

Soil nutrient contents measured included nitrogen (N),

phosphorus (P), calcium (Ca), potassium (K+), and
magnesium (Mg). I used a sexnimicro-Kjeldahl method
(Bremner and Mulvaney 1982) with an automated injection
analysis system to determine N and P. Kjeldahl digests are

usually used to determine total N in soils. However, the
method does not measure some N in refractory heterocyclic
organic compounds, nor compounds with N-N or N-O linkages,
including nitrite and nitrate. Incomplete recovery of
clay-f ixed NH4-N in soils with high fixed-N contents has

also been noted (Bremner and Mulvaney 1982). Significant
amounts of such compounds in the Caikou soil type were not
anticipated. No attempt was made to evaluate inorganic N

(NO2-N, NO3-N, and NH4-N) for this study.
Sample storage conditions would render data on the type and
quantity of inorganic N suspect because of microbial
transformations within the organic and inorganic N pools.
Inorganic N typically is less than 2% of the total N in
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soils (Keeney and Nelson 1982). Inorganic N values from
plantations at Caikou published by Gao and Wang (1979)
support the assumption that Kjeldahl N results may
underestimate total N by less than 1%.

Phosphorus was determined along with N from the Kjeldahl

digests (Throneberry 1974). The concentrated sulfuric acid
digest will solubilize the calcium phosphates dominant in
the alkaline range (Chang and Jackson 1957). The Kjeldahl P
value should also include organic P from solution or from
organic matter, as well as inorganic P in solution and some
of the inorganic P associated with iron or aluminum. The

amount of P in iron or aluminum phosphates, or associated
with iron or aluminum oxides can be expected to be low at
the pH of the Caikou soil (Stevenson 1986). Total P,

therefore, will be slightly underestimated due to P in
recalcitrant organic matter, P associated with iron or
aluminum compounds, and P protected from extraction by
occlusion within minerals (Williams et al. 1967)

Samples for analysis of Ca, K+, and Mg, were
ground to pass a 0.5 mm mesh and ashed at 400°C for two
hours. Then a mixture of 40 mg ashed soil:80 mg graphite
carrier was analyzed on a Ziess PGS-2 plane grating
spectrograph with a Tianjin Factory WPF-2 AC electric arc
generator.

In an experiment to further separate fresh, actively
cycling organic matter from more stabilized organic material
within aggregates or adsorbed on mineral surfaces, Prof. Gao

31

Zi-qin, of the Chinese Academy of Science's Forestry and
Soils Research Institute in Shenyang, and I adapted a
density fractionation technique following the method of
Spycher et al. (1983). The separation medium was a solution
of Nal adjusted to a specific gravity of 1.65 g/cm3 with a
hygrometer. Only samples from the top three layers (0-30 cm)
of three of the five soil pits per plot were analyzed.
Thirty grams of sieved air-dried soil in 100 ml Nal

solution were centrifuged at 3500g for 10 minutes with an
Hitachi Hiinac Type SCR2OBA centrifuge (Hitachi Koki Co.,

Ltd). The supernatant containing the light fraction was
decanted onto a Whatman 1.6 micron glass filter and rinsed
with distilled water. Nal collected from the filtration was
returned to the centrifuge bottle containing the heavy
fraction. The process was repeated twice more. The light
fraction solution was evaporated over a water bath. The
sample was then dried at 105°C for 12-18 hours and

weighed. To wash the heavy fraction, the samples were
centrifuged three times in 100 ml distilled water for 10

minutes at 3500g. The heavy fraction samples were evaporated
over a water bath, then dried 1-2 hours at 105°C and
weighed. For converting values to an oven-dry weight basis,
a 10 g air-dried sample of whole soil was dried in a 105°C
oven for 6 hours.

Both the light and heavy fractions were analyzed at the
Forestry and Soil Research Institute for total C and
carbonate C using the LECO induction furnace automatic C
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analyzer. As for the whole soil, organic C was calculated by
difference. For 16 samples out of 54, there was too little
light fraction collected to measure carbonate C in the ashed
subfraction. Light fractions were not analyzed for N. Both
whole soil and the heavy fraction N were measured using the
Institute's MCI Model KN-03 Kjeldahl N analyzer. Because the
amount of light fraction available for analysis was

inadequate, light fraction C and N contents were calculated
by subtracting heavy fraction values from whole soil values.

Appendix D contains the results and discussion of this
exploratory fractionation experiment.

Samples for the four soil profile descriptions were

analyzed as above, excluding density fractionation. In
addition, pH values for profile samples were measured in
Harbin using the 1:2.5 soil:water ratio as above, as well as
a 1:1 soil:water ratio, and a 1:2.5 soil:KC1 ratio. Soil

texture was determined by the pipette method. I chose the
method of Polemio and Rhoades (1977) to measure cation
exchange capacity (CEC) as recommended by Rhoades (1982) for
arid land soils with high carbonate contents. This method
involves sodium saturation of cation exchange sites followed
by extraction with MgNO3, and analysis by atomic
absorption spectrometer to find exchangeable sodium,, which

represents the CEC. Both texture and CEC tests were done in
the Forestry and Soil Research Institute's laboratories.

33

Bioniass equations and N content calculations

Pine biomass was calculated from a regression equation
for P. tabulaeforinis developed by Zhen Xiao-xian for stands

15-17 years old on semi-arid sites in LiaoNing Province
(Xiang Kai-fu:personal communication):

total tree biomass=0.363o9l4((dbh)2height) 0608473;
(biomass=kg, dbh=cm, height=m).

Zhen Xiao-xian also determined that tree biomass for

tabulaeformis in a fairly similar 16 year old stand with
1840 trees/ha, on sandy soil with 371 mm preciptation,
follows this distribution: 30% foliage, 23% branches, 33%
bole, 11% roots, 2% sexual parts.

Mean diameter and height for the Caikou pine stands were
based on the following sample sizes: 24 year old pine
plot--28 trees; 14 year old pine plot--30 trees; mixed row
pine plot--38 trees.

N content of vegetation and litter was calculated using
N values from the literature with biomass measured in the
field (litter, ground vegetation, and alfalfa) or biomass
equations combined with stand data (pines and legume) .The

aboveground legume biomass was assumed to be 1/3 foliage and
2/3 stem and bark, generalizing from biomass equations for
similar shrubby plants given in Gholz et al. (1979). Roots
biomass was estimated as 20% total biomass for ground
vegetation and alfalfa (Rodin and Bazilevich 1965), and 15%
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total biomass for the legume (arbitrary value). Foliar N
values for C. inicrophylla are conservative, being slightly

less than the average of values listed in the literature
(Zhongguo Kexueyan Neimunq Ningxia Zonghe Kaocha Dui 1977,

1980). The value for alfalfa was set between inoculated and

uninoculated N% given in Amy and Thatcher (1917) quoted in
Brady (1974). All other values for N contents are drawn from

ranges cited in Rodin and Bazilevich (1965) for other
species of pines, legumes, etc., except for pine sexual

parts which were arbitrarily set at 1%. Figures used in
calculating total N are % dry weight: pine foliage 1.3%,
branches 0.5%, bole+bark 0.15%; Caragana foliage 2.5%,
stem+bark 0.5%; litter 2%; ground vegetation 1%; alfalfa
1.75%.

It should be emphasized that the biomass estimates are
only rough approximations of the standing crop. Bioinass

equations were not developed for this specific site.
Estimates of removals by gleaning, harvesting,, or grazing

were not included. Seasonal changes in bioinass and soil

organic matter were not considered. Values for areas between
terraces were not measured.

Statistical analysis

The case study was analyzed as a factoriaJL experiment

using an analysis of variance for a repeated measures design
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(Winer 1971). This design allows testing effects of plot,

depth, and plot*depth interactions on such variables as soil
reaction, bulk density, and nutrient concentrations.

Plot*depth interactions reflect response profiles, or
patterns in values associated with depth characteristic of
each plot. Because of potential variation between the 5 pits

within a given plot, the repeated measures model includes a
nested random factor to absorb correlations between
experimental errors in measurements taken at the four depths
from the same pit. This design is more sensitive to depth

effects and plot*depth interactions than to plot effect
comparisons. Designs with greater precision in evaluating
plot effects, such as a blocked design with replicated
plots, were not feasible due to time constraints in the
field.

Significant differences between plot pairs or between

depths of a single plot were tested with weighted
t-statistics which account for plot effects or plot*depth
interactions as in a split plot analysis (Steel and Torrie
1980).
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RESULTS AND DISCUSSION

Profile descriptions and soil analyses for the pasture,
legume, mixed row pine and 24 year old pine plots (Tables
3-6) precede the statistical results and discussion.
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Table 3a.

Pasture plot profile description

PROFILE: Pasture
CLASSIFICATION: Silty, mixed (calcareous), inesic
Ustochreptic Calci2rthid
LOCATION OF PEDON: 104"29'E, 35°45'N; Caikou Forest
Experiment Station, Dingxi District, Gansu Province,
People's Republic of China; 2.3 kilometers southwest of
the station headquarters; pasture on Jian Dao Cha, a
spur ridge of ChaPai Mt.
PHYSIOGRAPHIC: 2020 meters elevation; east northeast

sideslope of bess ridge
TOPOGRAPHY: 310 slope in mid-slope position
DRAINAGE: Well drained
MOISTURE WHEN DESCRIBED: Moist in surface layers
SOIL MOISTURE REGIME: Ustic/Aridic
SOIL TEMPERATURE REGIME: Mesic
VEGETATION: Grasses and herbs
PARENT MATERIAL: Calcareous bess
DESCRIBED BY: Cynthia McCain
DATE: June 25, 1984
A
0-24 cm.
Dark brown (7.5YR 4/4) silt loam
field-moist, pale brown (1OYR 7/3) dry; moderate medium
parting to fine blocky structure; very friable, slightly
sticky and plastic; many very fine, common fine, and very
few medium roots; many very fine tubular pores; clear smooth
boundary.

BAk 24-58 cm. Light yellowish brown (1OYR 6/4) silt loam
field-dry and dry; weak, coarse parting to medium blocky
structure; slightly hard, slightly sticky and plastic;
common very fine, very few medium roots; common very fine
tubular pores; hard layer with 10-15% fine (5-10 mm) hard
round carbonate concretions; clear smooth boundary.
Bk
58-72 cm. Yellowish brown (1OYR 5/4) silty clay (loam)
field dry, light yellowish brown (1OYR 6/4) dry; weak,
coarse parting to medium blocky structure; slightly hard,
slightly sticky and plastic; common fine roots; common very
fine tubular pores; hard layer with 10-15% fine hard round
carbonate concretions and traces of carbonate powder; clear
smooth boundary.

BCk 72-175 cm. Light yellowish brown (1OYR 6/4) silt loam
field-dry and dry; weak, coarse parting to medium blocky
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structure; soft, nonsticky and plastic; common very fine
roots; common very fine tubular pores; softer layer with
10-15% fine round carbonate concretions; clear smooth
boundary.
Ck 175-200 cm.
Yellowish brown (1OYR 5/6) silt field-dry,
very pale brown (1OYR 7/4) dry; weak coarse blocky
structure; soft, nonsticky, plastic; few very fine roots;
few very fine tubular pores; 2% very fine round carbonate
concret ions.
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Table 3b. Pasture plot profile soil analysis
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Table 4a.

Legume plot profile description

PROFILE: Legume plot
CLASSIFICATION: Silty, mixed (calcareous), mesic
trstochreptic Calci9rthid
LOCATION OF PEDON: 104'-'29'E, 35045'N; Caikou Forest
Experiment Station, Dingxi District, Gansu Province,
People's Republic of China; 0.45 kilometers southwest of
the station headquarters; ChaPai Mt.; fuel shrub
plantation on terraces built around 1957 on an abandoned
field
PHYSIOGRAPHIC: 1985 meters elevation; east northeast
sideslope of bess ridge
TOPOGRAPHY: 22° slope in mid-slope position
DRAINAGE: Well drained
MOISTURE WHEN DESCRIBED: Moist in surface layers
SOIL MOISTURE REGIME: Ustic/Aridic
SOIL TEMPERATURE REGIME: Mesic
VEGETATION: Grasses and herbs
PARENT MATERIAL: Calcareous bess
DESCRIBED BY: Cynthia McCain
DATE: June 25, 1984
Ap
0-34 cm.
Dark yellowish brown (1OYR 4/6) silt loam
field-moist, pale brown (1OYR 6/3) dry; moderate, medium
subangular blocky to blocky structure; friable, slightly
sticky and plastic; abundant very fine, fine, and medium
roots, plentiful coarse roots; many very fine tubular pores;
clear smooth boundary; mixed surface layer from construction
of terrace.

BA
34-60 cm.
Yellowish brown (1OYR 5/4) silt
field-moist, brown (1OYR 5/3) dry; weak coarse blocky
structure; firm, slightly sticky and plastic; abundant very
fine, common fine, and plentiful medium roots; common very
fine tubular pores; hard carbonate grains; clear smooth
boundary.
Bk

60-85 cm.
Brown (1OYR 5/3) silty clay (loam)
field-dry, yellowish brown (1OYR 5/4) dry; weak, coarse
parting to medium blocky structure; very firm, slightly
sticky and plastic; abundant very fine and few fine roots;
many very fine tubular pores; hard sand-sized carbonate
grains; clear smooth boundary.

85-137 cm.
Light yellowish brown (1OYR 6/4) silty clay
loam field-dry, yellowish brown (1OYR 5/4) dry; weak coarse
to medium blocky structure; firm, slightly sticky and
BCJC
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plastic; few very fine roots; many very fine tubular pores;
hard sand-sized carbonate grains and some carbonate powder;
clear smooth boundary.
137-200 cm.
Light yellowish brown (1OYR 6/4) silt
field-dry and dry; weak coarse blocky structure; firm,
slightly sticky and plastic; few very fine roots; many very
fine tubular pores.
C
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Table 4b. Legume plot profile soil analysis
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Table 5a.

Mixed row pine plot profile description

PROFILE: Mixed row pine plot

CLASSIFICATION: Silty, mixed (calcareous), mesic
Ustochreptic Calci8rthid
LOCATION OF PEDON: 104 29'E, 35°45'N; Caikou Forest
Experiment Station, Dingxi District, Gansu Province,
People's Republic of China; 0.55 kilometers southwest
of the station headquarters; ChaPai Mt.; terraced
plantation of deciduous trees planted in 1962-1964 with
interspersed rows of pines planted in 1978 to replace
failed rows of elm; hoed and weeded 1983
PHYSIOGRAPHIC: 2000 meters elevation; northeast sideslope of

bess ridge
TOPOGRAPHY: 30° slope in mid-slope position
DRAINAGE: Well drained
MOISTURE WHEN DESCRIBED: Moist in surface layers
SOIL MOISTURE REGIME: Ustic/Aridic
SOIL TEMPERATURE REGIME: Mesic
VEGETATION: Current--Pinus tabulaeformis
Uncultivated--grasses and herbs
PARENT MATERIAL: Calcareous bess
DESCRIBED BY: Cynthia McCain
DATE: June 26, 1984

Ap
0-18 cm.
Yellowish brown (1OYR 5/4) silt
field-moist, light yellowish brown (1OYR 6/4) dry; moderate
coarse subangubar blocky parting to granular structure; very
friable, slightly sticky and plastic; abundant very fine and
fine roots and many medium roots; abundant very fine tubular
pores; clear smooth boundary; mixed top layer from terrace
construction.
1A

18-25 cm.
Yellowish brown (1OYR 5/4) silt
field-moist, light yellowish brown (1OYR 6/4) dry; moderate
coarse subangular blocky parting to granular structure;
slightly hard, slightly sticky and plastic; abundant very
fine and fine, many medium roots; abundant very fine pores;
clear smooth boundary; buried A layer with original organic
layer visible as gray line on side of pit.
Bk

25-66 cm. Light yellowish brown (1OYR 6/4) silt
(silty clay) field-dry and dry; weak coarse blocky
structure; slightly hard, slightly sticky and plastic
abundant very fine, many fine, few medium roots; abundant
very fine, few fine tubular pores; hard layer with <1% white
carbonate spots and very few 2 nun carbonate concretions;
gradual smooth boundary.
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BC

66-139 cm.
Very pale brown (1OYR 7/3) silt field-dry,
very pale brown (1OYR 7/4) dry; weak coarse subangular
blocky structure; slightly hard, slightly sticky and
plastic; abundant very fine roots; abundant very fine pores;
hard layer with two 6 cm diameter rodent holes.
C

139-200 cm.
Light yellowish brown (1OYR 6/4) silt
field-dry, very pale brown (1OYR 7/4) dry; weak, coarse
parting to medium subangular blocky structure; slightly
hard, slightly sticky and plastic; few very fine roots;
abundant very fine tubular pores; softer than layer above.
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Table 5b. Mixed row pine plot profile soil analysis
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Table 6a. 24 year old pine plot profile description
PROFILE: 24 year old pine plot
CLASSIFICATION: Silty, mixed (calcareous), inesic

Ustochreptic Calciorthd
LOCATION OF PEDON: l04'29'E, 35045'N; Caikou Forest
Experiment Station, Dingxi District, Gansu Province,
People's Republic of China; 0.45 kilometers southwest of
the station headquarters; ChaPai Mt.; pine plantation
planted in 1960 to replace poplars on terraces built in
1957; adjacent to legume plot
PHYSIOGRAPHIC: 1970 meters elevation; north northeast
sideslope of bess ridge
TOPOGRAPHY: 13° slope in mid-slope position
DRAINAGE: Well drained
MOISTURE WHEN DESCRIBED: Moist in surface layers
SOIL MOISTURE REGIME: Ustic/Aridic
SOIL TEMPERATURE REGIME: Mesic
VEGETATION: Current--Pinus tabulaeformis
Uncultivated--grasses and herbs
PARENT MATERIAL: Calcareous bess
DESCRIBED BY: Cynthia McCain
DATE: June 26, 1984
Ap
0-26 cm.
Yellowish brown (1OYR 5/4) silt (loam)
field-moist, very pale brown (1OYR 7/4) dry; weak medium
blocky structure; soft, nonsticky and plastic; abundant very
fine and fine, many medium and coarse roots; many fine
interped pores; clear smooth boundary; mixed surface layer
from construction of terrace; last cultivation 1981.
lA

26-41 cm. Very pale brown (1OYR 7/3) silt
field-moist, very pale brown (1OYR 7/4) dry; weak, coarse
parting to medium subangular blocky structure; slightly
hard, slightly sticky and plastic; abundant very fine, fine,
and medium, and many coarse roots; abundant fine tubular
pores, clear smooth boundary; original A horizon marked by
old organic layer.
Bk

41-126 cm.
Light yellowish brown (1OYR 6/4) silt
field-dry, very pale brown (1OYR 7/3) dry; weak coarse
subangular blocky structure; slightly hard, slightly sticky
and plastic; many very fine and fine roots; many fine
tubular pores; hard layer with 5% white carbonate powder in
top 20 cm of this layer on one side of pit but very little
elsewhere and some small soft carbonate concretions; clear
smooth boundary.

47

Ck

126-200 cm.
Light yellowish brown (1OYR 6/4) silt
field-dry, very pale brown (1OYR 7/4) dry; weak coarse
blocky structure; friable, slightly sticky and plastic; few
very fine roots; abundant fine tubular pores; 2-5% small (1
mm) soft carbonate concretions.
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Table 6b. 24 year old pine plot profile analysis
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Table 7 summarizes the results of repeated measures analysis
for plot, depth, and plot-depth interactions for 11
variables.
Repeated measures and t-test results for each variable
are presented and briefly discussed below.

Table 7. Repeated measures analysis:
plot and depth effects on soil variables.

bulk
density

pH

plot

**

depth
plot*depth
a'
*

KS

organic
C

H

**

**

**

**

*

*1

**

**

**

5*

**

**

as

**

a

carbonate
C

significant at 99 confidenc, level Cp.Ol)
signficant at 9Z confidence level (p.O5)
not significant at 95X confidenc, level

W-B
C

Org. C/H

P

Ca

Mg

K

KS

**

KS

KS

KS

**

KS

**

KS

KS

KS

**

*

KS

KS

KS

KS
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Organic carbon (combustion method)
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Figure 4. organic carbon (combustion method).
Percent by weight with 95% confidence intervals for
comparisons between plots and between depths.
Organic C measured by the combustion method was
significantly affected by plot, depth, and plot*depth
interactions at the p<0.Ol level. The organic C content of

the surface 0-5 cm of the pasture was equivalent to that of
the legume plot and significantly higher than the rest of

the plots. The legume's surface layer had significantly
higher organic C than the 24 year old pine's. The 24 year
old pine plot on average had the lowest organic C
percentages, and in the two lowest depths (15-30 cm and
30-60 cm) contrasted significantly with the mixed row pine
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plot. Differences between depths within plots were not
significant for any of the three pine plantations. The

pasture plot's surface (0-5 cm) layer had more organic C
than the depths below it, and the 5-15 cm layer also
differed significantly from the lowest (30-60 cm) layer. The
new terrace's 30-60 cm depth had significantly lower values
than the upper layers. The legume plot's pattern was similar
to that of the pasture, with the top (0-5 cm) layer being
significantly richer in organic C than the 15-30 cm and
30-60 cm depths, and the 5-15 cm layer differing from the
lowest (30-60 cm) layer.

Soil organic C in the top 60 cm are as follows
(kg/ha) :pasture 473; new terrace 473; legume 491; 24 year

old pine 202; 14 year old pine 356; mixed row pine 458.
The data show a general trend of decreasing organic

matter with depth. Exceptions to this, the new terrace and
mixed row pine plots, can be related to the effects of
terrace construction. When the new terraces were built, the
organic C of the pasture's surface was mixed into the lower
layers. The month-old alfalfa crop would not have made an
appreciable contribution to organic matter. Mineralization
of decomposing organic matter over the dry, cool spring did
not affect organic C levels. The anomalously high organic C
in the lower depths of the mixed row pine plot may show the
after-effects of incomplete removal of the original
deciduous stand's roots, or the invasion of roots from
neighboring terraces. However, a more important effect is
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suggested by the profile description data for the mixed row
pine plantation which shows a buried A layer in the Bk
horizon located at 25-66 cm, which would be intersected by
the 15-30 and 30-60 cm sampling depths.

Organic C levels of the pasture and legume plots are
comparable. Both show highest concentrations in the surface
layer which receives high organic inputs from litter
decomposition and root turnover. For these two plots,
contributions from ground vegetation are important.
Soil organic C content in the 14 year old pine plot
appears to be declining toward that of the older pine stand,

though no statistical conclusions about this trend can yet
be drawn.

Organic C levels show the organic matter status of the
soil. Soil organic matter (SON) is the nutrient reserve for

the ecosystem. It also has critical functions in determining
soil structure, moisture holding characteristics, pH, and
cation exchange capacity. SOM is only one part of the total
system organic matter, however. The entire system includes
living biomass and litter as well. Levels of soil organic C
respond to amount of biomass C available to decoinposers and

to decomposition rates which depend on environment and on
litter quality. Net decreases in organic matter and
associated nutrients may affect productivity significantly
over successive rotations if readily available C pools
(litter and SON) aren't conserved (Aber et al. 1978).

Understanding C dynamics then involves not only
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environmental conditions and soil type, but vegetation type
and quantity as well.

Table 8 summarizes plot vegetation and litter
measurements.

Table 8. Plot litter and aboveground vegetation measurements
(standard errors in parentheses)
plot

litter

ground
vegetation
(c/m2 dry weight)

pasture
3.5
new terrace
legume
590
24 yr pine
71.9
14 yr pine
92.8
mixed row pine 17.2

(0.4)
(343)

(18.4)
(48.3)
(9.7)

crop

77.1 (14.3)
74

(27)

7.5 (5.4)
11.3 (6.7)
17.5 (11.1)

4.0 (1.0) alfalfa
1648 (699) legume
a

b
C

height 4.2 in (0.6), dbh 6.7 cm (2.0), crown width 2.6 m
(0.6), approximately 2000 trees/ha.
height 2.8 in (0.5), dbh 3.5 cm (1.0), crown width 1.7 in
(0.4), approximately 2000 trees/ha.
height 0.89 in (0.18), diameter at ground level 2.0 cm
(0.5); measurements of largst sapling in clump.

Table 9 shows total system organic matter estimates
(including root estimates) for all plots except the mixed
row pine. SON was calculated by multiplying organic C by 2,
corrected for bulk density for each layer, and summed to 60
cm (Nelson and Sommers 1982). I estimated total system
organic matter to sketch rough contrasts between C pools on
the plots which would affect cycling and reserves of
nutrients.
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Table 9. Total system organic matter estimates
Plot

Crop

pasture
-0new terrace
50
legume
19300
24 yr pine 18000
14 yr pine
6500

Ground
Litter
vegetation
kg/ha (dry weight)
960
-0950
90
140

30

-05900
720
930

SON

47420
47450
49080
20110
35870

Total

48460
47500
75030
38920
43440

Note: SOM includes contributions of fine roots < 1mm
diameter. Crop and ground vegetation values include root
estimates.

The pasture and legume plots have similar SON levels,

yet the biomass in living vegetation plus litter of the
pasture is less than 4% of the legume plot. Note that this
does not account for biomass removed from the pasture by
grazing. The neighboring legume and 24 year old pine
plantations hold similar crop biomass (the 24 year old pine

has 93% of the legume). Because of the near absence of
ground vegetation beneath the 24 year old pines, total
living vegetation biomass is only 89% that of the legume
plot. OM in detrital pools (litter plus SON) in the 24 year
old pine plot is 38% of the legume plot. The 14 year old
pine stand holds only 34% of the legume crop biomass; living
vegetation biomass is only 33% of the legume plot total. The
24 year old pine plot has over 1800% more living vegetation
biomass than the pasture plot, but only 44% of the pasture's
detrital ON. Amounts of litter, ground vegetation, and SOM
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are 22-56% lower in the 24 year old pine plantation than the
14 year old pine plantation, suggesting that lower inputs
and/or faster decomposition rates have resulted in

progressive decline of native stable SOM content represented
by the pasture plot. The legume plot has higher OM totals
than the pasture or pine plots.

To compare conditions of the Caikou plots to more
familiar situations for commercial timber plantations on
forest land, we can trace the changes in OM and associated
nutrients during the early phases of regeneration. After

timber harvest, the forest floor decreases with a drop in
wood and foliage input and increased decomposition from
higher temperature, moisture, and available nutrients
(Covington 1981). Bioinass production is very high during the

early successional stage, and nutrients from new easily
decoinposible litter cycle rapidly along with nutrients

released from the old forest floor. As the plantation grows,
closes canopy and shades out the early successional
vegetation, the forest floor again builds up as the quantity
and diameter of wood litter increases. The forest floor

becomes a sink as nutrients and OM accumulate. Slash from
the harvest acts at first to immobilize nutrients such as N,
and then later functions as a slow release mechanism for
later plantation demands. Figure 5 is adapted from a
chronosequence of poor site Pinus elliottii var. elliottii
plantations on sandy Florida soils (Gholz and Fisher 1982).
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Figure 5. Organic matter comparison between Caikou plots
and Pinus elliottii plantations in the southeastern US
(adapted from Gholz and Fisher 1982).
The Caikou sites started from a far lower OM status,

with no inherited forest floor to act as a source of
nutrients during the first years and no larger woody
material to provide nutrients at later stages. Ground
vegetation was reduced during the early decades at Caikou by
cultivation to minimize water loss. Accumulation of any
woody detritus is unlikely in the face of gleaning for local
fuel needs. Not only were original site conditions at Caikou
very different from reforestation situations, but later
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treatments further affected nutrient dynamics as the stands
developed.

Afforested terraces at Caikou also diverge from
afforestation projects planted on such highly disturbed
sites as mine spoils, fresh landslides, or mudflows where

original soil profiles have been destroyed or buried or on
sites such as sand dunes with very little soil development
(Bengston and Mays 1978, Gadgil 1971). Afforestation

projects often rely on creating an artificial plant
succession. Fertilizers, typically N or N+P, are necessary
for establishing or maintaining vegetative cover. Herbs and

grasses may be planted to stabilize erosion, and legumes are
often used to further enrich the soil. The early vegetation
contributes OM, redistributes nutrients from the lower
profile, and affects microsite conditions for tree

seedlings. Ground vegetation, the growing litter layer, and
developing tree canopy ameliorate environmental extremes at
the soil surface. Woody debris later may create miniature
sediment ponds, capturing overland flow and soil moving

downslope. Nutrient deficiencies may develop, however, from
fertilizer-stimulated tree growth which demands more
nutrients, especially N and P, than the soil can supply. At
Caikou, native OM and associated nutrients, though low,
clearly played a significant role in the successful
establishment of the new plantations. Terraces took the
place of stabilizing herbs or grasses, or a woody litter
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layer, in reducing erosion. Collection of ground vegetation
and cultivation under the pine plantations may have

prevented some of the redistribution and accumulation of
nutrients near the surface attributed to litter effects in
afforestation studies (wright 1956). Afforestation of the
most disturbed sites relies on creating OX capital and
productivity from an artificial succession based on
fertilizers. Afforestation at Caikou has affected OX in a
more complex way.

Terracing followed by the silvicultural practices
applied to the pure pine plantations has not conserved the
organic matter of the top horizons in the soil. Breaking

virgin soil is typically associated with a decline in
organic matter in the top horizons due to increased
decomposition and mineralization (Bracken and Greaves 1941,

Ensminger and Pearson 1950, McGill et al. 1981, Voroney et
al. 1981, Stevenson 1986). Dormaar and Pittman (1980) showed
C losses from the Ap horizon of western Canadian prarie soil
of 34% under continuous wheat and 53% under wheat/fallow
after 62 years. Voroney et al. (1981) also studied organic C
losses from a western Canadian prairie soil after 70 years
of grain/summer fallow rotation. Organic C had dropped 57%
in the 0-15 cm depth, 22% in the 15-40 cm depth, and 20% in
the 4 0-80 cm depth.

Several mechanisms contribute to declining organic
matter content from cropping virgin soil. McGill et al.
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(1981) state that only a little C from crop residues, which

decay quickly, is ever incorporated into stable soil organic
matter. They attribute the negative effect of cropping on
humus directly to tillage. Cultivation increases contact
between soil and surface area of organic materials.

Decomposition of soil organic matter is also stimulated by
mixing microbial populations and their substrates from
surface organic layers (Salonius 1978). Higher soil surface
temperatures and more extreme temperature and moisture
fluctuations on bared surfaces increase decomposition rates.
Bracken and Greaves (1941) compared mean summer temperatures
of virgin sage land, wheat, and clean fallow. They found
that wheat and clean fallow were 0.83°C and 3.6°C,
respectively, warmer than virgin soil. Raising temperature
affects decomposers and microbial N-transformers by
stimulating more diverse microbial populations with
different temperature optima as well as by causing higher

metabolic activities (Salonius 1978). Unprotected terrace
surfaces exposed to wetting and drying would also allow
flushes of decomposition following rewetting of dried soils
(Russell 1973). Nutrients can be mineralized from aggregates
disrupted by cultivation (Rovira and Greacen 1957). Changing
the type as well as the quantity of plant material on the
site could affect both physical and biological properties of
the soil. McGill et al. (1981) state that it is degree of
association and nature of organo-mineral complexes which
control soil physical properties, not total organic matter.
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Silvicultural practices at Caikou in some ways mimic

dryland clean fallow-crop rotation systems. Fallowed soils
have a higher net rate of organic matter turnover compared
to cropped soils (McGill et al. 1981). Combined with higher
soil moisture, other factors affecting turnover rates in
fallow include increased soil temperature, better aeration,

reduced physical protection and less N-immobilization due to
lack of plant root exudates and sloughing. Decline in
organic C correlates with years under cultivation, mean

rotation lengths, duration of fallow, decomposition rates,
and annual organic inputs. Terraces, like fallowed fields,

capture and store moisture. Terracing mixes the top
horizons, and cultivation during the early years of pine
plantations prolongs the effects on organic matter
decomposition. While temperature and moisture conditions
affecting microbial activity in the upper profile of new
terraces may be similar to those under fallowed fields, the
developing crop of trees or shrubs cycles nutrients and
contributes increasing amounts of organic matter. As the
stands mature and are disturbed less frequently, the
parallel to the cyclic agricultural system fails. General
plot factors at work are how often and how much the terraces
are disturbed, microenvirorjmental conditions near or at the

surface, and quantity and quality of organic inputs.

It seems reasonable to suggest that the legume and pine

plots lost equivalent amounts of organic matter from new,
exposed terraces. Loss under the pines continued, especially
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during the early years of the plantations when they were
cultivated and gleaned, while the the organic matter status

of the legume plot stabilized and began to improve as a
thickly-growing stand developed which protected the litter
layer and soil surface.

Voroney et al.(1981) constructed a model for the
long-term effects of fallow/crop rotations on organic matter

dynamics which incorporated the following: organic matter
levels, protected and non-protected subfractions of
decomposable and recalcitrant soil organic matter, annual
inputs of C as litter/plant residues and roots and
distribution within the profile, microbial biomass, surface

soil temperature, rainfall, and soil erosion. A similar
process-oriented model for predicting the long-term effects
of terracing and plantations on organic matter dynamics

would be useful in explaining the gap between the pure pine
plots' organic C levels and the legume's or the pasture's.
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Figure 6. Organic carbon (Walkley-Black method).
Percent by weight with 95% confidence intervals for
comparisons between plots and between depths.
Organic C measured by the Walkley-Black method (W-B C)
showed plot effects significant at the p<.05 level, and

depth and plot*depth interaction effects significant at the
p<.Ol level. W-B C in the surface (0-5 cm) layer was higher
in the pasture and legume plots than in the new terrace and
24 year old pine plots. The 14 year old pine plantation also
contained significantly less W-B C in the surface layer than
the legume plot.

Differences between depths were most marked in the
pasture and legume plots. For the pasture, the surface (0-5
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cm) layer was higher in W-B C than the three lower depths,
and the 5-15 cm and 15-30 cm depths also contained more W-B
C than the 30-60 cm depth. The legume plot's surface layer's
W-B C content was significantly higher than the lower three
layers'. The new terrace plot's 30-60 cm layer was also
significantly lower in W-B C than its top two layers. No
significant differences between depths were found in any of
the three pine plots.

Patterns in organic C content measured by the combustion

method corresponded closely to the patterns from the
Walkley-Black determinations. Mean W-B C values, however,
were 25% lower than mean values from the combustion method.
Nelson and Sommers (1982) reported that average organic C
recovery by the Walkley-Black method ranged between 75-84%.
Using the combustion method values as standards, the Caikou

Walkley-Black data fall in this range. Regressing organic C
(combustion method) on W-B C yielded the following equation
which had an adjusted r2=.65:

organic C=0.25+.95 W-B C.

The discussion of organic C above can be supported by either
of the two data sets. Only the data from the combustion

method have been used in organic matter estimates and C/N
ratios because of increased variability and evident
underestimation of true organic C in the Walkley-Black
results compared to the C values from the combustion method.
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Figure 7. Bulk density (g/cm3).
With 95% confidence intervals for comparisons between plots
and between depths.

Bulk density is significantly affected by plot, depth,
and plot*depth interactions (p<.Ol). Although t-tests show
no differences between plots, differences between depths are
distinguished in all plots except the pasture and 24 year
old pine plantation. Density tends to increase with depth.
The two lowest layers show little variation across all
plots. The surface (0-5 cm) layer is significantly looser
than all lower depths in the new terrace and legume plots,
and also looser than the two lowest depths (15-30 cm and
30-60 cm) in the mixed row pine and 14 year old pine
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plantations. The 5-15 cm layer is less dense than the lowest
two layers in the 14 year old pine plot, and less dense than
the lowest (30-60 cm) layer in the new terrace and mixed row
pine plots.

Bulk density shows the influepce of both silviculture
and vegetation. The loose top layers in the mixed row pine

and new terrace reflect recent physical disturbance by
cultivation or terrace construction which did not reach the
lowest two depths. Note that the bulk density of the surface

layer of the legume is equivalent to that of the newly
disturbed layers of the mixed row pine and new terrace. This
is due to the litter layer and high soil organic matter
content accumulated by the legume plot. The 24 year old pine

plantation has not been cultivated for over 10 years and has
little litter and the lowest surface layer organic C of all

plots. The pasture has never been cultivated, and also has
very little litter though surface organic C is high.
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comparisons between plots

Plot, depth, and plot*depth interactions are all
significant for soil pH (p<.0l). There is a sharp contrast

between the 24 year old pine plot, with the most alkaline
values, and its nighboring plot, the legume stand. They are
significantly different in both the surface (0-5 cm) layer
and the 5-15 cm layer. The pH of the lowest (30-60 cm) depth
of the 24 year old pine plot was significantly higher than
that depth in the mixed row pine plot. Differences between
depths are confined to the legume plot where the 0-5 cm and
5-15 cm layers are significantly less basic than the 30-60
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cm layer.

Patterns in pH follow organic C trends except for the
pasture plot where a lower pH in the surface layer (0-5 cm)

might be predicted from organic C contents. Regressing pH on
organic C for only the terraced plots yields the equation
pH=9.45 + (-0.35 organic C) with an adjusted r2=.59.
Including the pasture plot changes the equation to pH=9.41 +
(-0.28 organic C) with an adjusted r2=.49. This might be
due to conditions of the undisturbed native surface horizon,
litter type, levels of microbial activity, or the influence

of environmental variables such as temperature or moisture

on unterraced vs. terraced sites. If the relationship
between organic matter and decreased alkalinity were found
to hold in this region, it could prove important for
silviculture. Soil pH affects nutrient availability and

plant growth, and hence the choice of species adapted to a
particular pH range. Managing organic matter and pH could
allow wider silvicultural options.

In a study on the effect of vegetation and surface age
on soil development in a calcareous glacial till freshly
exposed by glacial retreat in southeast Alaska, Crocker and

Major (1955) documented a dramatic drop in pH due to
N-fixing alder. After occuping the site for 35-50 years,
alder decreased pH in the surface horizon from 8-8.5 to

5,

while willow or poplar decreased pH by only a half pH unit
over 30 years. The change under alder was attributed largely
to acidic litter; in the peak of alder's successional
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dominance, decomposed litter had a pH of 4.2-4.6. The forest
floor under the alder stands accumulated to 2 kg/rn2 at 20
years, and 5-6 kg/rn2 at 50 years. Such response to

vegetation change could be much slower under the legume at
Caikou. Rainfall at the Alaska site was between 1400-1500

mm/yr, or over 3 times that at Caikou, while their CaCO3
content was only 1/3 the soil CaCO3 content of the Caikou
plots. These two factors may control the slower rate of
change in the legume plot. The pH of the legume litter
should be measured for further comparison to the Alaskan
case. Nevertheless, if the same processes are responsible
for decreased pH values beneath the alder and the legume,
the drop in alkalinity, buffered by the high carbonate
content, may be expected to continue in the surface horizon
and/or to affect lower depths in the profile until a new
equilibrium is reached which reflects the legume inputs.
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Figure 9. Carbonate carbon.
Percent by weight with 95% confidence intervals for
comparisons between plots and between depths.

Plot and depth both affected carbonate C (p<.Ol), while
plot*depth interactions were less significant (p<.05). No
differences in carbonate C were detected between plots or
between depths within plots.

Original horizonation and terracing appear to be factors
controlling carbonate C. The surface layer of the pasture
has the lowest carbonate C content. It represents an eluvial
horizon probably truncated by long-term erosion. This layer
has lost CaCO3 which leached into the lower profile. The
other terraced plots have not retained signs of this feature
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because of mixing during construction. Based on profile
descriptions, horizons showing evidence of carbonate
enrichment begin at depths corresponding to the 30-60 cm
layer or below. Variations between plots may be related to
original slope, extent of erosional profile truncation, and
terrace dimensions (depth of disturbed soil or depth to
original surface), hence, position of a pit on the terrace

might also affect carbonate measurements.
Crocker and Major (1955) showed that on a calcareous

glacial till in southeast Alaska, CaCO3 content dropped
from about 5% to 0.3% under alder over 35-50 years,
associated with a pH change from >8 to

Willow and poplar

decreased CaCO3 from 7-9% to 6 and 5, respectively.

They noted that the change in values for CaCO3 lagged
behind pH changes. They suggested that small "loci" of
CaCO3 may be left by the descending acidic soil solution.

Whether similar decreases in CaCO3 may be expected on
the plantation plots depends on such factors as extent of pH
change, environmental and chemical controls on CaCO3
equilibria, and the distribution of CaCO3 in the soil
which might affect its mobility (association with organic

material or aggregates, for example). The fact that pH has
changed significantly under the legume, while the carbonate
C has not, may be evidence that the Caikou plots are in the
lag phase noted for the Alaskan study. Rainfall (3 times

more at the Alaskan site than at Caikou) may prove the
limiting factor on removal of the soluble CaCO3.
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Figure 10. Total nitrogen (Kjeldahl method)
Percent by weight with 95% confidence intervals for
comparisons between plots and between depths.

Plot, depth, and plot*depth interactions significantly
affected N levels (p<.0l). In the surface (0-15 cm)

layer,

the pasture and legume plots had significantly higher N than
did the 14 or 24 year old pine plantations. The 24 year old

pine plot had less N in the 5-15 cm depth than the pasture
or new terrace, and less N in the

15-30 cm and 30-60

cm

depths compared to the mixed row pine plot. Within the
pasture plot, all depths were different. The new terrace
showed low N values in the 3 0-60 cm layer compared to the
upper three layers. The legume plot was richer in N in its
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surface 5 cm than in the lower depths. No differences
between depths were distinguished for the 3 pine plots.

Nitrogen content parallels organic C content very
closely. N regressed on organic C gives the following
equation with an adjusted r2=.79: N=0.0053 + (0.1003

organic C). This indicates that the N measured is largely
bound in the organic fraction. The legume plantation is
maintaining considerable N in its soil while sustaining a
large volume of high-N biomass. The soil N capital of the 24

year old pine plantation has decreased along with soil
organic C following terracing and cultivation. The 14 year

old pine plot appears to be following this trend as well.
The high values for the new terrace may reflect N from
decomposing tops and roots of plants incorporated during
terrace construction.

To compare the N cycles between plots, we first need to
explore the system used as a standard. The pasture itself
does not represent the natural condition of the grassland.

At one time it must have sustained a vegetation cover which
could protect topsoil from major erosion. Assuming the
ecosystem approached equilibrium following the last ice age,
the nutrient cycle would have balanced losses of N to the
air, to groundwater, or to erosion by atmospheric deposition
(6-9 kg/ha/yr) and N-fixation (<0.5 kg/ha) (estimate based
on data from sites with similar climate and vegetation, 3

west US grasslands with 30-48 cm precipitation/yr
(Woodmansee 1979)). Since then, the site has had a long but
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larely unknown history of human use. Such use decreased the

vegetation cover and led to more erosion and the loss of
N-rich surface material.

How could the introduction of sheep affect the N cycle
at Caikou? Removal as animal produce would be fairly low.
Floate (1981) estimates that sheep would remove <0.25 kg/ha
under semi-arid rangeland or cold hill land conditions. Less
than a quarter of N ingested is kept by the animals; most of
the N is returned as excrement. The N mineralized from urine

and feces can feed into the plant-available N pool and may
recycle several times a year. The net effect of grazing on
soil-N appears to be site-specific. Plants may respond to
grazing by increasing N uptake during recovery, and retain

more newly mineralized N. However, N added to the mobile
pool also can be lost. Floate (1981) asserts that
significant N losses from high volatilization of NH3 from
excreta on dry soil could have serious consequences. He
further notes that the process is greatest from dry
calcareous soils.

Schimel et al. (1986) investigated the role of cattle
grazing on the volatile loss of N from a semiarid Colorado
shortgrass steppe. For pasture on undisturbed prairie soils
(pH 6.5) with light to moderate stocking of cattle, N

removed in animal biomass was 0.9 kg/ha/yr, corrected for
additions in supplemental feed of 0.15 kg/ha/yr. Soil and
season strongly affected NH3 losses from experimentally
applied urine. They suggested that variation was due to
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water-loss rates, CEC, rate of uptake, water dynamics, and

depth of penetration. Allowing for varying soil and
vegetation patterns within their pasture, they calculated an
annual N loss of 0.1-0.8 kg/ha from NH3 volatilization
from excreta, but a greater loss of 2 kg/ha/yr from NH3

volatilized from senescing vegetation. N losses from erosion
were not included. They concluded that under the prevailing
N loss regime, the N in their system was in steady state.

A similar balance sheet for Caikou would also show N
loss due to animal biomass removal of <0.5 kg, and a loss of
2 kg/ha/yr from NH3 volatilized from senescing plants
(using Schimel et al. (1986) N estimates and calculations).

The Caikou site could have much larger debits than the
Colorado shortgrass steppe site. Steep slopes allow runoff
and topsoil loss caused by animal disturbance and browsed

vegetation cover. Dry calcareous soil allows higher volatile
losses from excreta. The effect of these factors on the N
status of the pasture, and on the region's pastures, bears
investigation. For the case study, the ideal would be to
sample the pasture and plots before plantation, and to
regard the pasture as a grazing treatment. However, in the
absence of information that land use has changed much over
the 26 years of simulated chronosequence, and until there
are data which suggest that the pasture has lost significant
amounts of N over the 26 years, there seems no alternative
but to assume that the pasture is an adequate experimental
control.
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To sketch the current N status of the pure plantations
and control plots, soil N (kg/ha to 60 cm depth) and N
contents based on biomass estimates are combined in Table
10.

Table 10. Estimated plot N contents (kg/ha)
Plot

Soil

Crop

(60 cm)

Pasture
Legume
New terrace
24 yr pine
14 yr pine

5400
5000
6200
2100
3200

Ground
vegetation

220

10
10

Litter

Total
(rounded)

1

120

1

100
40

10
1

15
20

5400
5400
6200
2200
3300

According to this estimate, the pasture and legume plot
have almost the same N content. The 14 year old pine
plantation holds about 60% of that N content. The 24 year
old pine holds only 40%. It appears that significant N loss
during the early years of the pure pine plantations
continues into the second decade.

Using the pasture plot value as a base line, there is no
evidence of net N gain in the legume plot, despite probable
inputs of at least 1250 kg/ha from N-fixation, assuming an

average rate of 50 kg/ha/yr. This implies substantial hidden
N loss from the legume plot as well. Much of this loss may
have occurred in the early stages of the plantation from
effects of terrace construction, and while the N-fixing
capacity of the maturing Caragana stand increased. The
convergence of the pasture and legume plots' N contents does
not mean that the two plots are at an equilibrium level.
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Future measurements of the legume plot could show that it is
currently accreting N.

Losses of N from the nutrient cycle can be related to
factors which decrease inputs or affect retention of
mineralized N. On the pine plots, thinning, pruning, hoeing,
and gleaning for fuel or fodder could lower organic-N
inputs, and so soil N-levels (Rasmussen et al. 1980).
Harvest of the Caraqana shrubs in 1970 could have removed

over 100 kg/ha of N from the plot. Removal of the legume
overstory would also expose the litter layer and surface
soil to faster decomposition and N mineralization. Release
of readily available N from cutting a legume crop may
stimulate regrowth and resumption of N-fixation (Sprent
1985). The net result of harvesting Caragana on these soils
is worth evaluating, particularly because of its widespread
use in this region.

The amount of biomass N removed from the plots is rather
modest compared to the suspected losses. For the pines,
100-200% of the N in current bioivass and litter would have

to be removed every year to approximate the difference
between the N of the pasture site and pine plantations.
Decreased inputs alone cannot account for the drop in N
capital.

Agricultural research comparing cropped and virgin soils
provide data on N loss after cultivation which parallel the
Caikou results (Jenny 1933, Ensminger and Pearson 1950,
Campbell et al. 1975, McGill et al. 1981). There is
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generally a gradual decline, fastest in the first few years,
but averaging a drop of 1% in N for every year of
cultivation in wheat-growing regions (Ensminger and Pearson
1950, Campbell et al. 1975). Higher losses occur from soils
originally richer in N. The decline continues until a lower
equilibrium N level reflecting net N input under the new
conditions is reached (Rasmussen et al. 1980). For the

mid-West of the US, Jenny (1933) found a drop of 25% during
the first 20 years, 10% over the second 20 years, and 7%
over the third 20 years. Rotations including legumes
generally conserve N and, in some cases, may increase N

levels (Ensminger and Pearson 1950). For systems without

N-fixers or N-amendments, however, most of the N lost by
cropping is not accounted for by crop removal.
Bracken and Greaves (1941), working on semi-arid
dry-farm soils (33 cm and 41 cm precipitation) in Utah under
wheat-fallow rotations reported the top 90 cm of cropped
soil were 11-16% lower in N than comparable virgin soils.
Crop removal accounted for 1300-2900 kg N/ha, only one third
of the N lost over 20-60 years of farming. The remainder was

attributed to effects of increased decomposition from
surface horizons containing most of the organic matter, or
to erosion. They concluded that, in the absence of
significant erosion or leaching, increased biological and
chemical activity due to greater soil moisture content and
higher soil temperatures during fallow could account for N
and organic matter losses from Utah dry-farm soils. McGill
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et al.(1981) quote Rennie et al. (1976) in estimating that N
loss from the Canadian prairie under crop/fallow could be
assigned to leaching (25%), crop removal (30%), and

denitrification and erosion (45%). Campbell et al.(1975)
studied losses of organic N from semiarid Canadian prairie
soils. They considered crop removal as well as formation and
movement of NO3 as a result of N mineralization. Their
data in Table 11 supports the estimate of N loss from the
Caikou pine plots, though their soils had a higher initial N
reserve and greater total losses.

Table 11. Organic N losses under wheat fallow rotation from
western Canadian prairie soils
(from Campbell et al. 1975).
14 years
35 years
Top 30 cm
2670 kg/ha (30% loss)
4000 kg/ha (45% loss)
% N removed in grain
10%
16%
NO3-N (remaining in top 2.5 m (14 yr), top 5 m (35 yr) as
% lost from top 30 cm)
18%
5%
% N unaccounted for and assumed lost by denitrification and
leaching
72%
79%

I have argued above that effects of a crop/fallow system
on organic matter are mimicked by terracing and
silviculturaj. techniques at Caikou. Factors accelerating

decomposition affect cycling of N. As organic matter is
decomposed, ammonification (production of NH4+ from
organic N) releases NH4+. Raising the concentration of
NH4+ in solution allows more nitrification (biochemical
oxidation of NH1

to the leachable anion, NO3) or
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NH3 volatilization. Production of NO3

may be followed

by losses due to denitrificatjon (reduction to other gaseous
forms of N). Freeze/thaw cycles, such as diurnal

fluctuations in spring, have been shown to increase
nitrificatjon rates (Focht and Verstraete 1977). Fenn and
Kissel (1974) have shown enhanced ammonia volatilization
with higher temperatures.

Severity, length, and frequency

of wetting and drying cycles affect the availability of
NH4+ to nitrifiers and organic substrate
to denitrifiers
(Focht and Verstraete 1977). It is possible that climate and

alkaline calcareous soil at Caikou create conditions

particularly favorable to some of the processes causing
losses of mineralized N.

My hypothesis is that ammonia volatilization plays an
unusually important role in removing soil N at Caikou. Many
studies have linked calcareous soils to higher ammonia
losses from NH4+ fertilization (Harmsen and Kolenbrander
1965, Nelson 1982) or from animal excreta (Floate 1981). The
correlation seems due both to alkaline pH and presence of
CaCO3. Alkalinity affects ammonia volatilization because
NH3/NH4+ has a PKa=9.4. At pH 7, about 1% is
free
ammonia; at pH 8 only 10%; at pH 9 50% (Freney et al. 1981).
Soil factors affecting the NH3/NH4
include pH, buffering capacity,

equilibrium

CaCO3 concentration,

formation of insoluble precipitates, CEC, texture, fixation
by clays or organic matter, temperature, and water loss
(Freney et al. 1981).
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The CaCO3 in alkaline soil plays multiple roles in
NH3 volatilization. As a buffer, it can increase NH3
losses by protecting the high soil pH against the H
produced from deprotonated NH4+ (Avnimelech and Laher
1977). CaCO3 also can react to form insoluble Ca compounds
with the anions from ammonium salts, allowing NH4+ to
form unstable intermediates (Fenn and Kissel 1973). With the
decomposition of intermediate products (NH4)2CO3

(Fenn

and Kissell 1973) or NH4HCO3 (Feagley and Hossner 1978)
from fertilizer or organic matter decomposition, NH3 and

CO2 are evolved. Rates of NH3 evolution from surface
ammonium fertilizer applications corresponded to increasing
CaCO3 levels up to 9.7% soil CaCO3 (Fenn and Kissel
1975).

Volatilization of free NH3 is controlled by the
concentration of NH4+ in solution and the partial

pressure of NH3 in the atmosphere (Avnimelich and Laher
1977). Higher temperatures increase volatilization rates due
to 1) an increase in equilibrium constant; 2) lower
solubility of NH3; and 3) faster diffusion of ammonia from
soil (Freney et al. 1981, Nelson 1982). Cultivation can
increase NH3 diffusion by. increasing aeration of surface

soil. Air movement over the soil lowers the partial pressure
near the surface and increases diffusion (Chao and Kroontje
1964). Air movement or increased temperature can increase
evaporation and ammonia evolution from drying. Water loss
would raise NH3 volatilization by increasing the
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concentration in solution and by increasing transport of
NH3 to the surface layer as the soil solution moves
upward. Faster diffusion through liquid or vapor phases
would also follow the concentration gradient near the
surface. NH3 loss largely stops when water loss stops.
Drying also favors NH3 volatilization by preventing
nitrificatjon (Nelson 1982). However, a dry surface layer

can slow NH3 loss by retarding evaporation and by sorbing

NH3 and water vapor diffusing from moister zones below
(Fenn and Kissell 1976). Contrary effects are suggested by

Hargrove et al.(1977), who found that following NH4
fertilizer application increased NH3 volatilization was
related to increased relative humidity. They concluded that
humidity 1) allowed the fertilizer to dissolve; 2) was
required for the reaction between the CaCO3 and NH4+
salt, as well as the decomposition of the reaction product;
and 3) displaced sorbed NH3 with water vapor.
High CEC, organic matter content, and clay content
retard NH3 volatilization because of their control of
sorption and reaction sites as well as air and moisture
properties. However, Woodmansee (1979) states that more
organic matter at the surface may improve soil moisture
relationships, favoring urease activity and loss of NH3.
Plot differences in pH, mineralizable N, soil organic
matter, surface crusting, air movement, and temperature and
water regimes can be expected to determine levels of N loss
from NH3 volatilization.

83

How important are nitrification, leaching, and
denitrification to the N cycle on the Caikou plots? For
natural grassland ecosystems, Woodmansee (1979) considers N
loss from leaching to be trivial or non-existent, and
further states that denitrification has not been shown to be
important in semiarid or subhuinid zones. The dry climate

limits the major loss mechanisms. Soils are rarely saturated
long enough to permit soil solution movement below the
rooting zone. Anaerobic conditions necessary for

denitrificatjon are uncommon. Grassland soils generally have
a higher proportion of N as NH4+ than a

NO3,

compared to cropped or fallowed grassland soils (Clark and
Paul 1970, Campbell et al. 1975, Russell 1973). Low
nitrification rates may be related to low populations of

nitrifying organisms or to the inhibition of NH
oxidation by grass root exudates (Clark and Paul 1970,

Russell 1973). Thus, in natural grassland ecosystems, little

NO3-N is available for loss.
Once broken, however, grassland soils show increased

nitrification from decomposition of soil organic matter and
change of vegetation (Russell 1973, Campbell et al. 1975).

Cropped soils have less NO3-N than fallow because of
uptake by the crop and by rhizosphere organisms. Russell
(1973) gives the following conditions for accumulation of

NO3-N in fallowed soils: 1) decomposable soil organic
matter; 2) absence of weeds; 3) not too much rain; and 4)
moisture or wet/dry cycles. Surface layers of fallowed soils
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may have high NO3

levels due to nitrification when

moist or to upward movement from the subsoil during dry
season evaporation. Fallowed soils may also accumulate
NO3

lower in the profile or over a more compact

subsurface layer when soil solution movement is restricted.
Campbell et al. (1975) suggest that for semiarid prairie
conditions, NO3

in solution would move downward during

fallow periods coinciding with high precipitation. During
cropped years, little NO3

would move below the root

zone. Terraces may capture and store enough water to permit
redistribution of NO3

in the profile or to allow

leaching losses in years of higher than average rainfall.
Uptake by vegetation or rhizosphere organisms could also
contribute to plot differences among terraced plantations.
Both nitrification and denitrification are favored by
slightly alkaline conditions (Focht and Verstraete 1977).
However, for soils with low CEC and high pH, NH3
concentrations may reach levels toxic to Nitrobacter which
oxidize NO2

to NO3, so NO2

may accumulate

temporarily. With high NH4+ concentrations above pH 8,

NH4-oxidizers may be less sensitive to alkalinity than
to high NO2

levels (Russell 1973). Nelson (1982)

concludes that "chernodenitrifjcatjon", gaseous loss of N

(N2, N20, NO) from NO2

reactions during

nitrificatjon or denitrjfjcatjon, is not important for
alkaline or cai.careous soils which accumulate NO2.

Under these conditions NO2

is relatively unreactive.
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Whether episodes of NO2

accumulation occur at Caikou

bears investigation. Dry periods favoring high NH3
concentrations would inhibit nitrificatjon. Whether NH3 or
NO2

could reach levels inhibitory to nitrifiers is

another point, considering the low organic-N content of the
soils at Caikou.

Table 12. Inorganic N data from Gao and Wang (1979) for a
pure Caragana and a mixed Caragana-Arborvitae plantation at
Caikou Forest Experiment Station
Plantation type

depth
(cm)

NO3-N

(m)

NH4+_N
(ppm)

Caragana
0-17
17-40
40-70

7.5

0-20
20-50
50-70

10.5
13.5

9
9

12
9
6

Mixed Caragana
+ Arborvitae
12

15
9
6

Gao and Wang (1979) measured NO3-N and NH4+_N in
the top 70 cm of a Caragana and a mixed Caragana-Arborvitae

plantations (both >10 years old) at Caikou. Their data
(Table 12) show evidence of appreciable nitrification,

though no data from a control were given for comparison.
NO3

values were higher than for natural North American

grasslands (Campbell et al. 1975). NO3-N was equal or
greater than NH4+_N at 20-70 cm, indicating some
movement of NO3

down the profile. These April data may
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be high because of NO3

buildup over the winter. The pH

given for these soils was 7.6, lower by a pH vlaue than for
other Caikou profiles published in their paper. My results
suggest that these pH values may be low due to organic

matter dynamics under the Caragana. The legume might
influence NO3

levels by affecting the pH as well as

contributing new N to the site. Nitrate levels of this

magnittude would not result in major N losses. Some losses
might be possible, however, if levels rose greatly during
the summer rains when leaching or denitrification would be
more likely. Seasonal measurements are necessary to evaluate
this potential. Nitrate contents and loss rates in the first
decade of these terraces could have been substantially
higher than current levels (Campbell et al. 1975).

Plot factors which would affect NO3-N loss include:
pH, CEC, mineralizable N, amount and type of vegetation,
depth of root zone, soil moisture and temperature, aeration,
and infiltration rates.

Denitrification is probably a minor process in the N
cycle at Caikou, limited by the dry climate and low soil
organic matter. It is associated with anaerobic conditions
which restrict oxygen available to the facultatively
anaerobic denitrifjers. Denitrification generally becomes
insignificant in soils below field capacity (Focht and
Verstraete 1977), as Caikou soils typically are. However, it
is the existence of anaerobic microsites, not average oxygen

concentration in the soil, which determines the potential
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for denitrjfjcatjon. Even in well-aerated soils,
denitrjficatjon will occur when conditions (temperature,

moisture, C source) permit soil respiration to exceed the
oxygen diffusion rate (Focht and Verstraete 1977). Such
conditions could occur on a small scale in aggregates which
physically restrict oxygen diffusion, or in pockets of
decomposition or in the rhizosphere where biological
competition may deplete oxygen locally. On a larger scale,
denitrifictjon may occur under grasslands after big rains

where rooty surface layers experience high oxygen demand
(Woodinansee 1979). Under arid or semi-arid conditions,

denitrjfjcation is limited to near the surface where organic
C is concentrated. Campbell et al.(1975) attribute most of

the N loss from cultivating prairie soils to denitrification
of NO3

which had been recycled from the subsoil into

the rooting zone by the soil solution moving upward due to
evaporation and temperature gradients or to freezing near
the surface.

Some factors which could contribute to plot differences
in denitrifjcatjon rates include: content and distribution
of NO3

and mineralizable organic C, abundance and

activity of roots, frequency and depth of saturation, and
aggregation.

Terraces minimize losses from surface erosion and/or
runoff. Therefore annual net N removals by erosion are most
likely on the pasture plot only, though some N-rich material
may have been lost during terrace construction. Erosion and
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runoff may affect N distribution within the terraces by
washing N from the upper outside edge or steep terrace sides
to the lowest inside area. Localized concentrations could
influence root distribution and microbial activity important

to the N cycle. Sampling terrace cross-sections might show
if nutrient redistribution could be biologically
significant. If so, terrace dimensions and form could
contribute to plot effects, as would canopy cover, litter
layer, infiltration capacity, and aggregate stability.

Figure 11. Hypothesized course of organic N for 24 year old
pine plot and legume plot since terracing and plantation
establishment.
Figure 1]. illustrates the following speculative scenario

for the contrast between pine and legume plots. Assuming
equal organic N contents before terracing, the plots show
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similar immediate post-construction losses from
mineralization of organic matter and minimal uptake.
Nitrifjcatjon rates increase over those under pasture, and
NH3 volatilization rises. On the pine terraces,
cultivation and weeding continue disturbance and exposure of

the surface while limiting uptake and retention of
mineralized N. On the legume plot, seeding ends surface
disturbance, and the young crop begins to protect the
surface and increase uptake. During the initial flush of

decomposition and mineralization, then, the legume plot is
likely to lose less N because of faster vegetation recovery,
while loss rates due to physical disturbance and exposure
last longer under the pine.
As the legume becomes established, a dense stand and a

litter layer develop. They protect the surface, damp
temperature and moisture fluctuations, and slow drying air

movement. N-fixation begins to contribute readily available
N to the legume, ground vegetation, and microbial

population. Uptake and recycling slows volatilization or
leaching loss due to biological competition for mineralized
N. The slower growing pine delays canopy cover and litter
development, leaving the surface exposed to higher
temperature and more extreme temperature and moisture
changes. The very open stand allows more air movement. Pine
roots tend to be more ligniferous and lower in the profile
than the roots of the legume plot. Lower biomass, less
turnover, and slower cycling allow loss of N capital to
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continue. A nitrate front formed during the first period may
move down the profile or become homogenized by bidirectional
soil water movement. The shape of the nitrate bulge in the
two plots may be different, reflecting both nitrification of

newly-fixed N and higher uptake under the legume compared to
the pine, where nitrification rates would drop after the
first flush of decomposition of soil organic matter.
As the legume stand matures, soil organic matter is
rebuilt, raising CEC and decreasing pH. The lower pH affects

the NH4/NH3 equilibrium, dropping the concentration
of NH3 and decreasing volatilization. Surface conditions

under the dense stand and litter layer also discourage
volatilization loss. As loss rates drop, N-fixation allows
the soil to begin accreting new N capital in readily
available forms. Harvest releases a pulse of N:

some is

lost; some moves into the lower horizons as NO3; some
is used for regrowth of the stand and resumption of its
N-fixing capacity. The pine plot has developed a negative
feedback cycle where lower organic matter lowers CEC and
raises pH, creating conditions which favor volatilization
and further depletion of soil N. Increasing proportions of N
remaining are in recalcitrant or physically protected
fractions, unavailable for mineralization or plant growth. N
loss rates decline under the pine.

The scenario is built on hypotheses about how terracing,
silvicultural treatment, and microclimate changes under
developing stands affect rates of N transformation
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(ammonification, nitrification, denitrification,

volatilization, and fixation). Experiments are necessary to
test the hypotheses in order to make a model for nutrient
management of afforested terraces.
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Figure 12. Total phosphorus (Kjeldahl method).
Percent by weight with 95% confidence intervals for
comparisons between plots and between depths.

Phosphorus levels were affected by both plot and depth
(p<.O1) but plot*depth interaction was not a significant
factor. However, neither plot comparisons nor comparisons
between depths within plots showed significant differences.
In comparing the means, P appears to be slightly higher
in the pasture and new terrace than in the plantations. This
difference, though not significant, may be considered the
product of several factors.

Organic P is highest in the

surface horizons, and like organic C and N, declines due to
decomposition and

mineralization

when the soil is first
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cultivated (Dalal 1977, Thompson et al. 1954). Organic P
follows organic C in the profile (Fuller and McGeorge 1951,

Pearson and Simonson 1939, Uriyo and Kessela 1975). Although
C/P ratios are more variable than C/N ratios (Stevenson
1986), it can be expected that for the pure pine stands,
organic P has decreased along with organic C and N. The
difference in P between the controls and plantations may be
from transfer of P from mineralized organic P and

solubilized apatite to biomass. Calcium and magnesium
phosphates show increased solubility associated with
respiration or decomposition and the release of CO2 to
form carbonic acid. Within the rhizosphere, higher microbial
activity produces more chelating agents which act on the

apatite: (CaX2.3Ca(PO4)2 + chelate > soluble PO42
+ Ca-chelate complex (Stevenson 1986). Organic acids which
free phosphates from insoluble forms are produced by roots,
soil microbes, and mycorrhizae (Stevenson 1986).
Phosphatases release inorganic phosphates from organic

matter (Dalal 1977). As the vegetation draws on inorganic P
from solution and from the labile P pool over the growing
season, apatite is solubilized. In a high pH, low organic

matter soil such as Caikou's, P levels may depend on
variables affecting solubility of calcium phosphate: pH,
Ca++ concentrations, and conditions favoring microbial

activity which produce the organic acids and chelators
actively increasing P availability. Plot factors which
affect these conditions, such as litter quantity and
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quality, water relations, etc., might make plot factors
significant for P levels as the stands develop.
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Figures 13a and b. Magnesium and potassium
Percent by weight with 95% confidence intervals for
comparisons between plots and between depths.

The cations, Ca++, Mg, and K+, showed no
significant effects from plot, depth, or plot*depth
interactions.

Mg

and K+ values were fairly uniform across plots

and depths. For Mg, the lowest average value, 0.73%, was
in the 5-15 cm layer of the legume plot. The highest average

value, 1.31%, was in the 5-15 cm layer of the 14 year old
pine plot. The overall average, weighted by depth, was
1.03%. K+ showed the lowest average value, 0.15%, in the
30-60 cm layer of the mixed row pine lot. The highest
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average value, 0.27%, occured in the 5-15 cm layer of the 24
year old pine plot and the 15-30 cm layer of the legume. The
overall weighted average for K+ was 0.20%.
For the Mg++ and K+ data, n=1l6 after four outliers

(Table 13) were discarded in both cases. Eliminating the

outliers had no effect on the outcome of the statistical
analyses.

and K* analyses

Table 13. Discarded values for Mg
Plot

Pit

D
D
E
E
F

4
4
4
5
5

Death

K

0-5 cm
30-60 cm
0-5 cm
0-5 cm
15-30 cm

Mg

1.78
1.50
1.60
1.70

7.6
6.0
6.8
11.2

10

0-5

cm

5-15 cm

30-90 cm

I
3

,\

h

U
C.)

#

4.
..0

'4.4

'4q*
'40
'4.0'
2-

'i'j'
'4.1k

'4.0
'4.0k

'4.0'
'4Pk

:
:'

'44l
,0k
'4.#

'4.Ø

'4.1

'4'/

'4.0k
'4.0k
'4.0k
'4.1k
'4.0k

Pcsvc T.rv..

'4.

.#

'4.,

'4.1
'4.

'41\

tl.,

'4.,

'4ói

'4.$
'4.4k

'4qk
'4.0'
'4#
'4.0k
'4#k
'4.0;
'4.0k

Mxsd

'4#"
'4qk

'4.0
'4'Ø'

'4.#'

'i.#'
'4.0'

'410'

'4.#
'4.0k
'4.0k

'4I#k

'4'lk
'4q

(p4ot)

95%

(d.pth)

'4

'41
'4.4'

'4'$
'4.0k
'4'I

'4.#

'4.Ø

95%

'4.4'
'4'

'4Ø'

'isO'
'4#k

'4.0k
'4.0k
'4.0k

'4#k

14 Pu,s 24 Pfr. Laqums 95%

Figure l3c. Calcium.
Percent by weight with 95% confidence intervals for
comparisons between plots and between depths.

Ca

values were much more variable, ranging from the

lowest average value of 2.97% in the 30-60 cm layer of the
mixed row pine plot to the highest average value of 8.14% in
the surface layer of the 24 year old pine plantation. The
overall average,.weighted by depth, was 5.21%. The high
Ca

levels reflect the calcareous parent material and

arid climate. It may be noted that while carbonate C showed
significant plot, depth, and plot*depth interaction effects,
Ca++ did not. Ca

in this system plays an important

part in several pools. Certainly, the largest portion of
total Ca

is found in calcium carbonate. However,

solution equilibria also involve the phosphate-bound Ca
in apatite and the Ca

which saturates the exchange

complex under these conditions. Some Ca

is also a

constituent of biomass and organic matter. The variability
in the Ca
these pools.

values may be the product of the balances in
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Figure 14. C/N ratios.
With 95% confidence intervals for comparisons between plots
and between depths.

The C:N ratio (C/N) is not affected by plot or depth,

though plot*depth interaction effects are significant
(p<.05). No comparisons between plots or between depths

within a plot showed significant differences. The plot*depth
interaction effect indicates only that the pattern of values
in C/N varied considerably among the plots.

The lowest average value, 6.5, was in the 30-60 cm layer
in the new terrace plot. The highest average value, 13.2,
was in the 5-15 cm layer of the legume plot. The overall
average, weighted by depth, was 9.2.
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Much of the variability in the C/N values could result
from calculations based on very low N and organic C
contents. Experimental error could mask real trends.

However, the overall average 9.2 is near the 10-12 range
identified as typical of soils (Stevenson 1986).
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MANAGEMENT IMPLICATIONS

For Caikou's projects to have long-term success,
af forested terraces must conserve not only soil and water,

but also organic matter and nitrogen. Data from this case
study suggest that terracing there has had negative
side-effects on soil fertility. These side-effects, once

recognized, can be managed by choosing site treatments and
species that minimize initial nutrient losses and maximize
inputs.

Caikou is basically a water-limited site. Site

preparation and stand tending techniques must be chosen to
capture and store as much water as possible. Experiments
comparing effects of different terrace or planting-pit
designs, as well as cultivation schemes, on nutrient loss

should be considered to optimize both water and nutrient
conservation.

Although N levels on the pine plots have decreased, pine
growth could be limited simply by such factors as water
stress or high pH. Comparing experimentally acidified plots

with control plots would clarify the effect of pH on
nutrient dynamics and growth. But if N has in fact become a
limiting factor, pines should respond to N-fertilization.
Some symptoms of nutrient stress which could be monitored
include a shift of C allocation in favor of roots, decreased
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foliage or stem growth, less new wood per unit leaf area,
and impaired disease and pest resistance (Waring 1987).
Post-fertilization changes in pine growth and indices of

nutrient status involving foliar N-content could indicate
how much N would have to be added to realize full potential

growth and stand vigor (Miller et al. 1979). Organic matter
may be a key factor in N nutrition because of its effects on
such soil properties as pH, CEC, aeration, and soil

moisture. Paired trials of N-fertilizer and high N-OM
amendments, including C. microphylla litter, could test
interactions between organic matter and N effects.
Planting N-fixing species is probably the most feasible

way to add back N lost during terracing and early stand
development. More than just replacement is needed. In
addition, "slow release" of N to keep up with nutrient
demand over the life of the stand is necessary. The 25 year
old Caragana stand appears to be able to maintain
pre-plantation levels of N while supplying the needs of the
vegetation. Using that as a model, one alternative is to

plant only multi-purpose N-fixing species which contribute
organic matter and N while lowering bulk density and pH.
Suitable N-fixing shrubs which have been successful in the
semi-arid bess area include legumes (Caragana inicrophylla,
Caragana korshinskjj, Amorpha fruticosa, Lespedeza bicolor)
and a member of the eleagenaceae (Hippohae rhainnoides)
(Chen 1983). However, this alternative does not answer local

needs for products from non-N-fixing trees, until an
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N-fixing tree species proves tolerant of Caikou's conditions
in screening trials. Interplanting or rotating the two crop
types could resolve this problem.

To establish how much fixed-N is needed to make a
rotation or mixed plantation self-sufficient in N, the N in
various biomass components (N-fixer, tree crop, ground

vegetation, and soil flora and fauna) should be added to
losses of mineralized N projected over the life of the
stand. Rotation length or density of interplanted species
could be determined on the basis of experiments to measure
a) N accretion and b) timing and extent of N loss after

mineralization to judge the amount of N required from the
N-fixer. Periodic pruning and harvest of the N-fixer
decreases competition while supplying fuel, fodder, or green

manure for local use. Pruning and harvest also release N
which would be available to the companion crop trees (Sprent
1985). With a model for N dynamics and stand development, it

might be possible to schedule harvest of the N-fixer to
meter out pulses of available N to match peak N demand.
Mixed plantations can be managed to exploit

complementary effects while controlling competition for
light, water, and nutrients. Interspecific relationships
shift as stands develop, so crop growth and N accretion
would need long-term evaluation. If N is limiting, most
benefit should accrue along edges where rooting zones are in
contact since that is where N is produced and transferred.
Yunnan Linxueyuan Linyexi (1978) documented

.

tabulaeformis
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roots invading the rooting zone of an interplanted
leguminous shrub (kxnorpha fruticosa L.). Interplanting

methods include block, row, or within-terrace mixtures. The

block method allows the least interspecific interactions
(along edges only), but the most intraspecific competition.

Row mixtures are intermediate, allowing easy root invasion
between terraces but more interspecific competition.
Interspecific competition is most intense for within-terrace

mixtures, but this method permits maximum rooting zone
contact. For within-terrace mixtures, the N-fixer could also

be used to prevent N loss under crop trees by cycling excess
mineralized N and by protecting the soil surface.
Young plantations of

.

tabulaeformis mixed with

N-fixing shrubs have shown increased growth. Yunnan
Linxueyuan Linyexi (1978) measured a 13 year old stand of

.

tabulaeformis planted with Amorpha fruticosa which gained
28% in height and dbh over a similar plantation of pure pine
in a trial near Beijing. Chen (1983) quoted a 9% gain for 9
year old P. tabulaeformis planted with Hippophae rhamnoides
in a study from Dingxi District where Caikou is located.

Soil organic matter and N data could provide more complete
comparisons among interplanting methods and might result in
higher or more sustained gains.

Success of rotating N-fixing and tree crops would depend
on the capacity of Caikou soils to store N. Data from this
case study suggest this capacity may be inadequate. The
N-fixer would be planted first to replace N lost in the
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initial flush of mineralized organic matter after terrace

construction. How long the N-fixer would have to occupy the
site would depend on how much accreted N a pure tree stand

would use or allow to be lost. The disturbance from harvest
and replanting should have less impact on soil nutrients

than original terrace construction. (It should be noted
that, since all operations use only hand labor, disturbance

on the Caikou sites, and in the Yellow River bess plateau
area generally, will be less severe than on sites where
machinery is used for silvicultural purposes.) In addition,

there is a possibility that the N left by the N-fixer would
be in different forms or distributed differently than under
pasture. Even though the total soil N might be similar, the
trees might be able to use more of it. There would still be
a danger of significant N loss if pure tree plantations
could not recapture significant amounts of mineralized
nutrients. Later N-fixer rotations on older terraces might
not need to last as long (or be interplanted as thickly)
since it would not be necessary to replace construction loss

again. Trees would also benefit from lower pH and bulk
density following occupation of the site by the N-fixer.
However, if the pure tree stands lowered organic matter and
N and raised pH to the same extent as did the pines in this
case study the N-fixer might grow more slowly in the second
rotation.

Strategies for retaining or exploiting excess
mineralized N during the tree rotation might include
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planting legume cover or fodder crops, soil moisture
conditions permitting (Campbell et al. 1975).
Af forested terraces can meet both regional priorities

for soil and water conservation and local goals for
supplying a range of products. Long-term benefit of projects

at Caikou depends on building a healthy ecosystem which
itself conserves soil, water, and nutrients. With basic data
collected on N and organic matter levels and the growth
associated with different species and techniques, land

managers can make long-range plans to enhance production and
site fertility.
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APPENDIX B: CARAGANA MICROPHYLLA: GENEPAL DESCRIPTION

Caragana microphylla (Pall.) Lain, is a xerophilous

leguminous shrub of the arid grassland zone (Zhongguo Shumu
Zhibian Weihui Zhubian 1983). Its range extends westward
from Jilin through Liaoning, Shandong, Hebei, Shanxi, Inner

Mongolia, Shaanxi, Gansu, and Qinghai to Xinjiang, with the
center of the range being in northern Shaanxi. The shrub is
found on a variety of parent materials and geomorphic sites

in north China, including the rolling bess region,
sand-covered bess, exposed positions on conglomerate,
granite, and limestone mountains, river terraces, or
colluvium of loose sand or pebbles. A high water table or
excessive soil moisture can also retard growth, while
standing water can cause mortality. In sand stabilization

projects, the shrub can follow plantings of Artemesia spp.
This species is a versatile shrub widely planted in
north China's afforestation projects. It is drought
resistant, tolerant of cold and heat, and grows well on
infertile sites and calcareous soils. Other characteristics
which are valuable for soil and water conservation and sand
stabilization include a well-developed root system, good
growth rate and vigorous resprouting.

.

microphvlla also

fixes N, a significant contribution to infertile, degraded,
or eroded sites. The legume is a high quality fodder, fuel,
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and green manure. Sideline industries from oil, fiber, etc.,

can provide significant cash income. It can be interplanted
with crops or trees. Adaptability and variety of uses have
recommended it for agroforestry, community

forestry, and

afforestation projects.

The deciduous shrub grows thickly to a height of 1 to 3

m. The ridged shoots are light gray, turning green and then
a yellow gray as they become woody. The stipule hardens and
turns thorn-like. Branches bear pinnately-compound leaves of
5-10 pairs of small (3-10 mm) leaflets with spiny tips. The
leaves are green, ellipsoidal, and silky on both sides when
young. The yellow papillionate flowers are typically single,
2-3 cm long. Flat slender pods are 4-5 cm long, with small,
rounded, kidney-shaped seeds.

Information on rooting patterns is summarized in Table
15.

Rooting patterns respond to texture and water
availability. On arid sites of deep porous materials such as

stabilized dunes or bess slopes, the vertical main root is
strongly developed. However, on a site with a sandy layer

having high soil water content, the roots have been observed
to develop laterally only, extending beyond the canopy area
(Zhongguo Shumu Zhibian Weihui Zhubian 1983).

.

microphvlla

re.sprouts into clumps after cutting or browsing, with 10-30

shoots per clump (to >50 per clump) (Zhongguo Shumu Zhibian
Weihui Zhubian 1983). One study in northwest Shanxi showed
that a one year old stand had an average of 0.32 g of root
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nodules per plant (Shanxi Nonciye Daxue Linxuexi 1982).

Table 15. ç. microhylla rooting patterns
age

observations

2 wks

root length 7-10 times shoot height
(Zhongguo Shumu Zhibian Weihui Zhubian 1983)

1 yr

woody root 0.7 in
(Zhonqguo Shumu Zhibian Weihui Zhubian 1983)

3 yr

main root 2.7 in (root length 3 times shoot height)
extent of rooting 4 in2 (2.2 times canopy area)
concentrated in 10-50 cm depth
[Zhang Jia Forest Farm, Wuzhai County, Shanxi
Province]
(Shanxi Noncye Daxue Linxuexi 1982)

7yr

main root 4.5 in; laterals well developed
droughty/deep material]
(Zhongguo Shumu Zhibian Weihui Zhubian 1983)
E

15 yr

main root 7.5 in; 13 laterals totalling 4.5 in

[Pian Guan County, Shanxi Province]
(Shanxi Nonciye Daxue Linxuexi 1982)

The annual cycle for C. microphylla, generalized for all
of northern China, begins with sprouting in early- to
mid-April. In May, flowering takes from 15 to 25 days. Seeds
ripen in mid-June to early July. Pods drop very soon after
ripening. For a single plant, this period is 2-4 days long,
and only 3-7 days long for an entire stand. Growth is most

vigorous from May through July. In August, growth slows and
gradually stops after September. Leaves drop in early- to
mid-November.

Aboveground growth the first year is slow, but the rate
increases over the second and third year. Flowering begins
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during the third or fourth year. The legume has a reported
lifespan of 40 years or more (Zhonqguo Shumu Zhibian Weihui
Zhubian 1983)

Plantations can be established by direct sowing or
transplanting. Direct sowing is chosen under favorable
moisture conditions, especially during the summer rainy
season, even in arid areas such as central Gansu. Planting
techniques include sowing in holes, plowed furrows,
fish-scale pits, or mounds, or as dense strips, depending on
site conditions and goals for the plantation. Typically, 7.5

kg seed/ha is recommended, though for dense strip protection
belts as much as 22.5-30 kg/ha may be used.
Coppice rotation periods depend on site, stand age, and

management goals. Stand vigor is reported to decline about
10 years after cutting, so rejuvenation/harvest cuts are

scheduled every 2-9 years. On bess, for interplanting with
crops or for fuel production, cutting every 4-5 years is
recommended. Estimated yields of fuelwood reach 6000-9000
kg/ha. For plantations also used for seed collection, an 8-9
year rotation is suggested, with an estimated fuel harvest
of 12000-18000 kg/ha. Stems are cut 2-3 cm above ground
level from early winter to early spring.

The role of ç. microphylla plantations in soil and water
conservation and in soil improvement has been studied in
many arid or semi-arid areas in north China. In Wuzhai
County, Shanxi, researchers compared "derelict land" and a
.

microphylla plantation (Shanxi Nonqve Daxue Linxuexi
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1982). They found increases under the legume in soil

porosity, organic matter, and infiltration rates, along with
lower bulk density. Where shrub canopy cover reached 50%,
the stand retained about 3000 1 water/ha. A study by the

Liaoning Aridland Silviculture Research Institute cited by
Shanxi Nonqye Daxue Linxuexi (1982) documented canopy
interception of 34% of rain and noted appreciable absorption

of water by the litter layer. Another study in Pian Guan
County, Shanxi, reported that a stand with 23% canopy cover,
irregularly distributed on a 410 gully slope, showed no
rill erosion, but that 10 rills occurred in a nearby 150

black soybean field (Shanxi Noncye Daxue Linxuexi
1982). Research at the Anzhai County Water and Soil
Conservation Experimental Area of northern Shaanxi, in the
bess rolling gullied region, recorded results from 100 In2
erosion plots in a number of vegetation types, of which
nticrophylla was the most effective in preventing soil and
water loss (Table 16)

(Hou and Du 1985).

.
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Table 16.

Anzhai County, Shaanxi, erosion plot data
(adapted from Hou and Du 1985)

(water and soil loss with yield from millet field=100%)

A
millet
field

B

C

Caragana
Robinia
microphylla IDsuedoacacia

D

E

herb

control
(grassland)

1980 (a)

runoff
100%
soil loss 100

6.7%
0.2

7.1%
0.9

44.4%
2.3

77.7%
22.7

1983 (b)

runoff
100
soil loss 100

0.4
0.1

18.5
5.3

13 . 9

1.5

86.7
39.2

A:millet, SE aspect 60% cover. B:Q. microphylla planted
1958, NW aspect 65-70% shrub cover, 30% ground vegetation
cover. C: R. pseudoacacia planted 1975, S aspect 70-80%
canopy cover. D: herbaceous species planted 1979 and 1982,
SE aspect 90-95% cover after 3 years. E: natural grassland,
E aspect 50-60% cover.
(a) 1980 slopes 22-28 degrees (b) 1983 all slopes 27
degrees
Better microsite conditions in

.

inicrophylla

plantations were shown in measurements from Wuzhai County,
Shanxi (Shanxi Nonqye Daxue Linxuexi 1982). For a stand with
>50% cover, windspeed, air temperature, and evaporation
dropped as relative humidity and soil moisture rose,
compared to "derelict land". Growth of ground vegetation was
observed to improve over non-plantation sites, while there

was also an increase in several mesic species, including
Lespedeza dahurica, Pennisetum flacciduin, and Convolvulus.

Direct local economic benefits of ç. microphylla have
made the species popular for community forestry projects. It
is used for fuel, fodder, fertilizer, and sideline
industries. The shrubs' density and wax-containing outer
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bark make it a desirable fuelwood which burns wet or dry
(Zhongguo Shumu Zhibian Weihui Zhubian 1983). It is valued

as supplementary fodder, especially for sheep. In northwest
Shanxi, a mature stand is estimated to provide for 4-7
sheep/ha. Branches and leaves make good green manure. Turned
into wet compost, it supplies fertilizer equivalent to about
20% its weight in barnyard manure, and is reputed to be
long-lasting (Shanxi Nongye Daxue Linxuexi 1982). Sheepfeed
and fertilizer can also be made from residues left from
pressing oil used for lubricants or lighting (Zhongguo Shumu

Zhibian Weihui Zhubian 1983). The legume's quality as fodder
and fertilizer reflect a fairly high nutrient content. For
branches and leaves, values of 2.9% N, 0.55% P, and 1.43%
on a dry weight basis are reported (Zhongguo Shumu
Zhibian Weihui Zhubian 1983).

Sideline industries utilizing C. microphylla produce

traditional medicines, honey, cordage, and basket-weaving
materials.

The combination of long-term environmental benefits and
short-term economic returns have led to extensive investment
in

.

microphylla plantations across the north of China.
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APPENDIX C: PINUS TABtJLAEFQRMIS--GENERAL DESCRIPTION

Pinus tabulaeformis Carr., or China pine, is a

two-needled hard pine native to northern China. Its
adaptability, low nutrient requirements, high tolerance for
dry soil, and well-developed root system have made it the
most important tree species for afforestation in north China
(Beijing Linxueyuan Senlin Shengtai Xitong Keyan Zu 1980).

This species is rated highly for soil and water conservation
and environmental protection. It is a good source of timber

and pine resin. Uses for the logs include construction and
mine materials, utility poles, and railway ties (Zhongguo
Shumu Zhibian Weihui Zhubian 1983).
.

tabulaeformis' natural range centers in Shaanxi and

Shanxi provinces (figure 15). It extends north to Inner
Mongolia's Yin Mountains, west through Ningxia's Helan
Mountains to Qinghai's Qilian Range, south along the border
of Sichuan and Gansu, eastward through Shaanxi's Qinlings,

Henan's Funiu Mountains, Shanxi's Luliang and Taihang
Mountains, to Hebei's Yan Mountains and Shandong's Meng
Mountains, and then northeast to Liaoning (Zhongguo Shumu
Zhibian Weihui Zhubian 1983).
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Figure 15.

.

tabulaeforinis---natural range (Mirov 1967)

Genetically, it is an extremely variable species with at
least 6 varieties sweeping across a very broad elevational
range (Nirov 1967). The elevational distribution gradually
rises from the northeast to southwest along a temperature
gradient (Zhongguo Linye Kexue Yanjiuyuan Linyansuo 1982).
North China becomes more arid from east to west which also
affects the vertical range. Table 17 summarizes the
elevational changes.
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Table 17. Pinus tabulaeformis--natura]. elevational range
(data from Zhongguo Linye Kexue Yaniiuyuan Linvansuo 1982)

Elevation
900-1500 in

Location
Liaoning Province
Greater XingAn Mountains' south end and the
Zhao Meng Plateau (scattered individuals to

1500-1900 in

north-central mountain regions (scattered

2000-2600 in
2000-2700 in

Ningxia Province, Helan Mountains
Qinghai Province, eastern portion of Qilian
Range

<500 in

1800 in)

individuals over 2000 in)

North-south gradients are given little significance
because of the fairly narrow latitudinal range (Zhongguo
Shumu Zhibian Weihui Zhubian 1983).

Natural P. tabulaeformis forests of north China lie
between 1200 and 1800 in. Over 1500 in, the pine is often in
mixed stands with birch and oak. Under 1500 in,

it is found

with poplar, mountain ash, oak, and tilia. Large areas of
pure stands are concentrated in Shaanxi and Shanxi.
The two-needled fascicle is 6.5-15 cm long. The oval
cone is 4-9 cm long and bears spiny scales. Cones are often
retained on the tree for several years. Seeds are oval, 6-8
cm long, with wings of approximately 1 cm. Tree heights of
up to 30 in and dbh of 1.8 in have been recorded (Zhonqguo

Shumu Zhibian Weihui Zhubian 1983).
.

tabulaeformis is a temperate zone tree adapted to the

continental climate. It is cold hardy to -25° C. Height
growth decreases and incidence of pests and disease
increases under high temperatures or seasonal droughts in
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low elevation or southern locations. The pine can grow in
areas with precipitation as low as 300 mm/yr.
This is a deep-rooting species with an obvious main root

as well as a fairly wide lateral root pattern. It can root
to 3 iu in a deep sandy soil or in cracked parent material.

Fine roots are concentrated within the top 30-40 cm soil

depth. Trees in a 15 year old plantation at the Caikou
Forest Experiment Station, Gansu Province, were reported to

have well-developed vertical and lateral roots, mainly in
the 15-4 0 cm layer (Gao and Wang 1979). Root-size

distribution for that stand showed that roots with diameters
>5 mm composed 55% of total roots by weight, those <5 mm 45%
(including fine roots <1mm which were 12% of the total).
tabulaeforinis is noted for quick root regeneration (Gao and
Wang 1979).

The species prefers well-aerated, slightly acid soils.
Poor growth has been noted on clayey or poorly drained
soils, and on sites with high water tables or seasonal water
accumulation. At >pH 7.5, growth is generally not as good,
though the pine can grow well on limestone mountains in deep
soil with high organic matter levels and planty of rain.

.

tabulaeformjs can tolerate fairly dry soil, and can grow on
ridges and peaks.

Nutrient demands are not high. Growth impacts of poor
soil nutrient conditions are often not noticeable until the
later years of a stand. Branch and leaf carbon and ash
content are considered low (needle litter ash 2-3.5%); the

litter has been regarded as having low soil improvement
qualities (Yunnan Linxueyuan Linyexi 1978, Zhongguo Shumu
Zhibian Weihui Zhubian 1983).

According to generalized descriptions of stand
performance on average to good sites, overall growth is
moderate, though early growth is slow (Zhongciuo Shumu

Zhibian Weihui Zhubian 1983, Feng Lin 1982). Two year old
seedlings are 20-30 cm tall. Lateral branching begins in the
third year. By the fourth or fifty year, height growth
accelerates, attaining 40-70 cm yearly increments until

about 30 years when growth slows. On highly productive
sites, yearly height growth can top 1 in. Diameter growth

peaks after height growth. Dbh growth rates accelerate at
15-20 years, and can be maintained until age 50 at 1-1.5
cm/yr. Under poor site conditions, or in a hot arid climate,

height growth slows after 20 years. Plantations begin canopy
closure at 5-7 years. The first thinning is recommended for
15 year old stands. Rotations are of 50-60 years under good
conditions. A highly productive plantation can yield 7-10
iu3/ha/yr. Under poor conditions, tops flatten prematurely.

Two principal drawbacks to

.

tabulaeformis as a commercial

species are its moderate growth rate and a tendency for the
bole not to be straight (Feng Lin 1982).

Yearly growth patterns in plantations near Beijing show
height growth concentrated in spring, needle growth highest
in summer, and diameter growth with spring and early fall
peaks. Bud swell begins near the end of March and fast

136

growth continues to early May. Growth ends toward the last
of May when new terminal buds form. A second flush in
July-August occasionally occurs, which decreases the
following year's growth. Diameter growth has two pulses, the
first in mid- to late-May to mid- or late-July, the second
from August to September, with some growth extending to the
beginning of November. Needle growth starts in late April,
is vigorous through May and June when height growth stops,
and ends by August. Flowering begins in late April or early
May (Zhongguo Shumu Zhibian Weihui Zhubian 1983).

Root growth begins when the soil thaws and many new
roots are produced in April and May. Growth stops during the
early summer dry period but begins again in August,
continuing through November or to soil freezing.

At the Caikou Forest Experiment Station, the yearly
cycle is later than that of the Beijing stands. At Caikou,
terminal buds begin to elongate in early April. Height
growth peaks in May and June and ends in late June. Root
growth is concentrated in the rainy season, also the period
of fastest root regeneration and healing (Gansu Sheng Dingxi
Diqu Caikou Linye Shiyanchang 1973).

Table 18 illustrates yearly average height growth of

.

tabulaeforinis plantations near the study site. The three

stands measured were on ChaPai Mountain, where all plots of
this study were located.
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Table 18. P. tabulaeformis average yearly height growth (cm)
(Caikou Forest Experiment Station)
(from Gansu Sheng Dingxi Diqu Caikou Linye Shiyanchang 1973)
year stock '64
plant aqe

'65

1960
1963
1964

11.3
9.0

8.4

3

4.5

'66

'67

'68

'69

'70

'71 total
ht.

12.7
14.5
6.2

3

12.9
16.8
6.7

12.3
24.0
7.6

18.1
23.4
11.3

27.9
24.3
14.6

31.9 147
25.6 155
17.4

73

Data I collected on a stand planted in 1960 near this

area, while it may or may not be the same stand, allows an
estimate of height growth since 1971 for this site. Average

height in 1984 was 417 cm. This would mean the average
yearly increment since 1971 was about 21 cm. The effect of
the demanding site conditions outside the natural
elevational range of

.

tabulaeforinis is clear in comparing

height growth from the Caikou plantations to the 40-70 cm/yr
described by Zhoncrguo Shumu Zhibian Weihui Zhubian (1983).

Silvicultural techniques used in

.

tabulaeforinis

plantations vary widely. Recommended site preparation
practices (Zhongguo Shumu Zhibian Weihui Zhubian 1983)
include:

level steps (flat terraces) --rocky mountain areas

fish scale pits--north China mountain areas

level ditches--north China bess plateau
counterslope terraces--north China bess plateau
belt/strip--stable sands.

In dry areas in low mountains or rolling hills, or in

the northwest bess zone, soil moisture limits plantations
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of

.

tabulaeformis to shaded or semi-shaded slopes, or on

gully sides (Zhongguo Shuniu Zhibian Weihui Zhubian 1983,

Zhongquo Linye Kexue Yanjiuyuan Linyansuo 1982).
In north China, the most common planting technique uses

clusters of 2-5 seedlings, transplanted from seedbed to
planting site in a clump. The clump is thinned to a single
dominant stem after 5-7 years (Zhonqguo Shumu Zhibian Weihui
Zhubian 1983). According to a Caikou Forest Experiment
Station research report (Gansu Sheng Dingxi Diqu Caikou
Linye Shiyanchang 1973), high survival is promoted by

planting during the rainy season from late June to August
after a couple of heavy storms have raised soil moisture.
Site preparation during the prior rainy season is

recommended. In trials beginning in 1960, bare root stock
was unsuccessful. When seedling clumps were transplanted
with their soil, however, first year survival rates reached
95%, even under a period of drought following planting. The
researchers hypothesized that including nursery soil around
the roots decreased root damage and encouraged mycorrhizal
activity.

Cultivation is recommended to loosen the soil and remove
weeds 2-3 times a year until canopy closure at 5-6 years.
However, at Caikou, cultivation is often done every 2 years
for the first 10 years of the stand, largely to prevent

formation of an impermeable soil crust in the bess.
Highest plantation densities are used for plantations on
good sites near population centers with a high demand for
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APPENDIX D: DENSITY FRACTIONATION EXPERIMENT
The purpose of the density fractionation experiment was
to take a more detailed look at plot effects on soil organic
matter (OM) dynamics in Caikou's low-OM soil. OM plays an
important role in soil structure, affecting rates of water
and nutrient availability. OM acts as the principal nutrient
store, and its forms and distribution are critical in

determining the fertility of a soil. The vegetation on each
plot controls the organic inputs to the system. Density
fractionation is one method for following the paths such
inputs take under different conditions.

One goal was to gauge the amount of the light fraction
compared to the heavy fraction within the plots. Light
fraction material (LF)

(<1.65 g/cm3) typically is made up

mainly by "free" OM: fresh detritus, microbial biomass, root
fragments, and hyphae. Inorganic materials include a small
portion of organo-mineral particles with adsorbed OM, light
aggregate structures, or colloidal particles enmeshed in OM
(Spycher et al. 1983). In calcareous soils, CaCO3 crusts

may also be present on OM (Le Tacon 1978). The heavy
fraction (HF)

(>1.65 g/cm3) contains OM associated with

dense soil mineral particles: OM adsorbed or deposited on

mineral surfaces or within microaggregates, generally
stabilized humified material (Turchenek and Oades 1979). The
quantity of LF and HF would indicate the sizes of the two
pools within the soil.

141

Another goal was to measure the C and N of both LF and
HF. LF and HF components turn over at different rates,
related to their chemical composition and degree of physical

protection (Sollins et al. 1983, Spycher et al. 1983).
Partitioning whole soil organic C and N into the C and N
belonging to the more rapidly-cycling LF and that in the

more stable HF OM pool should give more information on
nutrient availability than total C and N contents.

Plot effects on amount and composition of LF and HF,
then, would be determined by the quality and quantity of
organic inputs plus other factors (terracing, cultivation,
etc.) which might affect distribution of each fraction in
the profile.

The density fractionation study is an exploratory
experiment quite limited in scope. First, the soils were
sampled only once, while seasonal changes, expecially in the
light fraction, have been shown to be significant (Spycher
et al. 1983). Second, only a subset of the samples used in
the rest of the study could be processed: the top three
depths (0-5 cm, 5-15 cm, 15-30 cm) from three out of the
five pits per plot (results are tabled at the end of the
appendix). Thus the statistical analysis was less sensitive,
since the subset had a sample size of only 54, less than
half the sample size of the full set. Dropping the lowest
(30-60 cm) layer might have obscured significant trends with
depth between plots. For instance, Spycher et al. (1983)
found the OM associated with the HF increased with depth in
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an Oregon forest soil. They suggested that detrital inputs

become less important and percolation of dissolved ON more
important with depth. The solubility of ON in alkaline
conditions could influence the distribution of dissolved ON
in the high pH profiles at Caikou. Third, because of

problems with a muffle oven temperature control, the
combustion method for separating carbonate C from organic C
in the LF and HF was unsuccessful. This means that behavior

of C in OM must be inferred from total C data.

Results

Heavy and light fractions as % of whole soil

The fractionation procedure allowed recovery of an
average 99% of whole soil weight. Losses ranged from
0.2-2.7%. Regressing %HF against %LF showed an adjusted
r2=.34, indicating that varying amounts of material was
lost from both fractions. Several sources of experimental
error can be suggested. A minor addition to weight recovered
might come from retention of iodine from the Nal, since our
procedure did not include a NaCl rinse. Total mass recovered

would be reduced by losses of organic and mineral
particulates in the rinses or during transfer of material
from centrifuge bottles or drying containers. Material lost

in solution might include CaCO3 associated with minerals
or encrusting OM. Under the fractionation conditions, the
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extremely high Na

concentration in the Nal medium (>10

molar) can bring some solid CaCO3 into solution (T.
Strickland: personal communication), which could cause

losses from both HF and LF. Variations in time and
temperature of drying also could account for some
variability in weight recovered.

Table 19 suggests that experimental error has resulted
in underestimation of %HF.

Table 19. Density fractions--percent of whole soil weight
depth
0-5 cm

pasture
LF

new
terrace

mixed
row

14 yr
nine

24 yr
pine

0.8
99.0

1.3
97.8
0.8

1.1
97.7
1.2

3.5
95.2
1.3

legume

HF
loss

1.5
97.7
0.8

0.9
97.4
1.7

LF
HF
loss

0.8
98.9
0.3

0.8
97.1
2.1

99.6
0.3

1.1
98.0
0.9

1.0
96.3
2.8

97. 1

15-30 cm LF
HF
loss

0.9
97.6
1.4

1.1
98.7
0.2

1.7
97.3
0.9

1.0
97.8
1.2

0.7
98.2
1.1

98. 1

5-15 cm

0.2

0.7

1.4

1.6
0.9

1.0

% LF

Total light fraction was significantly affected by plot
(p<.05), depth (p<.0l), and plot*depth interactions

(p<.01).

Between plot t-tests show that the legume plot's surface
(0-5 cm) layer contains more LF than all other plots. Tests

for differences between depths within plots show that both
the pasture and legume plots have higher %LF in the surface
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(0-5 cm) layer. The mixed row pine plot has a significantly
higher %LF in its 15-30 cm depth, which may be due to the
buried A layer at that depth. Plentiful fine roots were
noted in the LF of the pasture and legume plots. The pasture
LF's had longer, finer roots than the legume LF. Larger,

woodier root chunks were observed in the LF of the 24 year
old pine plot.

%HF

Although statistical analysis of %HF show plot and
plot*depth interactions to be significant effects (p<.Ol),
these results appear to be largely the product of material
lost during fractionation. T-tests show significant
contrasts between the mixed row pine plot and the legume in
the 0-5 cm layer and between the mixed row pine plot's 5-15
cm layer and that of the 24 year old pine stand. However it
should be noted that the sum of %HF and %LF in the mixed row

pine plot 5-15 cm layer equaled 100.3% of whole soil weight
while the 24 year old pine plot's 5-15 cm layer showed the
maximum loss (2.7%).

The statistical contrast, then,

between the mixed row pine and 24 year old pine plots' %HF
appears to be spurious. The 0-5 cm layer of the mixed row
pine lost only 0.2% of whole soil weight. The legume lost
1.3% of whole soil weight, however, so the difference

between the legume's surface %HF and that of the mixed row
pine plot is much more believable. The only contrast between
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depths within a plot is between the surface (0-5 cm) depth
and the 15-30 cm depth of the legume plot. Again, since
there is little difference in material lost between these
two layers (1.3% and 1.0%), this result seems reliable. The

t-tests confirm the %LF analysis, emphasizing the effects of
the legume plantation's high soil OM content noted in the
organic C, N, bulk density, and pH analyses.
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Figure 16. Whole soil total carbon for subset--percent by
weight with 95% confidence intervals for comparisons between
plots and between depths.
Total C, which includes both carbonate C and organic C,
was affected by plot (p=0.0129), depth (p<.Ol), and
plot*depth interactions (p<.05). Comparisons between plots
showed that the 24 year old pine plot, generally lowest of
all plots in total C, was significantly poorer in C than the
pasture plot in the surface (0-5 cm) layer. Differences
between depths within plots were confined to the pasture and
legume plots. In the pasture, the surface (0-5 cm) layer was
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higher in total C than the two lower depths. The legume's

surface (0-5 cm) layer was richer in C than the 15-30 cm
layer.

The cause of these contrasts can be assigned to the
organic C contents, particularly high in the upper horizon
of legume and pasture plots and low throughout the profile
beneath the 24 year old pine plantation.
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Figure 17. Heavy fraction total carbon--percent by weight
with 95% confidence intervals for comparisons between plots
and between depths.
Plot effects (p<.01) and plot*depth interactions (p<.05)

were significant for HF total C. The HF of the legume plot's
surface (0-5 cm) depth contained more total C than the 24
year old pine plot's. The 24 year old pine plot also had
significantly less HF total C in the 15-30 cm depth than the
14 year old pine plot. No differences between depths within
plots were detected.

Some C may have been lost during fractionation,
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confounding plot effects, especially for the 24 year old
pine plot. The high recovery rate in the 14 year old pine
plot may account for the relatively high values compared to
the older pine stand's exageratedly low totals.
(Interpretation of the HF total C results assumes that the

minimal differences between plots in whole soil carbonate C
hold for the fractions. This assumption needs to be
investigated.) Nevertheless, the low C content of the HF in

the 24 year old pine bears out the trend toward depletion of
total OM capital, and indicates that low inputs in that plot
are affecting pools with rapid nutrient cycles (%LF) and
more stable humifjed pools as well.
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Figure 18. Light fraction total carbon--percent by weight
with 95% confidence intervals for comparisons between plots
and between depths. (24 year old pine plot n=2, all other
plots n=3).
Total C in the LF was significantly affected by plot
(p<.05), depth (p<.O1) and plot*depth interactions (p<.01).

Between plot t-tests showed a difference only for the 5-15
cm depth in the mixed row pine plot and the legume stand.
Depth appears to be the most important factor in LF total C.

Tests for differences between depths within a plot showed
significant effects in all plots except. the 14 year old pine

stand. The 15-30 cm depth was consistently poorest in LF
total C, averaging 11%. In the legume stand, the top (0-5
cm) depth was higher than either 5-15 cm or 15-30 cm depths.
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The mixed row pine plot showed significant differences among
the three depths. The pasture, new terrace, and 24 year old

pine plots all had lower LF total C in the 15-30 cm layer
than in the top two layers.

The low but uniform values in the 15-30 cm layer suggest

that LF changes composition with depth. Clarifying this
point for the Caikou soils would require separation of
organic from carbonate C pools.

Nitrogen

Whole soil N content and HF N content for the samples in
the fractionation experiment were analyzed at the Forestry
and Soils Research Institute in Shenyang. The small
quantities of LF collected precluded separate N analysis for
LF N. Since the amount of material lost during fractionation

was sizable compared to the LF recovered, the difference
between whole soil N and HF N can't all be assigned to LF N,
and is called "non-HF N" below. It should be noted that work
by Sollins et al. (1984) showed losses of 2.2% of whole soil
total N in a simulated Nal fractionation procedure. Hence

the "non-HF N" may include such solubilized N from both HF
and LF, as well as HF N belonging to HF material not
recovered.
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Whole soil %N

While both depth and plot*depth interaction effects were
significant at the p<.Ol level, plot effects showed a
significance level of only p=.08. The decrease in
significance level compared to the whole soil N for the
complete sample set can be attributed largely to the
decreased sample size, since regressing these whole soil N
values against the results from the other laboratory N
analysis showed an adjusted r2=.77. Using the data from
the Forest and Soils Research Institute, t-tests for between
plot comparisons showed no differences, while between depth
comparisons were significant for the legume and pasture
plots. The legume's surface 5 cm contained higher N levels
than the two lower depths. The pasture had higher N in the
top two layers than in the lowest (15-30 cm) layer.

Examining the means suggests that the sum of total N in the
top 30 cm is highest in the mixed row pine stand, reflecting
the presence of the buried organic horizon (high OM content
in the 25-66 cm depth), and lowest in the 24 year old pine
plot, which contains the least OM.

HF %N

Patterns of %N in the HF follow whole soil N very
closely. The regression equation has an adjusted r2=.84:
HF %N=0.012281+(o.678832 whole soil %N). For HF %N, plot
effects only reached a p=.07 significance level, while depth
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and plot*depth interaction effects were both highly
significant (p<.01). Between plot t-tests yielded no

significant differences. T-tests for between depth
comparisons showed the pasture and legume plots again were
the only ones to develop differences. Both plots had highest
HF %N in the surface 5 cm compared to the lower 2 depths.

Table 20 compares HF N and "non-HF" N comprising whole
soil total N.

Table 20. Heavy fraction N and non-heavy fraction N:
components of whole soil N--percent of whole soil by weight.
(non-HF N=whole soil N - HF N).
depth

pasture

new
mixed
terrace row

0-5 cm
whole soil N
HF N
non-HF N

.12
.04

.09
.03

5-15 cm
whole soil N
HF N
non-HF N

.13
.08
.05

15-30 cm
whole soil N
HF N
non-HF N

.08
.07
.01

.16

.12

14 yr
pine

24 yr

legume

pine

.15
.13
.02

.10
.08
.02

.06
.06
.00

.19
.13
.06

.11
.09

.14

.11

.12

.02

.02

.08
.03

.05
.05
.00

.11
.09

.10
.07
.03

.16

.08

.04

.13
.03

.06

.04
.00

.10
.08
.02

.02

.02

There is a fairly tight relationship between HF N and
whole soil organic C (adjusted r2=.63): HF N=0.028091 +

(0.068442

organic C). This suggests that factors limiting

accumulation of OM and controlling its distribution in the
profile are controlling N in the HF. The HF contains most of
the whole soil N across all plots (65-100%). The most
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striking result is that in the 24 year old pine plantation,

virtually all (99%) of the N is in the HF. For the 24 year
old pine plot, whose LF was noted to contain woody roots but
fewer fine roots, a wide C/N ratio for the sparse LF seems
reasonable. Organic C/N ratios are likely to be wider in the

LF than the HF. Spycher et al. (1983) have also measured
narrower HF C/N ratios.

Discussion
Sollins, Spycher, and co-workers (Sollins et al. 1983,
Spycher et al. 1983) relate LF OM patterns to biological
activity: root death, leaf fall, mycorrhizal turnover, etc.

They propose that over the long-term, HF OM responds to
pedogenic factors: environment and parent material. Their
conclusions are that different factors control accumulation
in the two pools and that the HF acts as a long-term N sink.
The significance of plot and depth effects in the
density fractionation experiment seem to support the
interpretation of the LF's response to biological activity.

The legume plot, which shows evidence of appreciable litter
and root inputs, also has the highest %LF. Studying seasonal
changes in the total LF and LF composition would be useful
in understanding the connection to biological activity,
particularly for this plot.

Several experiments using fractionated material could
prove interesting. Micrographs could be used to investigate
the role of fresh detritus in the upper layers. Light
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aggregate structure, size, or stability may change with
depth, due to organics or carbonates. This could relate to
distribution of bacteria, fungi, and roots (Hubbell and
Chapman 1946), or to more advanced organic decomposition
products (Tisdall and Oades 1982). CaCO3 or colloidal
mineral particles encrusting OM may show depth effects as
well. Distribution of solubilized ON may respond to plot
effects. All the factors above could be expected to vary
seasonally, and, again, might show plot effects.

Interactions between CaCO3 and OM decomposition or N
mineralization over time would be important to explore. The
key question to be tested is how these factors affect
nutrient availability.

Table 21. Density fractionation plot averages
Plot averages have n=3 unless starred.
Standard errors are in parentheses.
Sum=kg/ha to 30 cm depth.
95% confidence intervals for between plot and between depth
comparisons follow the table for each variable
Light fraction (Z of whole soil weight)
0-5 cm
5-15 cm
15-30 cm

Pasture
1.53 (.09)
0.7? (.09)
0.93 (.14)

sum (kg/ha)

31700
95X CI (plot).013
95 CI (depth).006

Heavy fraction (

0-5 cm
5-15 cm
15-30 cm
sum (kg/ha)
95
95

Terrace
0.8? (.33)
0.83 (.34)
1.10 (.45)
31600

Mixed Row
0.80 (.32)
0.67 (.13)
1.73 (.28)
37000

14 Yr Pine
1.33 (.12)
1.10 (.06)
1.00 (.06)
36400

24 Yr Pine
1.10 (.11)
0.9? (.03)
0.73 (.03)
29100

Legume
3.50 (.29)
1.40 (.15)
0.87 (.13)
44600

of whole soil weight)

Pasture

Terrace

Mixed Row

14 Yr Pine

24 Yr Pine

Legume

97.67 (.09)
98.90 (.1?)
97.63 (.07)

97.43 (.30)
97.10 (.83)
98.70 (.26)

99.00 (.80)
99.60 (.42)
97.33 (.26)

97.83 (.19)
98.00 (.1?)
97.77 (.19)

97.67 ( .03)
96.27 (1.31)
98.1? ( .03)

95.23 (.29)
96.97 (.19)
98.13 (.14)

3186800
CI (plot)2.68
CI (depth)2.68

3160500

2935300

3297600

3270400

3071000

01

0

Material lost in fractionation (

0-5 cm
5-15 cm
15-30 cm

Whole soil

0-5 cm
5-15 cm
15-30 cm

of whole soil weight)

Pasture

Terrace

.80
.33
1.44

1.70
2.07
.20

Mixed Row
.20
.27
.94

14 Yr Pine

24 Yr Pine

Legume

1.23

1.23
2.76
1.10

1.27
1.63
1.00

.84
.90

total carbon--fractionation data set
Pasture

Terrace

Mixed Row

14 Yr Pine

24 Yr Pine

Legume

3.75 (.11)
3.22 (.16)
2.92 (.15)

3.25 (.25)
3.36 (.26)
3.27 (.36)

3.11 (.06)
3.12 (.07)
3.18 (.15)

2.97 (.09)
3.01 (.10)
3.00 (.10)

2.57 (.04)
2.47 (.02)
2.29 (.07)

3.33 (.36)
3.12 (.04)
2.83 (.22)

sum (kg/ha)
102500
95 CI (plot)1.07

95? CI (depth).35

106300

94000

101100

80300

94600

Heavy fraction

0-5 cm
5-15 cm
15-30 cm

total carbon

Pasture
3.33 (.10)
3.21 (.16)
2.99 (.13)

sum (kg/ha)
99300
95? CI (plot)=.847
95 CI (depth)=.566

Light fraction

0-5 cm
5-15 cm
15-30 cm

Terrace
3.17 (.11)
3.28 (.16)
3.24 (.29)
102600

Mixed Row
3.19 (.07)
3.17 (.09)
3.21 (.03)

93700

14 Yr Pine
3.05 (.03)
3.13 (.06)
3.40 (.34)
107500

24 Yr Pine
2.49 (.10)
2.63 (.05)
2.44 (.07)
82000

Legume
3.46 (.13)
3.14 (.04)
2.95 (.10)

94700

carbon

Pasture

Terrace

Mixed Row

14 Yr Pine

24 Yr Pine

20.41 (.31)
19.56 (.73)
9.60 (.82)

16.63 (1.20)
17.92 ( .78)
9.93 (2.43)

18.47 (2.60)
22.92 (1.59)
13.29 (1.59)

13.18 ( .72)
14.63 (1.41)
11.90 (1.10)

15.15 (1.91)
17.22 ( .22)
17.01 ( .88)* 13.41 (1.10)
9.29 ( .56) 10.05 (1.92)

sum (kg/ha)
4700
95 CI (plot)8.333
95 CI (depth)3.407

4100

(n2 for 24 Year Pine 5-15 cm)

5700

4800

3900

Legume

6100

Whole soil

0-5 cm
5-15 cm
15-30 cm

nitrogen--fractionation data set
Pasture

Terrace

Mixed Row

14 Yr Pine

24 Yr Pine

Legume

.163 (.023)
.135 (.030)
.083 (.021)

.123 (.035)
.106 (.028)
.102 (.027)

.151 (.002)
.139 (.011)
.155 (.006)

.104 (.015)
.113 (.011)
.084 (.018)

.064 (.020)
.052 (.004)
.037 (.004)

.192 (.031)
.114 (.013)
.096 (.037)

sum (kg/ha)
3700
95 CI (plot).136
95 CI (depth).050

3400

4500

3200

1600

3600

Heavy fraction ? nitrogen

0-5 cm
5-15 cm
15-30 cm

Pasture

Terrace

Mixed Row

14 Yr Pine

24 Yr Pine

Legume

.123 (.018)
.084 (.010)
.072 (.016)

.092 (.021)
090 (.019)
.073 (.020)

.131 (.007)
.123 (.010)
.134 (.001)

.084 (.025)
.079 (.028)
.060 (.018)

.063 (.011)
.052 (.004)
.035 (.002)

.129 (.018)
.090 (.018)
.075 (.025)

sum (kg/ha)
2700
95 CI (plot).104

2600

3800

2300

1500

2700

