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Abstract 

First decade findings on the impacts of organic matter removal and soil compaction are reported for the 26 oldest installations 
in the nation-wide network of long-term soil productivity sites. Complete removal of surface organic matter led to declines in 
soil C concentration to 20 cm depth and to reduced nutrient availability. The effect is attributed mainly to the loss of the forest 
floor. Soil C storage seemed undiminished, but could be explained by bulk density changes following disturbance and to 
decomposition inputs of organic C from roots remaining from the harvested forest. Biomass removal during harvesting had no 
influence on forest growth through 10 years. Soil compaction effects depended upon initial bulk density. Soils with densities 
greater than 1.4 Mg m-3 resisted compaction. Density recovery was slow, particularly on soils with frigid temperature regimes. 
Forest productivity response to soil compaction depended both on soil texture and the degree of understory competition. 
Production declined on compacted clay soils, increased on sands, and generally was unaffected if an understory was absent. 
0 2005 Elsevier B.V. All rights reserved. 
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1. Introduction exploitation to satisfy human needs. By 3000 B.c., 

forests of Cyprus were felled to provide fuel for the 
I .  I .  The problem smelting of copper and silver (Herrnann, 1976). In 

China, deforestation commenced about 2700 B.c., 
Forests and society have been linked since the start continuing until the rise and fall of the Chou Dynasty 

of the Holocene. Mostly, the linkage has been one of (1 127-1255 B.c.), then resuming (Hermann, 1976). 
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Demand for charcoal by the European iron industry 
in the 1 lth and 12th centuries led to progressive 
deforestation (Nef, 1952), bringing some regions close 
to economic collapse in the 1400s. By the 16th century 
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fuelwood scarcity spelled decline in European iron 
production (Crarner, 1984). 

But times change. China today has become a 
world leader in rates of afforestation (FAO, 2001) 
and forested area has stabilized in many industrial 
nations. Despite this, social demand for wood and 
wood products, coupled with new policies restricting 
domestic harvests, have created markets that favor 
overcutting and deforestation elsewhere. Nations 
supporting the highest biomass per ha are particu- 
larly vulnerable and tend to show net forest loss. 
FA0 (2001), in its recent world assessment, reported 
a decline in global forest area of more than 2% in the 
past decade. Prominent among those with high rates 
of deforestation are tropical nations such as Brunai, 
Malaysia, and Thailand (FAO. 2001), but North 
America is not immune. While forest area of Canada 
and the United States is stable or slightly increasing, 
Mexico shows an annual loss of 2%, placing it 
among the highest in the world (Stennes et a]., 
2005). 

Where forest area has stabilized, economic forces 
turn many managers to shorter rotations and greater 
utilization. Fox (2000), Sutton (1999) and others see 
intensive plantation management on appropriate sites 
as a realistic solution to global wood needs. Nambiar 
(1 996,1999) agrees, but cautions that early production 
rates may not be sustainable without due attention to 
the soil. A century ago the Chief of the U.S. Bureau of 
Soils expressed the sanguine notion that "The soil is 
the one indestructible, immutable asset that the nation 
possesses. It is the one resource that cannot be 
exhausted, that cannot be used up" (Whitney, 1909). 
Despite this, soil management is seen increasingly as 
the underpinning of sustainable forest productivity 
(Adams et al., 1998; Dyck et al., 1994; Kimmins, 
1996; Nambiar, 1996; Powers et al., 1990). The 
principle that soil management is a key to sustained 
productivity has been a basic theme of every North 
American Forest Soils Conference. How soil dis- 
turbances affect sustainable productivity remains a 
matter of conjecture. 

New Zealanders have made a considerable effort at 
finding definitive answers. One notable effort was the 
experimental trial at Mararnarua on the North Island 
(Skinner et al., 1989). Established in 1982, the 
Mararnarua trial was an innovative study to determine 
rotation-length impacts of additive types of soil 

disturbance on the productivity of Pinus radiata. 
The experiment was replicated in a randomized block 
design on a heavy clay soil. Early findings from the 
Maramarua trial coupled with concerns over utiliza- 
tion impacts on sustainable productivity led to a more 
extensive network of manipulative experiments in 
New Zealand centering on organic matter removal 
(Smith et al., 2000). Findings after two decades at 
Maramarua (Murphy et al., 2004) show no effect of 
forest floor removal on plantation stem volumes. 
Forest floor removal and moderate compaction 
reduced standing volumes by 8%. Topsoil removal 
combined with substantial soil compaction reduced 
stand volumes by 42%. The Mararnarua trial was a 
pioneering effort, but its design precluded separation 
of organic removal and soil compaction and its plot 
sizes were small and treatments were affected by 
neighboring plots. This paper reports another step 
toward resolving remaining ambiguities. Our objec- 
tive is to examine the hypothesis that organic matter 
removal or soil compaction associated with timber 
harvest have universal impacts on forest productivity 
across a broad network of soils, climates, and forest 
types. 

1.2. Background for the experiment 

The North American long-term soil productivity 
study (LTSP) was founded as a continuing cooperate 
effort at addressing the ultimate consequences of pulse 
soil disturbance on fundamental forest productivity. 
Launched in 1989, LTSP was a research response to 
the National Forest Management Act of 1976 
(NFMA). NFMA and related legislation required 
the U.S. Secretary of Agriculture to ensure, through 
research and monitoring, that national forests be 
managed to protect the permanent productivity of the 
land (USDA Forest Service, 1983). This seems a 
superfluous statement of the obvious, given that 
sustained forest productivity is a broadly recognized 
aim of modern forest management (American Forests 
and Paper Association, 2000; Montreal Process 
Working Group, 1998; United Nations, 1992) and 
has been a Forest Service goal since the agency was 
founded. It is remarkable only in that NFMA may be 
the world's first modern mandate for a forestland ethic 
that carries the weight of law. This mandate predates 
the Montreal Process (Canadian Forest Service, 1995) 
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and the environmental surge toward "green certifica- matter and soil porosity - were most apt to impact 
tion" (Anonymous, 1995) by more than a decade. long-term productivity (Powers et al., 1990). While 

"Land productivity" was never defined in NFMA. these site and soil properties seem to have singular 
Presumably, it encompasses a site's capacity to 
produce a cornucopia of timber, wildlife, watershed, 
fishery, and aesthetic values. All are legitimate 
expressions of land productivity, but some are less 
tangible, more subjective, and more variable tempo- 
rally than others. With guidance from the U.S. Office 
of General Council, the Forest Service defined land 
productivity as the carrying capacity of a site for 
vegetative growth (USDA Forest Service, 1987). This 
makes sense, because the capacity of a site to capture 
carbon (C) and grow vegetation is central to its 
potential for producing all other values. 

But trying to measure the productive potential of a 
site directly by assaying trends in tree or stand growth 
is fraught with frustrations and uncertainty. Growth 
trends in operational stands vary with stand age, 
structure, stocking and treatment history (Powers, 
2001), and usually lack reference controls for 
comparison. Alternatively, soil-based indices of 
productive potential have been proposed as a more 
objective measure of a site's capacity for vegetative 
growth (Burger, 1996; Powers et al., 1990). The 
USDA Forest Service has adopted this approach and 
first approximation working standards are in place 
throughout the federal regions (Page-Durnroese et al., 
2000; Powers et al., 1998). Meant as monitoring tools, 
these standards are presumed to reflect a site's 
potential, and to mark thresholds for significantly 
impaired productivity. 

With few exceptions (Ballard and Pritchett, 1975; 
Burger and Kelting, 1999; Froehlich and McNabb, 
1984; Gale and Grigal, 1988; Powers, 1980), 
correlations between soil monitoring variables and 
potential productivity tend to be anecdotal or 
regionally restricted in North America, and others 
used by the Forest Service are mainly conceptual. 
Because they are conceptual and somewhat sub- 
jective, they can be challenged as being too lenient 
or too stringent. Furthermore, monitoring thresholds 
based on conceptual linkages to productivity may 
not be persuasive to professionals faced with day-to- 
day field operations and pressures to meet produc- 
tion goals. Exactly "what is convincing" prompted 
an extensive review of the world's literature and 
revealed that two ecosystem properties - site organic 

importance, existing information is sparse, site 
specific, often contradictory, and too anecdotal to 
be broadly useful. Consequently, we proposed a 
nationally coordinated field experiment to address 
the issue directly and unambiguously (Powers et a]., 
1990). 

1.3. The study 

The LTSP program rests on the principle that 
within the constraints of climate, a site's potential 
productivity is governed strongly by physical, 
chemical, and biological soil processes affected 
readily by management. Two key properties directly 
affected are soil porosity and site organic matter. 
Porosity aid organic matter regulate fundamental site 
processes through their roles in water and gas 
exchange, physical restrictions on rooting, microbial 
activity, soil aggregate stability, and overall resource 
availability (Fig. 1). Therefore, porosity and organic 
matter were targeted for specific manipulation in 
large-scale, long-term experiments. Treatments were 
chosen to encompass the range of possibilities 
occurring under management. The experiment was 
designed to address four hypotheses: 

Null hypothesis Alternative hypothesis 

1. Pulse changes in site organic 
matter and/or soil porosity 
do not affect the sustained 
productive potential of a site 
(sustained capacity to capture 
carbon and produce 
ph y tomass) 

2. If impacts on productivity 
occur from changes in 
organic matter and porosity, 
they are universal 

3. If impacts do occur, 
they are irreversible 

4. Plant diversity has 
no impact on the productive 
potential of a site 

Critical changes in site 
organic matter and/or soil 
porosity have a lasting 
effect on potential productivity 
by altering soil stability, 
root penetration, soil air, 
water and nutrient balances, 
and energy flow 
The biological significance 
of a change in organic matter 
or porosity varies by climate 
and soil type 
Negative impacts dissipate 
with time, or can be 
mitigated by management 
practices 
Diverse communities affect 
site potential by using 
resources more fully or 
through nutrient cycling 
changes that affect the soil 
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Fig. 1. Conceptual model suggesting the ovemding influence of soil porosity and site organic matter on fundamental processes that regulate 
primary productivity within climatic constraints (modified from Powers et al., 1998). This is the model that guided the LTSP experimental 
design. 

The study was targeted at forest types, age 
classes, and soil conditions apt to fall under active 
forest management involving harvesting, thinning, 
or fuel modification. These were fully stocked, 
young-growth, even-aged stands i.e. not "ancient 
forests" or non-forested openings. Preliminary 
0.4 ha plots were identified and surveyed through 
a systematic grid sampling procedure for variability 
in soil and stand conditions. We chose this plot 
size in order to minimize edge effect from establish- 
ment to the culmination of mean annual stem 
volume increment, a common standard for evenage 
physical rotations (Powers, 2001). Plots with 
comparable variability at a given location (similar 
soil type, stand density, and amounts of soil 
disturbance) were chosen for the experiment. 
Pretreatment samples were taken to quantify stand- 
ing biomass and nutrient capital in the overstory, 
understory, and forest floor. Plots were then 
harvested under close supervision and treatments 
were imposed randomly. The main effect treatments 
were as follows: 

Main effect Symbol 

Modify site OMo 
organic 
matter OM1 

Description of treatment , 

Tree boles removed. Retain crowns, 
felled understory, and forest floor 
All aboveground living vegetation 
removed. Forest floor retained 
All surface organic matter 
removed. Bare soil exposed 

Modify soil Co 
porosity CI 

No soil compaction 
Compact to an intermediate 
bulk density 
Compact to a high bulk density 

Compaction treatments were applied by a variety of 
mechanical means when soils were near field capacity 
and particle resistances were low. The method of 
treatment was immaterial because the goal of the C2 
treatment was to increase soil bulk density to 80% of 
the density level proposed by Daddow and Warrington 
(1983) as limiting to root growth. Hypothesis 1 can 
then be addressed by comparing vegetative produc- 
tivity across the nine factorial combinations of these 
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Table 1 
Absolute and proportional amounts of biomass and nitrogen removed by the three organic matter treatments on representative LTSP sites 

Location Life Forest type (years) Biomass removed (Mglha) Nitrogen removed (kgha) 
zone (% of aboveground total) (% of aboveground total) 

0% OM1 OM2 0% OM1 OM2 

BritishColumbia BM Subborealspruce(140) 126(56) 158(71) 223(100) 195(18) 253(24) 1068(100) 
Minnesota CTM Trembling aspen (60) 175 (61) 214 (75) 286 (100) 194 (30) 316 (48) 653 (100) 
Idaho CTM Mixed conifer (120) 160 (61) 191 (73) 261 (100) 190 (22) 410 (48) 846 (100) 
California WTD Mixed conifer (108) 252 (47) 473 (89) 532 (100) 218 (20) 609 (57) 1064 (100) 
Missouri WTM Central hardwoods (75) 96 (42) 175 (77) 228 (100) 195 (24) 540 (67) 81 1 (100) 
North Carolina WTM Pine and hardwoods (65) 146 (65) 168 (75) 223 (100) 98 (19) 159 (30) 523 (100) 
Louisiana STM Loblolly pine (52) 133(77) 153(88) 173(100) 134(38) 229(65) 352(100) 

OMo: bole only removed; OM!: whole tree removed; OM2: whole tree + understory and forest floor removed. Life zone codes after Holdridge 
(Lugo et al.. 1999); BM: boreal moist; CTM: cool temperate moist; WTD: warm temperate dry; WTM: warm temperate, moist; STM: 
subtropical moist. 

plots without confounding by uncontrolled variables. 
Replicating this experiment across an array of soil 
types and Holdridge Life Zones (Lugo et al., 1999) 
gave us a rigorous test of Hypothesis 2. Most 
installations also received 0.2 ha split plot treatments 
of vegetation control/no vegetation control, affording 
two measures of productivity: a simplified measure of 
trees, only, and a more complex measure of trees and 
other regional vegetation. This enables us to study the 
significance of more diverse plant communities on soil 
fertility processes (Hypothesis 4). Many installations 
also included mitigative treatments following 0M2C2 
treatments, such as fertilization and/or soil tillage, 
thereby addressing Hypothesis 3. 

We had two reasons for choosing these levels of 
organic matter manipulation. First, they encompass the 
extremes in organic matter removal likely under any 
operational practice short of removing surface soil or 
extracting roots. Second, they produce a step series of 
nutrient removal that is disproportionate to biomass 
loss. Table 1 illustrates these points using seven typical 
LTSP sites arrayed along a climatic gradient. It shows 
that overstory trees commonly contain three-quarters or 
more of site aboveground organic matter with half or 
more partitioned into boles (OMo biomass removals 
varied between 42 and 77% of the aboveground total). 
In general, the forest floor accounts for less than one- 
quarter of aboveground organic matter (note the 
biomass difference between OM1 and OM2 treatments). 

Nitrogen (N) shows a different trend. Although tree 
boles account for most aboveground organic matter in 
mature forests, they hold less than one-third of the 
aboveground N capital. On average (and in the 

absence of frequent disturbance), the forest floor of 
mature stands contains as much N as boles and 
crowns, combined (note the difference between OM1 
and OM2 treatments). Even on a Louisiana site subject 
to repeated underburning, the forest floor contained 
only 12% of the aboveground biomass but more than 
one-third of the N (Table 1). Furthermore, the 
proportion of aboveground N in the forest floor varies 
with climate. In moist boreal forests of British 
Columbia where wildfire is infrequent and decom- 
position is slowed by low temperature and perhaps by 
partial anaerobia, the forest floor accumulates far more 
N than is contained in the vegetation. Under warmer, 
more humid conditions, the forest floor decomposes 
rapidly and is a relatively low reservoir of N. 
Regardless of climatic region, the understory in 
mature forests is only a minor component of site 
organic matter or N (only a few percentage points of 
the aboveground total after canopies have closed). 

2. Methods 

2. I .  Establishment 

Treatment plots were large enough (0.4 ha) to 
include several rows of buffer trees to avoid edge 
effect problems as time passed and measurement trees 
grew. Trees matching the preharvest forest type were 
planted to a density of 1680 stems ha-'. Clonal forest 
types such as Populus spp. regenerated vegetatively 
from sprouts. The first LTSP installation was 
established in 1990 on the Palustris Experimental 
































