HanionanbHnii gicoTexHiunmii yHiBepcuter YKpainn

Cdepa 3acTocyBaHHS HEUITKOI JIOTIKM € HAJ3BUYAHHO IITUPOKOIO — €KOHOMI-
Ka, eKOJIOTis, MEIUIIMHA, TeXHiKa, cepa oOcimyroByBanHs Tomo. Ocob0nmmBoi yBaru
3aCIyrOBY€ BHKOPHCTaHHS JaHOTO METOIy B €KOJIOTO-€KOHOMiuHiN cdepi, sAka xa-

PaKTEPU3YETHCSA BUCOKOIO TMHAMIYHICTIO, CTOXaCTUYHICTIO 1 KOMILJIEKCHICTIO.
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Yinvam Kimon, Aycmin Tpoii — ghakynomem 006Kinnsa i npupoonux pecypcie
im. Pybenwmeinina, Ynisepcumem Bepmonmy, CLIIA

MOEJTHAHHSA EKOJIOTTYHUX I EKOHOMIYHUX IIJIEHA
Y KOHTEKCTI ®OPMYBAHHSA XAPAKTEPUCTHUK
CTUI'JIMX JIICIB

Hocnimkenns, nemoaasHo mposeaeHi y CIIA ta Kanani, npucBsiueHi Metogam cra-
JIOTO BEJICHHS JIICOBOTO TOCIIOAAPCTBA, SIKI MIATPUMYIOTH Oi0JIOTIYHY Pi3HOMAHITHICTH i
(GyHKIIIOHYBaHHS €KOCUCTEM Y JIICOBHX JIaHIAMadTaX, OXOTUICHUX TOCTIOAPCHKOIO TislTb-
HicTo. LI mocmipKeHHST TOPKAIOTHCS MUTaHb BEACHHS JIICOBOTO TOCIOAAPCTBA B PETIOHI
MOLIMPEHHS MiBHIYHUX TBEPJOJTUCTSIHHUX JICIB, CTPYKTYpa SIKUX CbOTOJHI 3HAYHO MPOCTi-
11a, HiXK Ta, sika OyJ1a B yMOBax J10 €BPONENHChKOro noceneHHs. OnHIE 3 MOXKINBOCTEH ii
30arayeHHs € Moau(ikalis JICIBHUYUX METOMIB, SIKI BUKOPUCTOBYIOThH Ui (POPMYBaHHS
PI3HOBIKOBHX JIEPEBOCTAHIB LUISIXOM Kpalloro BpaxyBaHHs 30yplOBaJIbHUX BIUIMBIB, MPH-
TaMaHHUX MTPUPOTHUM IPOIIECAM.

HemnepeBipena mie rimore3a mojsra€e B TOMY, IO Il MAXOAH MPHUCKOPATh TEMITH
MI3HBO-CYKIIECIHTHOTO PO3BUTKY 1 BIAMOBIAHI €KOJOTIYHI (YHKIII, a TaKoX 3a0e3redarhb
€KOHOMIUHY €()eKTHUBHICTH JIICO3aroTiBellb HU3bKO1 IHTEHCUBHOCTI. MU TECTY€EMO IO Tiro-
Te3y, BUKOPUCTOBYIOUM BapiaHT PI3HOBIKOBOI'O JI€PEBOCTAHY, BXKHMBAIOUM TEpMiH '"30ara-
YeHHs1 CcTpyKTypHOi koMmruiekcHocTi" (SCE), sikuil ommcye CTpyKTypHI XapaKTepUCTHKH
CTHTJIOTO JepeBocTaHy. [IOpiBHSHO 3 JBOMa TPAJAWLIHHUMH CHCTEMaMH MEHEIKMEHTY
(BuOIpKOBI pyOaHHs 3 BUOOPOM OKPEMHUX JEPEB 1 TPYNOBO-BUOIPKOBI pyOaHHs), el miaxia
MOAM(IKOBAHUI 3 METOIO MiABUIIUTH 3JaTHICTh 30€pEKEHHs BJIACHOI CTPYKTYpH Hacaj-
JKEHb TTICIIsI TPOBEACHHS JIICO3aroTiBIIl.

Jloci)KeHHS! HOBTOPEHO Y JIBOX CTUIVIMX TBEPAOJIMCTSIHUX HACAPKEHHSX MIBHIYHUX
miciB y mtati Bepmont (CILA). JlinsgHKY, Ha SKUX 31MCHIOBAIM €KCIEPUMEHTH, 1 KOH-
TPOJBHI JUISTHKY 3aiiMaly Moy 2 ra. 3aX0u Ha MUISTHKAX Pi3HOBIKOBUX HACAIKEHb OY-
nu nioBTopeHi ABiyl. Ha ninsakax 13 pornsaom SCE Ta KOHTpONIBHUX AUISTHKAX — MOBTOpPE-
Hi 4 pa3u. CtpykrypHi uiai SCE oxommooTs popMyBaHHS 6araTospycHOro HaMeTy B Ha-
Ca/DKCHHSX, 301TBIICHHS KUTBKOCTI BEIMKUX BIIMEPIIMX JIEPEB 1 IEPEB, fAKi JSKATh HA 3€M-
711, BapiabenbHOI TOPU30HTAIBHOI TOBHOTH Ta MEPEMIIICHHS 0 BUIOI CTYIICHI JiameTpa
3a CyMOIO ILIOL TONIEPEYHUX NEPETUHIB JIEPEB.
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Jani moao omnepamiifHuX BUTpAT 1 JOXOJIB yIOPAIKOBaHI B po3pi3i 3aX0MiB 1 Mpo-
JTyKIii T 9ac 1 mcis Jico3aroTiBesbHUX orepariid. O4ikyBaH1 YUCTI TPUOYTKH OyJIH OITi-
HEHI 3a KUIbKOMa BapiaHTaMu BUTpat. [laHl mpo CTpyKTypy Jicy 310paHi 3a ABa POKH 0
3MIACHEHHS 3aX0/IiB JAOTIISAY 3a JICOM 1 TPU POKH Micid iX mpoBeneHHs. ImiTariitHe moe-
moBaHHS S0-pIYHOTO PO3BUTKY HACAKEHHS OYJIO 3/1MCHEHE 3 BUKOPUCTAHHSAM JIBOX 1Mi-
TaliHUX MOJEIEN.

Buxonsuu 3 oTpuMaHuX pe3yJabTaTiB iMITAI[IITHOTO MO/IETTIOBAHHS, MOKHA IIPOTHO3Y-
BaTH ICTOTHI BIIMIHHOCTI B PO3BHUTKY HacaJKeHb. [li3HOCYyKIIeCiitHa CTpyKTypa Oyne po3-
BUBATUCH ImBH e HA BUIIOMY piBHI SCE. 30iMbIIeHHS YHCETHLHOCTI TOTOMCTBA BEITUKUX
nepeB (3 miameTpoM > 50 cM.) Oyje CIOBUIbHEHE TP MPOBEACHHI TPAIUIIMHUX 3aXO0/IB 1
oTpuMae npuckopeHHs npu 3axogax SCE. JIiciBHMKM MOBUHHI OyTH THYYKHUMH, yIpaBis-
IOYU CTPYKTYPHOIO KOMILJIEKCHICTIO HACQ/KEHb 13 3aCTOCYBAHHSAM HETPATUIIHHUX MiIXO0-
niB. 371e01IbIIOT0 MEeHEKMEHT 3a cucteMoro SCE nmacte HIKYI JOXOAM MOPIBHSHO 3 1H-
TEHCUBHIINIMMH METOJAMH JIiCO3aroTiBeNb. 3BUYAWHO, 32 YMOBHU HAsIBHOCTI BiJMOBIIHHX
JTICOPOCTUHHUX YMOB 1 CIIPUSATIMBOI CUTYyaIlii Ha PUHKY, JOXOJIU MOXYTh OyTH TOCTaTHbO
BHUCOKHMMH, a0W TOKPHUTH BUTPATH Ha JIICO3aroTiBENbHI POOOTH Ta OTPUMATH NPUOYTOK.
3acTocyBaHHS MPONO3ULINA € TOCUTh IIUPOKUM — BiJl BIITBOPEHHS CTUIJIHMX JIE€PEBOCTAHIB
JIO BEJICHHS JIICOBOT'O TOCTIO/IAPCTBA 3 HU3bKOIO IHTCHCUBHICTIO.

Kuo4uoBi ciioBa: crasne jicoBe TOCNoOAapCcTBO, CTUTIII JIICH TTIOMIPHOI 30HH, BIATBO-
peHHsI, JTicIBHUYI MeToau (OpMYyBaHHS PI3HOBIKOBUX JI€PEBOCTaHIB, MiBHIYHI TBEPAOJIHC-
TSHI JIICH, PO3BUTOK JIICOBOTO HACaPKCHHSI, EKOHOMIKA JIICO3aroTiBeb.

William S. Keeton'; Austin R. Troy — Rubenstein School of Environment
and Natural Resources, University of Vermont

Balancing ecological and economic objectives while managing
for old-growth forest characteristics

Recent research in the United States and Canada has focused on sustainable forestry
practices that maintain biological diversity and ecosystem functioning across managed fo-
rest landscapes. In the northern hardwood region this includes managing for old-growth fo-
rest structure, which is vastly under-represented relative to pre-European settlement condi-
tions. One possibility is to modify uneven-aged silvicultural practices to more closely
approximate fine-scale natural disturbance effects. The as yet untested hypothesis is that
these approaches would result in accelerated rates of late-successional development and re-
lated ecological functions, while also providing economic returns from low-intensity tim-
ber harvests. We are testing this hypothesis using a variant of uneven-aged forestry, termed
"Structural Complexity Enhancement (SCE)," that promotes old-growth structural charac-
teristics. This approach is compared against two conventional uneven-aged systems
(single-tree selection and group-selection) modified to enhance post-harvest structural re-
tention. The study is replicated at two mature, northern hardwood forests in Vermont,
U.S.A. Manipulations and controls were applied to 2 ha units. The uneven-aged treatments
were replicated twice; the SCE treatment and controls were each replicated four times.
Structural objectives in SCE include multi-layered canopies, elevated large snag and dow-
ned log densities, variable horizontal density, and re-allocation of basal area to larger di-
ameter classes. Data on operational expenses and revenue, sorted by treatment and product,
were collected during and after logging operations. Expected net profits were evaluated un-
der a number of different cost scenarios. Forest structure data have been collected over two
years pretreatment and three years post-treatment. Fifty-year simulations of stand develop-
ment were run using two forest development simulation models. There will be significant
differences in stand development based on the simulation modeling. Late-successional
structure will develop faster and to a greater degree under SCE. Large tree (>50 cm dbh)
recruitment will be impaired under the conventional treatments, whereas recruitment will

! william.keeton@uvm.edu. Rubenstein School of Environment and Natural Resources, University of Vermont
(Burlington, VT. 05405, U.S.A., (802) 656-2519)
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be accelerated under SCE. Siviculturalists have the flexibility to manage for structural
complexity using unconventional silvicultural approaches. Under most conditions these
will result in lower economic returns compared to more intensive harvesting practices. Ho-
wever, given acceptable site quality and market conditions, they will provide sufficient
economic returns to either offset the cost of harvesting or generate a profit. Applications
range from old-growth forest restoration to low intensity timber management.

Keywords: sustainable forestry, old-growth temperate forests, restoration, uneven-
aged silviculture, northern hardwood forests, forest stand development, timber harvest eco-
nomics.

INTRODUCTION

Sustainable forestry practices across managed forest landscapes contribute
to the maintenance of biological diversity and ecosystem functioning, for instance
by providing connectivity between protected areas and unimpaired watershed pro-
cesses. "Structure-" (Keeton 2005) or "natural disturbance-based" (Mitchell 2002,
Seymour et al. 2002) silvicultural approaches provide alternatives for forest
landscape management. Structure-based forestry focuses on the architecture of fo-
rest ecosystems at both stand-level and landscape-level spatial scales. Disturbance-
based silviculture attempts to approximate the range of structural and compositi-
onal conditions associated with natural disturbance regimes. These approaches sha-
re the operational objective of managing for currently under-represented forest
structures and age classes.

In the northern hardwood region of the northeastern United States and sout-
heastern Canada a structure or disturbance-based approach would include managing
for late-successional structure, which is vastly under-represented relative to pre-Eu-
ropean settlement conditions (Cogbill 2000, Lorimer 2001, Lorimer and White
2003). An untested hypothesis is that silviculatural practices can accelerate rates of
late-successional forest stand development (Franklin et al. 2002), promote desired
structural characteristics, and enhance associated ecosystem functions more than
conventional systems. We are testing this hypothesis using an approach, termed
"Structural Complexity Enhancement (SCE), that promotes old-growth characteris-
tics while also providing opportunities for low-intensity timber harvest (Table 1).

Table 1. Structural objectives and the corresponding silvicultural techniques
used to promote those attributes in Structural Complexity Enhancement

Structural Objective Silvicultural Technique

= Modified single-tree selection timber harvest
Multi-layered canopy = Release advanced regeneration

= Establish new tree cohort

Elevated large snag densities » Girdling of selected medium to large sized, low vigor trees
Elevated downed woody debris | = Felling or pulling over trees to create large downed logs
densities and volume and tip-up mounds

= Harvested trees clustered around "crown release trees"

» Variable density marking and harvest

= Rotated sigmoid target diameter distribution

= High target basal area (34 m*/ha.)

» Maximum target tree size set at 90 cm dbh

Accelerated growth in largest trees| = Full and partial crown release of largest, healthiest trees

ariable horizontal density

Re-allocation of basal area to
larger diameter classes
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SCE is compared against two conventional uneven-aged systems advocated
regionally for sustainable forestry (Mladenoff and Pastor 1993, Nyland 1998).
Conventional uneven-aged prescriptions employed in this study are modified to
increase post-harvest structural retention. In addition, group-selection treatments
are modified to approximate the average canopy opening size associated with fine-
scale natural disturbance events in the northeastern United States, based on the fin-
dings of Seymour et al. (2002).

Alternative Silvicultural Approaches

Interest in structure-based silviculture has evolved from studies of old-
growth northern hardwood and mixed hardwood-conifer forests. These have de-
monstrated the ecological significance of specific structural elements associated
with late-successional and old-growth forests (e.g. Tyrell and Crow 1994 b, Dahir
and Lorimer 1996, McGee et al. 1999, Ziegler 2000). Availability of these structu-
res can be highly limited in forests managed under conventional even and uneven-
aged systems (Gore and Patterson 1985, McGee et al. 1999). Managing for late-
successional forests has the potential to enhance ecosystem services associated
with structural complexity, such as a subset of wildlife habitats, carbon storage,
and riparian functions (Keeton et al. 2005). As a result, managing for old-growth
structural characteristics, either in part or in full, is a proposed alternative silvicul-
tural approach (Keddy and Drummond 1996, Lorimer and White 2003). While the-
re has been much discussion of old-growth forest restoration in the theoretical lite-
rature (Trombulak 1996), there have been few experimental studies of relevant sil-
vicultural methods for northern hardwood forests. Thus, it remains uncertain whet-
her active restoration offers advantages over passive (or non-manipulative) restora-
tion as means for recovering old-growth forest conditions. Our experimental test of
SCE addresses this uncertainty.

The objectives of SCE include vertically differentiated canopies, elevated
large dead tree and downed coarse woody debris (CWD) densities, variable horizon-
tal density (including small gaps), and re-allocation of basal area to larger diameter
classes (Table 1). The later objective is achieved, in part, using an unconventional
marking guide based on a rotated sigmoid target diameter distribution. Rotated sig-
moid diameter distributions have been widely discussed in the theoretical literature
(O'Hara 1998), but their silvicultural utility has not been field tested. Sigmoidal form
is one of several possible distributions in eastern U.S. old-growth forests (Leak
1996 and 2002, Goodburn and Lorimer 1999). These vary with disturbance history,
species composition, and competitive dynamics. The distribution offers advantages
for late-successional structural management because it allocates more growing space
and basal area to larger trees. We predict that the rotated sigmoid distribution is sus-
tainable in terms of recruitment, growth, and yield. If so, it would suggest that silvi-
culturalists have greater flexibility in managing stand structure, biodiversity, and ot-
her ecosystem functions in the northern forest region than previously recognized.

Economic Tradeoffs

Our on-going research is evaluating the economic tradeoffs among the
structure-based systems tested. The objective is to determine the stand (timber vo-
lume and quality), site (accessibility and cost of harvesting operations) and market
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conditions necessary for structure-based systems to be economically viable and pro-
fitable. The economics of systems that promote structural complexity are poorly un-
derstood. Previous research has shown that revenue and product type vary widely
with even small modifications to uneven-aged prescriptions (Niess and Strong
1992, Buongiorno et al. 1994). For alternative silvicultural approaches to have ap-
peal for landowners and forest managers, their operational and economic feasibility
must be demonstrated. We are evaluating economic feasibility from a present value
framework, factoring in the price uncertainty stemming from the output of diverse
products. This analysis will allow us to address a number of research questions. For
instance, what are the economic tradeoffs involved with varying intensities of tim-
ber removal versus habitat enhancement? What is the economic viability of alterna-
tive silvicultural models under different scales of production? What is the level of
economic uncertainty of these systems? How sensitive are returns to market prices
of different forest products? And finally, what factors beyond stumpage volume,
price, and interest rates affect economic feasibility and risk?

METHODS

Experimental Design and Data Collection

The study is replicated at two mature, multi-aged, northern hardwood fo-
rests in the northern Green Mountain Range in Vermont, U.S.A. Dominant
overstory species include Acer saccharum (sugar maple), Betula alleghaniensis
(yellow birch), and Fagus grandifolia (American beech). There are co-dominant or
minor components of Tsuga canadensis (eastern hemlock), Acer rubrum (red map-
le), Picea rubens (red spruce), and Quercus rubra (red oak) at some sites.

There are three experimental manipulations. The first two are conventional
uneven-aged systems (single-tree selection and group-selection) modified to incre-
ase post-harvest structural retention and to represent best available practices.
Prescriptions are based on a target residual basal area of 18.4 m*/ha, max. diameter
of 60 cm, and g-factor of 1.3. Group-selection cutting patches are each approxima-
tely 0.05 ha in size. The third treatment is Structural Complexity Enhancement
(SCE). The marking guide is based on a rotated sigmoid target diameter distributi-
on applied as a non-constant g-factor. The marking guide is also derived from a
target basal area (34 m*/ha.) and maximum diameter at breast height (90 cm) indi-
cative of old-growth structure. Accelerated growth in larger trees is promoted thro-
ugh full (4 or 3-sided) and partial (2-sided) crown release. Prescriptions for enhan-
cing dead tree and downed woody debris volume and density are based on pre-har-
vest CWD volume and literature-derived targets. On one SCE unit at each of the
two study areas, downed logs are created by pulling trees over, rather than felling,
to create pits and exposed root wads.

Each of the first two treatments (uneven-aged) is replicated twice; the third
(SCE) is replicated four times. Two un-manipulated control units are located at
each of the two study areas. Treatment units are 2 ha in size and separated by
50 meter (min.) buffers. Treatments were randomly assigned. Experimental mani-
pulations (i.e. logging) were conducted on frozen ground in winter 2003. Sample da-
ta were collected from five 0.1 ha permanent sampling plots randomly established in
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each treatment unit. Forest structure data, including leaf area index (LAI), detailed
measurements of individual trees, and coarse woody debris (CWD) densities and
volumes, have been collected over two years pretreatment and three years post-tre-
atment. Plots were stem-mapped using an integrated laser range finder and digital
electronic compass.

To track operational expenses loggers were required to file daily workshe-
ets. These recorded hours worked, equipment use and repairs, number and type of
loads, and work conditions. Harvested logs were separated into four product gra-
des: saw logs, veneer logs, firewood, and chip wood. Logs were then segregated by
treatment, transported, and tracked independently by unit through to scaling (val-
uation) at the processing mill. In this way harvest volumes and revenue could be
tracked by treatment, species, size class, and grade or product.

Data Analysis

Forest sample data were used as inputs for 3-dimensional modeling in the
Stand Visualization System (SVS) (McGaughey 1997). The Northeast Decision Mo-
del (Twery et al. 2005) was used to generate stand structure metrics based on pre
and post-harvest sample data. Structural metrics were analyzed using a before/af-
ter/control/impact statistical approach. For this purpose we used Tukey-tests,
Analysis of Variance, and post-hoc Bonferroni or Least Significant Difference mul-
tiple comparisons. Fifty-year simulations of stand development were run using two
models: the northeastern variant of the Forest Vegetation Simulator (FVS) and NE-
TWIGS (Bush 1995). The FVS modeling structure is based on NE-TWIGS, which is
an individual tree-based, distance-independent stand growth simulator. However,
mortality and large-tree growth functions operate slightly differently in NE-FVS and
calculations are made every ten years, rather on the annual time step employed in
NE-TWIGS. We ran simulations for individual experimental units and for both "no-
treatment" (pre-harvest data) and "treatment" (post-harvest data) scenarios. Cumula-
tive basal area increment (CBAI) was calculated for each simulation run at 5 year in-
tervals. Projections were normalized on a unit by unit basis by calculating the diffe-
rences between "no-treatment" and "treatment" scenarios at each time step. The Kol-
mogorov-Smirnov two-sample goodness of fit test was used to test for differences
between treatment groups along mean projected time series.

Economic data were entered into a Microsoft Access relational database.
The series of linked tables includes hours worked by activity and treatment unit;
receipts and quantity by product grade, type and load; number, size and destination
of loads by treatment unit; costs per hour by equipment and personnel class, and
added expenses. Operational expense and revenue data were used to quantify costs
and net profits under each treatment for three cost scenarios designated as "non-
profit," "semi-profit," and "for-profit." The scenarios reflected the extent to which
expenses not directly linked to harvesting, such as timber marking, would be acco-
unted for as costs. Linear regression analysis was used to model relationships bet-
ween receipts and pre-harvest timber volume. Revenue by treatment was also eval-
uated as a ratio relative to labor hours, since this was the greatest operational ex-
pense by at least one order of magnitude.
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RESULTS

Residual stand structure

Visualizations generated in SVS illustrate the high degree of structural
complexity maintained by both SCE and single-tree selection (figure 1). Post-har-
vest basal area, relative density, canopy closure, and LAI were significantly (o =
= 0.05) higher under SCE compared to conventional treatments. Conventional treat-
ments resulted in significantly lower aboveground biomass (P = 0.014), total basal
area (P = 0.003), relative density (P = 0.002), and stem density (P = 0.008) in com-
parison to control units. SCE did not result in statistically significant contrasts with
controls. Canopy closure was most variable across group-selection units. There were
significant differences (P < 0.001) in LAI responses among treatments. Single-tree
and group selection cuts reduced LAI by 19.8 and 29.9 % respectively. LAI reducti-
ons were lowest in SCE units (9.4 %), indicating high retention of vertical comple-
xity. LAI was significantly more spatially variable for both SCE (P =0.031) and
group-selection (P = 0.010) compared to single tree selection; within-treatment vari-
ance was not significantly different between SCE and group-selection units (P =
= 0.296). These results are indicative of the high degree of horizontal structural vari-
ability expected for both group-selection and SCE, achieved in the later through va-
riable density marking and clustered harvesting around crown-release trees. SCE
shifted residual diameter distributions to a form statistically indistinguishable (o =
= (.05) from the target rotated sigmoid form.

Crown release and vertical development

Variable density timber harvesting was used successfully to crown release
45 dominant trees per ha. on average in SCE units. When combined with the avera-
ge pre-treatment number (20 per ha) of large trees (> 50 cm dbh), this exceeds our
future target of 55 large trees per ha. The excess provides a "margin of safety" to
accommodate canopy mortality. Crown release is likely to accelerate growth rates
in the affected dominant trees by 50 % or more based on previous modeling
(e.g. Singer and Lorimer 1997). Crown release also resulted in spatial aggregations
of harvested trees, creating canopy openings and variable tree densities. Elevated
light availability associated with this effect is likely to promote vertical differenti-
ation of the canopy through release and regeneration effects.

Coarse woody debris enhancement

SCE prescriptions resulted in substantially elevated densities and volumes
of both downed coarse woody debris and standing snags (dead trees).

The structural complexity enhancement treatments increased coarse woody
debris (> 30 cm dbh) densities, on average, by 10 boles/ha for snags and 12 bo-
les/ha for downed logs. Snags were created primarily by girdling diseased, dying,
or poorly formed trees.

Pulling trees over was successful in most cases at creating large exposed
root wads and pits. There were statistically significant differences (P = 0.002) bet-
ween treatments with respect to downed CWD recruitment. Post-harvest CWD
(logs > 10 cm diameter) volumes were 140 % higher on average than pre-harvest
levels in SCE units; mean CWD volume increased 30 % in conventional uneven-
aged units due to residual slash.
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Single-Tree Selection Unit

Stand Visualization System UNIT 4 PREHARVEST PLOT.SVS Stand Visualization System UNIT 4 POST HARVEST PLOT.SVS

Post-Harvest

Pre-Harvest

®

Structural Complexity Enhancement Unit

Stand Visualization System UNIT 2 PREHARVEST PLOT.SVS Stand Visualization System UNIT 2 POST HARVEST PLOT SVS

Pre-Harvest Post-Harvest

Figure 1. Output of the Stand Visualization System (SVS) contrasting a single-tree
selection unit (above) and a Structural Complexity Enhancement (SCE) unit (below) at
the Mount Mansfield study area. Shown are images of pre- and post-harvest stand
structure for 1 ha. blocks. Shaded circles represent tree crowns (with species-specific
coloration) seen from a simulated aerial view. Note the high degree of post-harvest
structure (e.g. basal area and stem density), canopy closure, vertical complexity, and
downed log densities in the SCE unit. Note the similar, though lower, degree of structural
retention in the single-tree selection unit

Projected stand development

Stand development projections suggest that total basal area under SCE will,
on average, approach 34 m*/ha after 50 years of development (figure 2). This is
24 % (or 8 m°/ha) higher than the mean predicted for the conventional uneven-
aged units. Projected basal area for SCE also exceeds the mean predicted for
control units by 13 % (or 4.5 m*/ha). Conventional units were projected to have ba-
sal areas still 12 % (or 3.6 m*/ha) below the control units after 50 years of develop-
ment. However, the difference among treatments is largely an artifact of the higher
residual basal area left by SCE. The projections showed no significant differences
in absolute growth rates between treatment scenarios. Both SCE (P < 0.05) and
conventional treatments (P < 0.01) are projected to significantly accelerate tree
growth rates above that expected with no treatment. However, when projected de-
velopment is normalized against the null scenario (development expected with no
treatment), the simulations indicate that conventional systems will increase cumu-
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lative basal area increment (CBAI) slightly more, although this difference was not
statistically significant. Aboveground biomass production is accelerated 5.1 % for
SCE and 1.9 % for conventional treatments compared to no treatment scenarios.
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Figure 2. Results of stand development simulation modelling. Shown are 50 year
projections of post-treatment cumulative basal area production (live trees only).
Error bars are x1 standard error of the mean

Neither SCE nor conventional treatments resulted in projected basal area or
biomass values that exceeded those projected for "no treatment" scenarios. Howe-
ver, basal area in SCE units recovered to within 89 % of the no-treatment scenario,
whereas conventional units recovered to within 77 % on average. After 50 years
SCE results in aboveground biomass that is 91.4 % of that projected under no tre-
atment, while the conventional treatments result in 79.1 % of the no treatment po-
tential. These differences were statistically significant (o = 0.05).

SCE is projected to enhance rates of large tree recruitment over no treatment
scenarios (figure 3). There will be an average of 5 more large trees (> 50 cm dbh)
per ha than there would have been without treatment after 50 years in SCE units.
There will be 10 fewer large trees/ha on average in the conventional units than wo-
uld have developed in the absence of timber harvesting. Projections suggest that a
rotated sigmoid diameter distribution will be sustained over 50 years in SCE units.
The corresponding projected basal area distributions indicate significant reallocation
of basal area and biomass into the largest size classes (e.g. > 50 cm dbh) for SCE.

Economic return

Profit margins were highly variable between units due to differences in site
quality and treatment prescriptions. Pre-harvest timber volume (and associated
surplus available for harvest) was strongly related to revenue for both SCE (+* =
0.56) and conventional treatments (> = 0.71). Thus, site quality accounted for the
most variability in harvest revenue among similarly treated units. Single-tree selec-
tion resulted in the highest net profits, but was also randomly assigned to units
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with the highest pre-treatment volumes and greater harvesting opportunities. Ave-
rage revenue generated per ha. for this treatment was $4,150. Group-selection pro-
vided a moderate profit margin but, under a "for profit" scenario, incurred a deficit
in one unit where pre-harvest volume was low. Group-selection generated an ave-
rage revenue of $2,930 per ha. SCE revenues ranked lowest among the treatments,
producing $1,710 per ha.

8

6 l ETrees > 50 cm dbh
I OTrees > 60 cm dbh
s 1 l

Structural Complexity Enhancement Conventional Unevrn-ag ed

|

Change in the Number of Live Trees/ha After 50 Years

-10 A

HH

-12

Figure 3. Projected change in large tree densities after 50 years. Values represent the
difference between treatment and no treatment scenarios. Note the increased recruitment
of large trees under SCE versus the impairment of large tree recruitment under the
conventional uneven-aged treatments. Error bars are =1 standard error of the mean

Net profits for SCE varied by treatment unit and cost scenario. Under a "for
profit" scenario, net profits for SCE were only positive for sites with higher pre-
treatment timber quality. If marking and incidental costs were not considered, SCE
resulted in a net profit for all but one unit, where a $425/ha. deficit was incurred.
Under favorable cost and site-quality (e.g. top two highest grossing units per treat-
ment) scenarios, net profits per ha. for single-tree selection, group selection, and
SCE were $1,550, $900, and $300 respectively. Since these margins include labor
costs, they represent profits that would be returned to a landowner after logging
contractors have been paid. Sensitivity analysis showed that reducing labor costs
by even a small amount would result in profitability for marginal SCE units under
all cost scenarios.

Assessing revenues as a ratio relative to the number of labor hours neces-
sary to conduct a treatment provides a different picture of economic feasibility.
Whether a silvicultural approach is more expensive to implement is a critical ques-
tion. When we control for differences in operability between sites, SCE had a re-
venue to labor ratio that was 81 % of the average for conventional treatments (figu-
re 4). From this standpoint SCE may result in a small increase in labor costs relati-
ve to conventional treatments.
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Figure 4. Mean ratio of before trucking receipts (in U.S. dollars) to labour hours for
each of the three experimental treatments. Differences were not statistically significant
(P> 0.05). Error bars are =1 standard error of the mean

DISCUSSION

Silvicultural techniques can be used effectively to promote old-growth
structural characteristics in northern hardwood and mixed northern hardwood-coni-
fer forests. Both the uneven-aged and structural complexity enhancement (SCE)
systems tested maintain high levels of post-harvest structure and canopy cover.
These are indicative of lower intensity, minimal impact forestry practices (Franklin
et al. 2002, McEvoy 2004). However, SCE maintains, enhances, or accelerates de-
velop of CWD, canopy layering, overstory biomass, large tree recruitment, and ot-
her structural attributes to a greater degree. In addition, SCE results in a rotated
sigmoid diameter distribution that appears sustainable at least over 50 years, and
consequently reallocates growing space and aboveground structure into larger size
classes. This contributes to enhanced large tree structure, foliage biomass, and as-
sociated canopy complexity.

Both SCE and conventional uneven-aged treatments will result in accelera-
ted tree growth rates according to model projections. Since the conventional treat-
ments had significantly lower residual basal areas, this result is consistent with pre-
vious research on growth responses to stocking density in northern hardwoods (Le-
ak et al. 1987). However, an important effect of SCE is the promotion of large tree
recruitment, whereas this process is impaired under conventional treatments that
include maximum diameter limits. Projected basal area and biomass are also higher
after 50 years of development under SCE due to greater post-harvest structural re-
tention. However, none of treatments are likely to develop basal areas or abovegro-
und biomass exceeding levels that would have accumulated without treatment.
Passive restoration may ultimately develop higher levels of these characteristics.
However, that conclusion does not account for the accelerated rates of large tree
recruitment, reallocation of basal area, and associated structural complexity projec-
ted for SCE. Active restorative approaches thus offer advantages with respect to
development of canopy complexity and large tree structure.
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SCE resulted in significantly elevated CWD densities and volumes. Howe-
ver, it remains uncertain whether this effect will persist until natural recruitment ra-
tes increase, or, alternatively, whether CWD enhancement in mature stands has
only transient or short-term management applications. Most of the newly added
CWD is un-decayed. It is likely than decay class distributions will shift over time
towards well-decayed material. As time passes, this will render silviculturally en-
hanced CWD increasingly available as habitat and as a nutrient source (Tyrrell and
Crow 1994 a).

SCE may have a variety of useful applications, ranging from old-growth
restoration, to riparian management, to low-intensity timber management and
wildlife habitat enhancement. However, the degree of implementation and the
number of stand entries will vary by application (Table 2). Management applicati-
on will also depend greatly on economic feasibility under a variety of site quality,
product, and market conditions (Niese and Strong 1992). The relatively low returns
for SCE suggest that its feasibility is highly sensitive to site quality and market
conditions. Where these are poor, SCE will at best cover expenses and at worst
may result in a deficit. These scenarios might be acceptable in a limited number of
settings, for instance where restoration funds are available for nature preserve ma-
nagement, or where access roads, landings, and skid trails are already paid for.
Where a positive profit margin is a required, SCE would only be marketable where
site quality (e.g. volume) is high and market conditions (e.g. lumber prices, fuel
costs, and interest rates) are favorable. Under these conditions SCE offers an alter-
native that provides revenue from low-intensity harvest while also meeting ecologi-
cal management objectives. Conventional uneven-aged approaches are also clearly
sensitive to site quality and market conditions, and can result in deficits where these
are poor. Conventional approaches are more robust economically in comparison to
SCE only because harvest volumes are moderately higher on a per unit area basis,
resulting in economies of scale. Both and SCE and conventional approaches would
likely manifest economies of scale as treatment area increases due to lower cost to
revenue ratios. Thus, SCE may be more feasible at larger scales of application.

Forest managers have the flexibility to manage for a wide range of structu-
ral characteristics and associated ecosystem functions. Uneven-aged systems provi-
de some but not all of these or provide them to a more limited extent. Maximum
diameter limits significantly retard the potential for large tree (live and dead) recru-
itment based on the results. Stand development is thus continuously truncated by
multiple uneven-aged cutting entries. The results show that SCE's marking guide
can be used to successfully achieve a rotated sigmoid diameter distribution. Un-
conventional prescriptive diameter distributions, such as the rotated sigmoid, com-
bined with higher levels of residual basal area, very large (or no) maximum diame-
ters, and crown release are alternatives for retaining high levels of post-harvest
structure and for promoting accelerated stand development.

Forest managers have the flexibility to manage for a wide range of structu-
ral characteristics and associated ecosystem functions. Uneven-aged systems provi-
de some but not all of these or provide them to a more limited extent. Maximum
diameter limits significantly retard the potential for large tree (live and dead) recru-
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itment based on the results. Stand development is thus continuously truncated by
multiple uneven-aged cutting entries. The results show that SCE's marking guide
can be used to successfully achieve a rotated sigmoid diameter distribution. Un-
conventional prescriptive diameter distributions, such as the rotated sigmoid, com-
bined with higher levels of residual basal area, very large (or no) maximum diame-
ters, and crown release are alternatives for retaining high levels of post-harvest
structure and for promoting accelerated stand development.

Table 2. Potential applications of SCE as an approach for incorporating old-growth
structure into managed forests

Application # Entries Late-Successional
Structural Development

Old-growth One or possibly High

promotion two entries

Riparian Single or multiple =~ Moderate to high

management

Timber emphasis  Multiple Low to moderate
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